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Preface 
 
This study focuses on glycine receptors (GlyR) and explores their possible 
physiological functions on the control of the migration of cortical interneurons 
and the generation of projection neurons during brain development.  
 
Chapter one is the introduction and exposes the context for the experimental 
work presented in the subsequent chapters. This chapter begins with a 
description of the characteristics of the brain in terms of its anatomy, 
morphology, cellular structure and functionality. Then, it focuses on general 
events that occur during brain development and explains, in general terms, how 
the main characteristics of the brain emerge starting from cycling progenitors to 
functional neurons. Subsequently, it separately explains the development of the 
two major types of neurons present in the cortex, the projection neurons and 
the interneurons. Following that, there is an introduction to GlyR by describing 
their properties and physiological roles in the functioning of the central and 
peripheral nervous system. Finally, the most important studies that link GlyR to 
a possible role on the brain development are presented and discussed.  
 
Chapter two describes the materials and methods that were used during the 
experimental work.  
 
Chapter three presents the results of the study in relation to the effect of GlyR 
and interneuron development. Based on the literature we hypothesized that 
activation of GlyR expressed by interneurons can trigger a sequence of 
molecular events that ultimately contribute to their tangential migration in the 
forebrain. To test this hypothesis, we performed patch-clamp recordings on 
interneurons migrating in brain slice culture and demonstrated the functional 
expression of alpha two homomeric GlyR. Complementary electrophoretic 
analyses (western blot) and immunolabelings were performed to: 1) confirm the 
results and unravel the possible dynamic changes that occurred during 
development; 2) get an insight in the cellular distribution of the receptors. We 
further explored the possible effects of GlyR activation on cell migration by using 
time lapse experiments in slices or explant cultures in combination with ex-vivo 
electroporation. These experiments demonstrated that GlyR activation can 
change the speed of cell migration by affecting nucleokinesis (translocation of 
the nucleus towards the centrosome). Therefore, we assessed the effect of GlyR 
activation on two processes that have been associated with the regulation of 
nuclear translocation, the spontaneous calcium activity and the phosphorylation 
of myosin II. Altogether, our results support a mechanism by which GlyR 
activation depolarizes cell membrane activating voltage gated calcium channels 
that further contribute to increase intracellular calcium concentration. This 
increase in intracellular calcium contributes to myosin contraction at the rear of 
the cell which ultimately controls the frequency of nuclear translocations.  



VII 
 

Chapter four presents experimental results obtained during the study of dorsal 
progenitors and radially migrating projection neurons. Electrophysiological 
experiments were carried out to identify and characterize GlyR expressed by 
progenitors and radially migrating neurons at embryonic day 13 (E13). In 
addition, calcium imaging was performed to get some insight into the cellular 
and molecular mechanisms downstream GlyR activation. To understand the 
physiological relevance of GlyR on these cells, we assessed cell proliferation 
using pharmacological tools and shRNA-mediated knockdown.  
 
Finally, the last two chapters are devoted to a general discussion, the 
conclusions of the study, and perspectives. 
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1.1 Cerebral cortex  
 
The cerebral cortex is the youngest biological structure of the nervous system. 
Comparatively, mammals are the animals that present the most complex brain 
and cerebral cortex. This complexity reaches its highest level in the human 
cerebral cortex (Molnar et al., 2006), where the decision making task along with 
fine motor control take place. However, the role of the cerebral cortex is much 
broader and underlies superior functions of the brain, including the processing of 
sensations, emotions, feelings, and reasoning.  
 
As its name indicates, the cortex relates to the external part of the brain. This 
structure is a convoluted layered sheet of tissue, 2-3 mm thick in humans and 
covers an extensive surface. According to the evolution of species the surface of 
the brain cortex experience notorious changes. While less evolved brains are 
lissencephalic, the more evolved brains present sulci and convolutions that 
drastically expand cortical surface. Large cortical areas in primates, and 
especially in humans, are believed to be fundamental for the processing 
capabilities of the brain. The cortex displays different levels of organization. 
Anatomically, the cortex extends throughout the surface of the brain 
hemispheres and can grossly be divided into four lobes: the frontal lobe, the 
parietal lobe, the occipital lobe, and the temporal lobe. In addition, based on 
functional, cellular and molecular studies, the cortex can be divided in 
specialized regions that are involved in particular tasks. In general terms, the 
cortex can be divided in sensory, motor and associative areas. At the cellular 
level, the cortex presents a distinctive layering and columnar organization 
(Bystron et al., 2008). The different layers of the cortex are composed of 
specific type of cells with different morphologies and with different connections 
within the cortex and with extra cortical structures (figure 1.1). Neurons are 
organized into layers which are rather conserved among species; however, 
different sub-classifications of layers have been adopted to account for the more 
complex layering of primates. In the same way that these layers can have 
different appearance in different species, they can change depending on the 
region of the cortex. For example, the regions of the cortex that lack or have a 
small layer IV are termed agranular or disgranular cortex. In terms of the 
connectivity in the cortex, as general principle, deeper layer cortical neurons 
receive extra cortical inputs that are processed and communicated to more 
superficial layers. Similarly, extra-cortical outputs are sent from layer V. 
Regarding the columnar organization, this subject is still a matter of debate 
(Herculano-Houzel et al., 2008, Rakic, 2008), but is generally accepted that the 
columnar organization is not only an anatomical subdivision, but also a 
functional compartmentalization (Mountcastle, 1997). It has been noticed that 
vertically adjacent neurons can have similar functional properties unlike 
horizontal adjacent cells. The neurons that form the cortex are mainly 
subdivided in two classes, the excitatory projection neurons, which account for 
the bulk of cortical neurons, and the inhibitory interneurons that account for 
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around 20% of the neurons in the mature brain (Cossart, 2011, Sahara et al., 
2012). Excitatory neurons are large pyramidal neurons while inhibitory 
interneurons are generally referred as multipolar local circuit neurons in 
reference to their morphology characterized by short axons. Excitatory 
projection neurons and inhibitory interneurons form synapses and generate 
cortical networks. Pyramidal neurons provide the excitation to the cortical 
network by releasing glutamate and interneurons control the excitability of the 
network by releasing GABA. Although interneurons are present in a lower 
number, they increase in number and complexity relative to projection neurons 
along with primate evolution (Hendry and Carder, 1993). Additionally, the 
relevance of inhibitory interneurons for proper functioning of the brain is 
exemplified by neuropathological conditions. For example, schizophrenic 
subjects present lower levels of parvalbumin (PV) and somatostatin (SST) 
(Morris et al., 2008), two interneuron specific proteins, and decreased total 
number of GAD67/parvalbumin positive interneurons (Hashimoto et al., 2003). 
Moreover, interneuron dysfunctions have also been reported in autism, epilepsy 
and mood disorders (Penagarikano et al., 2011, Faux et al., 2012).  

 

 
 
Figure 1.1. Cerebral cortex. The cerebral cortex is organized in several layers 
of pyramidal neurons (red cells) and interneurons (cells in different colors). 
Different types of interneurons are classified on the basis of their morphology, 
neurochemical markers, electrophysiological properties and connectivity. Extra 
cortical inputs from thalamus are represented in orange. 
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1.2 General developmental program of the cortex 
 
Cortex development is a long process that starts at early embryonic stages and 
continues through the first postnatal weeks in the mouse. The cerebral cortex 
develops from the most anterior part of the neural tube, which is named the 
prosencephalon. This early structure then divides to form the telencephalon and 
the diencephalon. The telencephalon is the most anterior part and gives origin to 
the cerebral cortex from the subsequent development of the dorsal 
telencephalon and to the basal ganglia from the development of the ventral 
telencephalon. The initial phase of corticogenesis is characterized by high rate of 
cell proliferation and intense cell migration, two critical processes that shape the 
adult cortex and contribute to its functional organization (Bystron et al., 2008). 
The cortex develops from distinct progenitor cells populations that give rise to 
excitatory projection neurons, inhibitory interneurons, astrocytes and 
oligodendrocytes. Five different types of progenitor cells have been identified so 
far and they are neuroepithelial cells, radial glial cells (RGCs), intermediate 
progenitor cells (IPCs), short neural precursors (SNP) and the outer 
subventricular-zone (OSVZ) progenitors (Huttner and Kosodo, 2005, Gal et al., 
2006, Attardo et al., 2008, Stancik et al., 2010). Based on their place in the 
cortical wall, neuroepithelial cells and RGCs are often called apical progenitors 
while the rest are referred as basal progenitors. The first progenitor cells present 
in the cortex are neuroepithelial cells. They are organized in a pseudo-stratified 
epithelium and by differentiation they give origin to neurons and all other 
progenitors (Malatesta et al., 2003). Radial glial cells have their cell body in the 
ventricular zone (VZ) and contact the pial surface with their radial processes 
that also serves as scaffold for migrating neurons. They can directly give origin 
to neurons (Noctor et al., 2001, Marin and Rubenstein, 2003, Noctor et al., 
2004) and, more importantly, to IPCs, which give rise to most of neurons 
(Takahashi et al., 1995b, Kakita and Goldman, 1999, Arnold et al., 2008, Sessa 
et al., 2008). Intermediate progenitor cells can be identified based on their cell 
division which occurs in the SVZ. Although it was originally thought that they 
were exclusively located in the SVZ, they are also found in the ventricular zone. 
They have a short leading process rather than a long pial fiber while transiting 
through the VZ (Noctor et al., 2008), but they also show a multipolar 
morphology once they move onto the SVZ (Tabata et al., 2009). Short neural 
precursors are located in the VZ and display distinctive morphological features 
(Stancik et al., 2010). These progenitor cells have a ventricular endfoot and a 
basal process of variable length and give rise almost exclusively to neurons (Gal 
et al., 2006, Stancik et al., 2010). Additionally, outer subventricular-zone 
progenitors are abundant in the OSVZ in primates and humans and are thought 
to be involved in the extensive cortical surface expansion present in more 
evolved brains (Lui et al., 2011). Newly generated projection neurons migrate 
along radial fibers that guide them out of the proliferative regions to their 
definitive place (figure 1.2). On the other hand, radial glial cells located outside 
the cortex, in the medial and caudal ganglionic eminences (MGE and CGE, 
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respectively), will give origin to cortical interneurons. Interneuron progenitors 
also proliferate in the ventricular and sub-ventricular zones from the medial and 
caudal ganglionic eminences. Upon differentiation they give rise to interneurons 
or more restricted progenitors. It has been proposed that newly generated 
interneurons initially also follow radial fibers but soon they detach and change 
their direction of migration heading toward the dorsal cortex, but this is still 
matter of debate. Although generated outside the cortical wall, interneurons 
follow an inside-out pattern of placement (Valcanis and Tan, 2003) and settle in 
the same layers occupied by projection neurons generated at the same stage 
(Valcanis and Tan, 2003). Thus, projection neurons and interneurons that are 
born at different places in the VZ and SVZ of the growing telencephalon should 
get involved in a highly regulated process of differentiation (Guillemot, 2005) 
and cell migration (Nadarajah and Parnavelas, 2002) before they find their 
definitive place on the mature cortex (figure 1.2).  
 
Every step during cortex development is controlled by the interplay between 
extracellular signals, which influence almost every aspect of development, and 
the cell autonomous machinery, that ensure a restricted pattern of gene 
expression (Hebert, 2005, Borello and Pierani, 2010). Different families of 
morphogens including Wnt, BMP, FGF and sonic hedgehog (Shh) are expressed 
at specific signaling centers located in the anterior neural ridge, dorsal midline 
and ventral midline in the developing telencephalon. In this context, Cajal 
Retzius cells contribute to maintain the patterning in the cortex by re-enforcing 
signaling centers and keeping the gradients of extracellular diffusing messengers 
(Borello and Pierani, 2010). These cells are an specific neuronal cell type that is 
only present in the developing cortex. They show different molecular identities in 
different places of the developing brain (Griveau et al., 2010) and are essential 
for proper layering of the brain by their secretion of reelin (Hevner et al., 2003). 
In addition, smaller diffusible molecules that are mainly known by their role as 
neurotransmitters in the adult brain have an important role in controlling 
proliferation and cell migration during cortex development (Nguyen et al., 2001, 
Heng et al., 2007). 
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Figure 1.2. Cortex development. (A) Excitatory projection neurons are born 
from radial glial cells located in the ventricular zone of the dorsal cortex and 
migrate radially following radial glial fibers. Progenitor cells undergo interkinetic 
nuclear migration in the ventricular zone possitioning the cell body in different 
regions of the ventricular zone depending on the cell cycle progression. At this 
stage, the first neurons that leave the ventricular zone form the preplate. The 
subsequent neurons split the preplate and generate the marginal zone, which is 
formed by Cajal-Retzius cells and the subplate. Projection neurons use somal 
translocation or/and locomotion, two modes of radial migration, to reach their 
final position. (B) Inhibitory cortical interneurons are mainly born at the medial 
ganglionic eminence (MGE) and migrate tangentially to populate the cortex 
through different patways that dynamically change during development. When 
interneurons arrive at the cortex, some are directed toward the ventricular zone 
to then radially migrate into the cortex. LGE, lateral ganglionic eminence; AEP, 
anterior entopeduncular area. Figure taken from Ayala et al., 2007 (Ayala et al., 
2007)  
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1.3 Development of cortical projection neurons 
 
1.3.1 Origin 
 
Progenitors of projection neurons are aligned along the dorsolateral wall of the 
telencephalon. They arise from neuroepithelial cells and are composed by apical 
and basal progenitors (Merot et al., 2009). Neuroepitelial cells first divide 
symmetrically, and then asymmetrically to generate radial glia and neurons 
(Temple, 2001). Neurons directly arising from neuroepithelial cels will form the 
pre-plate (Guillemot, 2005, Bystron et al., 2008). Radial glial cells are a more 
restricted progenitor cell type which self-renew and give birth to IPCs, projection 
neurons and later to astrocytes and oligodendrocytes (Malatesta et al., 2003, 
Rakic, 2003, Anthony et al., 2004, Mo et al., 2007). The cell types that will be 
generated depend on the place and time during development, but as a general 
rule the neurogenic potential decreases during late development contributing to 
the generation of astrocytes. Radial glial cells and neuroepithelial cells are 
characterized by the expression of RC2, nestin and BLBP (Gaiano et al., 2000, 
Malatesta et al., 2003). Radial glial cells are very similar to neuroepithelial cells, 
but they differ in some morphological features and the expression of some 
cellular markers that appears at the onset of corticogenesis such as GLAST, 
BLBP and GFAP in humans (Malatesta et al., 2003). Similar to what happens 
with neuroepithelial cells, radial glial cells divisions tend to be symmetrical 
during early corticogenesis and asymmetrical during later stages of development 
(Noctor et al., 2008). The division of radial glial cells is characterized by 
interkinetic nuclear migration, in which the nucleus oscillates between the apical 
and basal boundaries of the VZ in coordination with cell-cycle progression (figure 
1.2). Radial glial cells also serve as scaffold for locomotion of newly generated 
projection neurons (Rakic, 2003). Intermediate progenitor cells, the other 
descendant of radial glial cells, characteristically express high levels of Tbr2. 
Strikingly, it has been found that intermediate progenitors may generate most 
cortical neurons and have a great impact in the expansion of the cortex (Sessa 
et al., 2008, Kowalczyk et al., 2009). The generation of IPCs is not that evident 
at early stages, but it dramatically changes during late development when RGCs 
give origin almost exclusively to IPCs. As it was previously mentioned, RGCs 
give rise to SNPs which provide selective amplification to the neurogenic 
process. Additionally, the primate brain presents other subtypes of basal 
progenitor cells. There, the SVZ is enlarged and subdivided in the inner SVZ 
(ISVZ) and the OSVZ (Zecevic et al., 2005). The OSVZ progenitors represents a 
different population of progenitors which express RGc markers such as GFAP, 
Pax6 and nestin as well as the basal progenitor marker Tbr2 (Lui et al., 2011). 
Unlike in the mouse, where basal progenitors quickly divide to generate neurons 
and astrocytes, humans OSVZ progenitors retain their self-renewal capability for 
a longer period, adding an amplification step that may contribute to cortical 
surface expansion in humans (Hansen et al., 2010, Lui et al., 2011). 
Homologous to primate OSVZ progenitor cells are also sparsely found in the 
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outer VZ of the mouse cortex. However, they have only limited self-renewal 
capacities (Shitamukai et al., 2011). After a neurogenic division, radial glial cell-
derived neurons undergo four distinct phases of migration: phase one, rapid 
movement to the SVZ; phase two, migratory arrest in the SVZ; phase three, 
retrograde migration toward the ventricle; and the phase four, which consist on 
rapid movement towards the cortical plate (Noctor et al., 2004). Cells in each of 
these phases display distinctive morphological features. After reaching the SVZ-
IZ cells transit through a multipolar stage. Multipolar cells are highly dynamic 
and extend and retract processes while in the SVZ. In this stage they are loosely 
attached to radial glial cells and can move tangentially. After that, during the 
retrograde migration towards the ventricle, neurons extend a main leading 
process towards the ventricle. Finally, once those neurons have reached the VZ, 
they reverse their polarity. They transiently adopt a bipolar morphology and 
start their migration towards the cortex (Kriegstein and Noctor, 2004, Noctor et 
al., 2004). During radial migration neurons may display two modes of cell 
migration, somal translocation and locomotion. Somal translocation consists in 
the progressive movement of the cell body promoted by the retraction of the 
long leading process that contacts the pial surface. By contrast, cells in 
locomotion display a short leading process that does not contact the pial surface 
and has a constant length (Nadarajah et al., 2001). Successive waves of 
neurons generated in the VZ and SVZ migrate radially and locate themselves 
more superficially than the previous generated cells, producing the characteristic 
layered patter of the cortex (Bystron et al., 2008). This pattern of generation is 
referred as inside-out layering.  
 
Early studies on brain development culminated with the establishment of the 
concept known as the radial unit hypothesis. This concept offers an explanation 
about brain development in two parts: (a) the progeny of ventral progenitors 
expand radially and this leads to the establishment of ontogenic columns. (b) 
Columns as single processing units could be influenced by external stimuli, such 
as thalamic innervation, and this would further define cortical areas of variable 
size, cellular composition, and function (Lui et al., 2011). This explains the 
expansion of the cortex in the radial dimension, the generation of columns of 
ontogenically related cells that share a function, and how the ventricular 
structure is projected in the developing cortex. However, this concept has been 
proven to be an over simplification because it does not consider the dynamics of 
proliferation and differentiation displayed by the different progenitors cells.  
 
1.3.2 Transcriptional control of projection neuron development 
 
Proliferation, cell fate determination and cell migration are dependent on the cell 
autonomous machinery and the activation of several transcription factors 
(Guillemot, 2007). Homeodomain (HD) proteins, such as Pax6 have been found 
to play an important role in the neuronal differentiation of human radial 
progenitors. This factor promotes proliferation of radial glial cells and is needed 
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for their differentiation towards basal progenitors and neurons (Mo and Zecevic, 
2008). A similar function is played by Tbr2 and Sox2 transcription factors that 
promote the transition from radial glial cells towards basal progenitor cells 
(Sessa et al., 2008). Additionally, basic helix-loop-helix proteins (bHLH) such as 
Mash1 or neurogenin 2 (Ngn2) have been found to promote neuronal 
differentiation of progenitor cells (Guillemot, 2007). More generally, recent 
evidence suggests that corticogenesis is controlled by the interaction between 
HD and bHLH transcription factors (Guillemot, 2007).  
 
1.3.3 Mechanisms involved in dorsal progenitor cell proliferation  
 
In addition to the cell autonomous machinery, environment cues present in the 
developing brain have a profound impact on the control of projection neurons 
development (Borello and Pierani, 2010). Morphogen gradients are established 
along the developing brain during early development generated by the 
coordinated activation of localized sources of soluble factors. Some of the most 
important signaling pathways involved in the development of the brain are 
Notch, Wnt, fibroblast growth factor (Fgf), Shh, TGFβ, retinoic acid, BMP (Molnar 
et al., 2007), and neurotransmitters (Nguyen et al., 2001). All these pathways 
ultimately regulate intracellular mechanisms and orchestrate molecular networks 
that control various signal transduction cascades or the epigenetic status of the 
chromatin (figure 1.3). Specifically, Slit proteins, a soluble extracellular signal 
partner of Robo receptors, have been shown to influence neurogenesis by a 
mechanism upstream the Notch pathway that involves transcription of Hes1 and 
prevents excessive generation of IPCs (Borrell et al., 2012). In a similar manner, 
Eph/ephrin signaling may influence progenitor cell division through a mechanism 
involving ZHX2 nuclear signaling (Wu et al., 2009). Knockout of ephrin-B1 leads 
to cell cycle exit and loss of progenitor cells (Qiu et al., 2008). Complementary 
mechanisms have been proposed to involve the activation of regulator protein 
signaling (RGS) (Qiu et al., 2008) and G beta-gamma (Sanada and Tsai, 2005). 
Wnt/β-catenin signaling has also been established as a regulator of proliferation 
and differentiation. Activation of this pathway suppresses neuronal 
differentiation (Backman et al., 2005, Mutch et al., 2010) and promotes 
progenitor self-renewal. Moreover, Wnt/β-catenin signaling disruption influences 
progenitor cell identity along the whole telencephalon (Gunhaga et al., 2003, 
Backman et al., 2005). It has been shown that β-catenin afect the number of 
progenitors without increasing cell cycle length, but instead affecting the dession 
to differenciate (Chenn and Walsh, 2002). At the molecular level, wnt signaling 
leads to inactivation of GSK3β leading to the accumulation of active N-terminal 
unphosphorylated β-catenin. Additionally, n-cadherin engagement activates Akt 
via phosphorylation. Active Akt can leads to increased β-catenin stability 
indirectly by phosphorylation and inhibition of GSK3β or directly by 
phosphorylation of β-catenin (Zhang et al., 2010). Downstrem β-catenin, 
transcriptional activation influences the decision of precursors to proliferate or 
differentiate (Peifer and Polakis, 2000, Woodhead et al., 2006). Fgf-mediated 
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signaling is another example of a secreted molecule that controls projection 
neuron development. Fgf signaling acts by establishing gradients of expression 
of transcription factors such as Pax6, Sp8 and Emx2 which ultimately influence 
the rostro-caudal identity in the cortex (Sansom and Livesey, 2009). Moreover, 
Fgf shortens the G1 phase promoting proliferative divisions (Lukaszewicz et al., 
2002). Another signaling pathway that signal directly to the nucleus to exert its 
effect is the iniciated by transforming growth factor beta (Tgf-β). Ths factor 
controls cell cycle progression at the G1/S checkpoint through induction of p21 
and p57. Activation of Tgf beta receptor 1  (TGFR-1) leads to the activation of 
Smad 2/3 and subsequently to the activation of Smad4 which translocate to the 
nucleus and induces the sintesis of p21 which block cell cycle progression 
(Siegenthaler and Miller, 2005). At the same time Tgf-β promotes 
differencitation in the presence of Nedd9 that releases the negative feedback 
imposed by Smads6 and 7 (Vogel et al., 2010). In additon to nuclear singnaling, 
directly inhibion of cell cycle proteins occur by certain growth factors. It has 
been shown that IGF-1 controls G1/S cell cycle progression by regulating the 
expression of cell cycle-related genes such as cyclin D1 and E, p27KIP1 and 
p57KIP2 (Mairet-Coello et al., 2009). This effect involves the activation of the 
PI3K/Akt pathway. Moreover, complementray studies have shown that RhoG 
triggers the activation of PI3K and GSK-3b which promotes proliferation 
independently of Rac1, another compontent of the Rho pathway that modulate 
the expression of cyclin D (Leone et al., 2010). MEK/ERK pathway is also 
activated but does mediate IGF-1 proliferation effect (Mairet-Coello et al., 
2009). A similar mechanism medites the effect of bFGF, which induces a rapid 
activation of cyclin dependent kinase 2 (CDK2) in a cyclin E dependent way (Li 
and DiCicco-Bloom, 2004). Cell cycle regulators such as the cyclin-dependent 
kinase inhibitors (CKI) p57KIP2 and p27KIP1 have been shown to be inportant 
regulators of G1 phase and dinamically control apical and basal progenitors cell 
division (Mairet-Coello et al., 2012). While p57KIP2 regulates both RGCs and IPCs 
cell cycle, p27KIP1 controls only IPCs proliferation. Moreover, shortening G1 by 
overexpression of CDK4 and cyclin D1 delays cell cycle exit and promotes the 
generation of IPCs while inhibited neurogenesis (Lange et al., 2009). 
Additionally, G1 shortening may promote RGC asimetric divisions that increase 
the IPCs pool (Pilaz et al., 2009). One potential explanation to the effect of cell 
cycle length in the regulation of cell differentiation is the control of proteins 
involved in cell differentiation. Several signaling molecules can have a direct 
influence on the regulation of gene expression (Sansom and Livesey, 2009). This 
is the case of Notch, which controls signaling pathways in contacting cells, 
down-regulating the expression of the pro-neural gene, neurogenin-2 (Ngn2) 
and stabilizing the radial glial phenotype (Gaiano et al., 2000, Itoh et al., 2003, 
Kageyama et al., 2008, Shimojo et al., 2008). This is a dynamic signaling 
cascade that presents oscillatory expression of several of its components during 
cell cycle. In this way, cell fate determination is precisely controlled by a 
biological clock mechanism (Hirata et al., 2002, Hatakeyama et al., 2004). 
Direct phosphorylation of Ngn2 occurs by CDK which block Ngn2 ability to 
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promote the transcription of pro-neural genes and cause differentiation. 
Conversely, during a longer G1 phase, where CDK levels remain low and CDK 
inhibitors accumulate, un-phosphorylated Nrg2 remains available and promotes 
differentiation (Ali et al., 2011). 
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Figure 1.3. General mechanisms involved in dorsal progenitor cell 
proliferation. Progression through cell cycle is driven by cyclin dependent 
kinases (CDK) that require cyclins to be enzymatically active. Regulation of the 
G1-S transition is critical for dorsal neurogenesis. Different signaling cascades 
are activated in response to extracellular cues present in the extracellular 
environment of cortical progenitor cells and modulate their cell cycle 
progression. 
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1.4 Development of cortical interneurons 
 
1.4.1 Origin 
 
In most species, cortical interneurons are born in the ventral telencephalon 
(Cobos et al., 2001, Tanaka et al., 2011). Most cortical interneurons are 
generated in the medial and the caudal ganglionic eminences (MGE and CGE, 
respectively). Additionally, the lateral ganglionic eminence (LGE) is considered 
as a minor source of cortical interneurons (de Carlos et al., 1996, Anderson et 
al., 1997, Tamamaki et al., 1997, Xu et al., 2004, Wonders and Anderson, 
2006) dedicated to populate the olfactory cortex and olfactory bulb (Wichterle et 
al., 1999). Analysis of the expression of the Lim homeodomain gene Lhx6, a 
marker of MGE and CGE-derived cells (Grigoriou et al., 1998), shows an 
expression pattern that marks a stream of interneurons invading the neocortex 
(Lavdas et al., 1999). Consequently, in vivo transplantation experiments have 
confirmed that the MGE is the main source of tangentially migrating neurons 
destined for the developing neocortex (Wichterle et al., 1999). In addition, the 
interference with Nkx2.1 expression, which specifies MGE-derived interneuron 
phenotype, almost completely depleted the neocortex in interneurons (Sussel et 
al., 1999). However, the cortical interneurons deficit is less pronounced than in 
the case of the disruption of Dlx1/2 transcription factors, which are more widely 
expressed in the LGE, MGE and CGE (Anderson et al., 1997, Anderson et al., 
2001), suggesting that there should be other major source of cortical 
interneurons. More recently, the CGE (McGahon et al., 2007) was also found to 
be a source of cortical interneurons (Nery et al., 2002, Nery et al., 2003). 
Besides their contribution to the cortex, all the eminences also contribute to 
interneurons in other regions of the brain (figure 1.2). The MGE can also give 
origin to hippocampal and striatal interneurons (Marin et al., 2000), while the 
CGE mainly gives origin to hippocampal interneurons (Pleasure et al., 2000) 
although in a lower proportion compared to the LGE and MGE (Nery et al., 
2002). An exception to the general ventral origin of interneurons is the primate 
brain, where interneurons are also generated in the VZ and SVZ of the dorsal 
forebrain (Letinic et al., 2002, Petanjek et al., 2009). More recently, fate 
mapping experiments have identified radial glial cells present in the SVZ as the 
progenitor cells that give rise to these primate specific interneurons (Yu and 
Zecevic, 2011). Cortical interneurons are a very diverse population of neurons, 
and different subclass identities have been established based on 
immunocytochemistry, electrophysiology, positioning and relationship to 
projection neurons (Flames and Marin, 2005, Gelman and Marin, 2010, 
Anastasiades and Butt, 2011). Concerning their origin, interneurons can be 
roughly classified by the differential expression of selected calcium binding 
proteins (Wonders and Anderson, 2005). Specifically, MGE derived interneurons 
are recognized for being calretinin (CR) negative (Lavdas et al., 1999), calbindin 
positive (Sussel et al., 1999), and most of them are also parvalbumin (PV) and 
somastostatin (SST) positive (Wichterle et al., 1999, Xu et al., 2004, Zhao et 
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al., 2008). Complementary, CGE derived interneurons are mostly positive for CR 
(Lopez-Bendito et al., 2004, Xu et al., 2004).  

Cortical interneurons are generated in the VZ of the ventral telencephalon 
following the emergence of ganglionic eminences (around E9.5) and move 
independently towards the surface of the ventral pallium (de Carlos et al., 
1996). At E13, radial glial cells appear in the ventral telencephalon and along 
with this, the first ventral radial glia-descendent interneurons. Resembling the 
generation of projection neurons, interneurons follow radial glial fibers in close 
contact while they migrate in the ventral telencephalon (de Carlos et al., 1996), 
but then, they detach and migrate independently towards the cortex. Ventral 
radial glial cells also give rise to BLBP positive basal progenitors (Anthony et al., 
2004), which subsequently may generate migratory interneurons. Recent 
evidence suggests that neurogenic basal progenitors for interneurons are first 
found in the tangential migratory stream and later on in the dorsal 
telencephalon, where they contribute to the intra-cortical generation of 
interneurons (Wu et al., 2011). The generation of the different subgroups of 
interneurons occurs early at the MGE and CGE during the time of cell fate 
determination (Wonders and Anderson, 2006). Studies using transplantation 
have shown that MGE or CGE-derived interneurons retain the ability to be 
specified into subgroups, expressing specific neuronal markers (Xu et al., 2004), 
and displaying defined layer identity (Valcanis and Tan, 2003) independently of 
the environment and extracellular cues. Remarkably, these transplantation 
studies confirmed the strong tendency of CGE derived cell to generate CR 
positive interneurons while MGE derived cells mainly give rise to SST and PV 
expressing cells. Similar results were found using electrophysiological 
approaches, where MGE and CGE produced distinct populations of interneurons, 
according to the idea that phenotype is established early at the proliferative 
regions (Butt et al., 2005). 

1.4.2 Signaling molecules involved in interneuron generation 
 
In general, the environmental cues that influence interneuron development are 
not different from the ones that control the development of excitatory neurons, 
and the development of other organs. One of these general cues is Wnt, which 
promotes interneuron differentiation (Gordon and Nusse, 2006, Paina et al., 
2011). In fact, the expression of Wnt5a is regulated by Dlx2 (Paina et al., 
2011). Notch signaling is also involved in the generation of interneurons. 
Experimental evidence supports the idea that increased Notch signaling blocks 
cell differentiation in progenitors (Yun et al., 2002). Specifically, it has been 
shown that the interplay between Dlx1/2 and Mash1 controls the level of 
activation of Notch signaling and this is how they exert their functions (Yun et 
al., 2002). Sonic hedgehog signaling (Shh) is another powerful influence for 
interneuron generation. The coordinated action of shh and FGF8 influences cell 
fate determination by affecting Nkx2.1 patterning (Kohtz et al., 1998, Fuccillo et 
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al., 2004, Storm et al., 2006). Reduction of Shh results in less Nkx2.1 positive 
cells and, as a direct consequence of this, affects the generation of PV and SST 
interneurons in cortex (Xu et al., 2005, Xu et al., 2010). The influence of Shh in 
interneuron generation has been proposed to occur by antagonizing Gli3R first 
(Rallu et al., 2002, Gulacsi and Anderson, 2006) and BMP signaling later during 
development (Gulacsi and Lillien, 2003). On the other hand, Shh expression is 
induced by the coordinated expression of Lhx6 and Lhx8 establishing a control 
loop for interneurons generation (Flandin et al., 2011). Another pleiotropic 
signaling molecule involved in the process is retinoic acid which also down-
regulates the expression of Nkx2.1 (Marklund et al., 2004). Specifically, it has 
been described that retinoic acid can affect interneuron generation (Chatzi et al., 
2011), their diversity, and their organization in the cortex (Crandall et al., 
2011). Growth factors can also influence interneuron generation and 
development. GDNF can change interneuron development in multiple ways, 
promoting the GABAergic phenotype, their morphological differentiation and 
stimulating their motility (Pozas and Ibanez, 2005). Thus, cell autonomous and 
non-autonomous signaling cascades are both needed for proper interneuron 
development (Lupo et al., 2006).  
 
1.4.3 Transcriptional control involved in interneuron generation  
 
In parallel to the extensive information about the cell autonomous machinery 
and the transcriptional control of dorsal neurogenesis, there is extensive 
evidence regarding the transcription factors involved in interneuron specification, 
differentiation and migration (Wonders and Anderson, 2006). One of the most 
important transcription factors that control the generation of interneurons is 
Mash 1. Mash 1 mutant embryos show abnormal development of the ventral 
brain characterized by the lack of MGE delimitations, decreased progenitor 
proliferation and misspecification of cell types (Horton et al., 1999). These 
defects have been explained by the interplay of Mash1 and Dlx2 in the control of 
Notch signaling (Yun et al., 2002) and other important transcription factors 
(Long et al., 2007). This illustrates the interaction between transcription factors, 
which is a general phenomenon in the control of interneuron development 
(figure 1.4) (Long et al., 2009). Additionally, Dlx genes can function 
independently of Mash1. Dlx 1 and Dlx2 genes are expressed in the LGE, MGE, 
the septum of the embryonic brain (Bulfone et al., 1993) and the CGE (Nery et 
al., 2003). These genes have a direct influence on the generation of 
interneurons and this is exemplified by the Dlx-1/2 mutant mice where the 
number of GABA-reactive cells is significantly reduced in the cortex (Anderson et 
al., 1997). It has been shown that these transcription factors promote the 
differentiation towards the interneuron phenotype (Anderson et al., 1999), and 
that they inhibit oligodendrogenesis via Olig2 repression (Petryniak et al., 2007). 
Dlx 1 is also cell-autonomously needed for tangential migration (Anderson et al., 
2001) and in the long term, Dlx genes also control interneuron survival (Cobos 
et al., 2005). A similar role is played by the transcription factor Nkx2.1. In the 
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absent of this factor only a few interneurons populate the cortex (Sussel et al., 
1999), and there is a total lack of PV and SST expressing cells (Du et al., 2008). 
Alternatively, MGE-derived interneurons acquire characteristics of LGE derived 
interneurons that do not migrate into the cortex (Sussel et al., 1999). More 
recently, it has been found that this factor contributes to the generation of MGE 
derived, but not CGE derived interneurons (Nery et al., 2003). As a 
consequence, a subset of interneurons are completely absent in the 
hippocampus (Pleasure et al., 2000). Another important transcription factor for 
interneuron specification and migration is the LIM-homeobox gene Lhx6, which 
is a characteristic marker of MGE (also in CGE but not LGE), and is expressed 
soon after cell cycle exit in migrating interneurons derived from this eminence 
(Lavdas et al., 1999, Liodis et al., 2007). This factor controls the generation of 
parvalbumin and somatostain expressing interneurons (Denaxa et al., 2012) and 
is a direct target of Nkx2.1. Lhx6 overexpression can rescue the neurochemical 
and morphological aspects of Nkx2.1 knockout (Du et al., 2008). As 
interneurons advance towards their final destination, the expression of the 
mentioned transcription factors evolves and lead to the establishment of subsets 
expressing DLx1, Lhx6 or a combination of both (Cobos et al., 2005, Wonders 
and Anderson, 2006). In humans, the same transcription factors Mash1, Nkx2.1, 
Dlx1,2, and Lhx6 are important for interneuron development. However, their 
expression is not restricted to the ventral brain, but extends to the dorsal cortex 
supporting the idea that, in humans, interneurons are born dorsally and 
ventrally from several progenitor sources (Jakovcevski et al., 2011).  
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Figure 1.4. Interneuron progenitors are affected by a complex 
interaction between transcription factors. 
A) Progenitor cells (P1-P-3) in ventral telencephalon generates immature 
neurons (N1, N2). MASH1-/DLX2- neuroepithelial progenitors (P1) give rise to 
MASH1+/DLX2- (P2) and MASH1+/DLX2+ (P3) progenitors around E10 and to 
MASH1-/DLX2+ (N1) neurons at E10.5 and to MASH1-/DLX2- neurons after 
E11.5 (N2). Mash1 is required cell-autonomously to generate P2 and N1 cells. 
Mash1 is also required non cell-autonomously, via Notch-dependent lateral 
inhibition, to prevent neighboring cells from acquiring the P3 fate prematurely. A 
potential mechanims to explain the generation of MASH1-/DLX2- neurons is the 
repression of Mash1 by Dlx1/2 genes. Ventricular zone (VZ), sub-ventricular 
zone (SVZ) and mantle zone (MZ). Figure adapted from Long et al., 2009.  B) 
Dlx1/2 genes repress Nkx2.1 and Olig2, but promote Lxh6 expression. 
Additionally, NKX2.1 activates Lhx6 to control terminal differentiation of 
somatostatin (SST) and parvalbumin (PV) expressing interneurons.   
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1.4.4 Tangential migration 
 
After cell fate determination, immature interneurons engage in tangential 
migration to travel a long journey from the basal forebrain towards the cortical 
wall. The earliest generated interneurons migrate at around E11 and rapidly 
move to the pre-plate at the surface of the developing cortex. MGE-derived 
interneurons further invade the cortex by migrating through specific paths in the 
upper cortical plate (CP), the intermediate zone (IZ) and SVZ (figure 1.2). In the 
same way, MGE derived interneurons widely spread to the anterior and posterior 
cortex while CGE derived interneurons are mainly directed toward the caudal 
cortex (Yozu et al., 2005). Consequently with the differential destination of 
interneurons, LGE-derived interneurons migrate rostrally without entering into 
the cortex (Wichterle et al., 1999). As it was mentioned, interneurons are 
positioned in an inside-out pattern according to their birthdate (Miller, 1985, 
Fairen et al., 1986, Peduzzi, 1988). To accomplish this, interneurons must 
change their direction once they have reached the cortex. It has been described 
that the first step in this change is a ventricle-directed movement (Nadarajah et 
al., 2002). After that, they remain in the VZ for some time and then migrate 
radially (Hevner et al., 2004)(figure 1.2). Today, it is known that interneurons 
reach the cortical wall by migration on various tangential and multidirectional 
paths that are dynamically remodeled during embryogenesis (Marin and 
Rubenstein, 2001, Metin et al., 2006, Tanaka et al., 2006, Wonders and 
Anderson, 2006, Ayala et al., 2007, Inada et al., 2011).  
 
During migration, interneurons regularly split their leading process to produce 
new branches. Then, the generated branches grow in different directions. Like if 
sensing the environment, only one of the branches is stabilized while the others 
disappear. In this way, the cell is able to change direction continuously (Martini 
et al., 2009, Valiente and Martini, 2009). On the other hand, the nucleus at the 
rear of the cell displays an intermittent movement, translocating from its place 
towards the swelling that forms in between the nucleus and the growth cone. 
The transient swelling contains the centrosome and the Golgi outpost. The 
generation of the swelling and the translocation of the centrosome precede each 
nuclear translocation. Growth cones stop their migration and often split during 
nuclear translocation. 

1.4.5 Molecular mechanisms involved in the control of interneuron 
migration 
    
First attempts to understand the mechanisms that guide interneuron migration 
suggested that they may follow cortico-thalamic axons while sensing the 
extracellular environment (Parnavelas, 2000). Since then, several attractive or 
repulsive guidance cues have been shown to influence interneuron migration. 
These cues are believed to be sensed by growth cones. Consequently, most of 
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the molecules involved in axon guidance have been found to influence 
interneuron migration (Figure 1.5). However, the specific cellular and molecular 
mechanisms that drive the migration of interneurons have just begun to be 
unveiled (Bellion et al., 2005, Schaar and McConnell, 2005, Ayala et al., 2007, 
Tanaka et al., 2009, Marin et al., 2010, Courtes et al., 2011, Inamura et al., 
2012).  
 
Tangential migration is probably initiated by repulsion factors present at 
interneuron birth place (Marin, 2013). Migrating interneurons express EphA4 
receptors which are activated by ephrin-A5 and have a repulsive effect in the 
MGE (Zimmer et al., 2008, Rudolph et al., 2010). This effect depends on Src 
family kinases (SFKs) activity, which can further inactivate contacin and lead to 
a reduced activity of the actin-related protein (Arp) 2/3 complex. Reduction on 
the activity of this complex triggers the breakdown of the actin cytoskeleton that 
is essential for cytoskeletal remodeling (Huang et al., 1997). Complementarily, 
semaphorins 3A (Sema 3A) and 3F prevent interneurons from entering the 
striatum (Marin et al., 2001). This occurs via the activation of neuropilin 
receptors (Nrp1 and Nrp2) and their signal transduction subunit, plexin, which 
are expressed in cortical interneurons. At the same time, Robo1 has been shown 
to interact with Nrp1 receptors and control their expression level and thus 
semaphoring signaling (Hernandez-Miranda et al., 2011). However, in vivo 
experiments have not detected migratory defects in Robo ligands, Slits and Robo 
deficient mice (Marin et al., 2003). Recently, it has been demonstrated that 
activation of Nrp1 results in the activation of LIM kinase (Limk) 2, which 
phosphorylate the actin-depolymerizing protein Cofilin (Andrews et al., 2013). 
Phosphorylation of Cofilin stabilizes actin filaments decreasing the amount of 
free monomers and limiting migration. Additional studies have suggested that 
interaction of Rnd1 with Plexin-A1 leads to a conformational change that 
activates RhoA upstream Limk (Zanata et al., 2002).  
 
New born interneurons respond to several factors that enhance their motility. 
Migration is stimulated by brain-derived neurotropic factor (BDNF) and 
neurotrophin-4 (NT4) (Polleux et al., 2002, Levitt et al., 2004). These two 
factors have been involved in controlling migration of CB and CR positive 
interneurons. BDNF and NT4 act via similar signaling cascades causing auto 
phosphorylation of TbrkB receptors in a calcium dependent process that  leads 
to activation of PI3-kinase and subsequently to the phosphorylation of AKT 
(Polleux et al., 2002). An additional growth factor involved in promoting 
interneuron migration is the hepatocyte growth factor (HGF). This factor 
activates MET receptor and its disruption gives results that are consequently 
with migration delay (Powell et al., 2001, Martins et al., 2011). MET receptors 
have tyrosine kinase activity and may trigger activation of Ras and through this 
or independently of PI3K. Evidence suggest that Nrg1 can act as a short and 
long range attractant factor and modify the routes of tangential migration by 
creating a permissive corridor (Flames et al., 2004, Martini et al., 2009, Marin et 
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al., 2010), which leads to the integration of interneurons into specific cortical 
circuits (Marin, 2012). However, other studies have shown that Nrgs are 
expressed in patterns that outline the paths of the migrating ErbB4-expressing 
interneurons, suggesting that the ErbB4-expressing interneurons avoid the Nrg 
expressing domains and this signal works as a repellent (Li et al., 2012). The 
glial cell line-derived neurotrophic factor (GDNF) has also been found to 
stimulate interneuron migration and act as a powerful chemoatractan. Animals 
lacking GDNF receptors show an altered distribution of CB-expressing migrating 
interneurons at E15 suggesting an effect on stream specification (Pozas and 
Ibanez, 2005). This signaling molecule acts via the GPI-anchored receptor 
GFRa1 that has been shown to trigger ERK1/2 and AKT phosphorylation.  
 
Besides repulsing and stimulating cues, certain factors provide fine control over 
directionality. This is the case of the stromal cell-derived factor-1 (SDF1) which 
regulates intracortical migration of interneurons influencing their layer 
positioning and preventing premature invasion of the cortex (Stumm et al., 
2003, Lopez-Bendito et al., 2008). This effect is achieved by decreasing 
branching frequency and is mediated by the activation of CXCR4 receptors. 
These receptors function as Gi-coupled receptors that inhibit adenosine cyclase, 
lowering cAMP levels and decreasing PKA activity (Lysko et al., 2011). 
Additionally, branching dynamics is influenced by Rho/ROCK signaling (Martini et 
al., 2009, Valiente and Martini, 2009). It is worth noticing that Rho-family 
GTPases mediate different responses, sometimes opposite, depending on the 
cascade involved (Lowery and Van Vactor, 2009). This pathway was 
demonstrated to act upstream myosin light chain kinase (MLCK) that 
phosphorylate myosin II (Godin et al., 2012) during control of interneuron 
migration. Non-muscle type II myosins are primarily regulated by 
phosphorylation at Ser-19 and Thr-18 of the myosin light chain (MLC). 
Additionally, this phosphorylation can take place in a calcium calmodulin 
dependent process (Emmert et al., 2004). The saltatory pattern of migration 
displayed by interneurons requires actomyosin contractions in the rear part of 
the cell (Bellion et al., 2005, Schaar and McConnell, 2005, Martini and 
Valdeolmillos, 2010). Myosin accumulates periodically in the trailing process 
and, in interaction with the actin filaments, propels the nucleus toward the 
centrosome. This cycle of relaxation and contraction must be tightly regulated to 
ensure proper migration.  
 
Termination of interneuron migration has been proposed to occur via intrinsic 
and extrinsic mechanisms (Inamura et al., 2012). Intrinsic mechanisms involve 
the increase in intracellular chloride and activation of GABAAR, an event that 
modulates calcium influx (Bortone and Polleux, 2009); while extrinsic 
mechanisms are thought to be mediated by the extracellular environment 
(Inamura et al., 2012). Other neurotransmitters have also been involved in 
interneuron migration and this will be discussed more extensively.  
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Figure 1.5. Signaling pathways involved in the control of interneuron 
migration. During migration, a variety of extracellular molecules activates 
different signaling pathways that ultimately control the cytoskeleton remodeling. 
Depicted components have been specifically investigated on interneurons.  
Components of the same pathway are shown in the same color. Some pathways 
such as the initiated by GDNF are still only partially understood in the context of 
interneuron migration. Dotted arrow indicates a possible connection.  
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1.5 The role of neurotransmitters during brain development 
 
These small molecules have a remarkable impact during projection neuron 
development. Although, they are generally known for their contribution to 
neurotransmission, they are also present during early embryonic development 
before the formation of active synapses (Nguyen et al., 2001)(figure 1.6). GABA 
and glutamate are two of the most studied neurotransmitter systems during 
development and they contribute to several aspects of corticogenesis (Represa 
and Ben-Ari, 2005). Pioneer electrophysiological experiments demonstrated the 
presence of GABA (Owens et al., 1999) and glutamate receptors in cortical 
progenitor cells (LoTurco et al., 1990, Lo Turco and Kriegstein, 1991, LoTurco et 
al., 1991). GABA and glutamate display a differential effect promoting cell 
proliferation in the VZ, while inhibiting it in the SVZ (Haydar et al., 2000). More 
detailed experiments have demonstrated that these two neurotransmitter are 
able to depolarize the cell membrane (Owens et al., 1996) and inhibit DNA 
synthesis in the VZ (LoTurco et al., 1995). Evidence suggests that this effect on 
DNA synthesis is most probably due to the depolarization and subsequent 
activation of voltage gated calcium channels (VGCC) as has been suggested for 
GABA in the control of proliferation of postnatal striatum precursor cells (Nguyen 
et al., 2003).  
 
In neurons, the potassium-chloride cotransporter 2 (KCC2) actively reduces the 
intracellular concentration of chloride, transforming the opening of a chloride 
channel into a hyperpolarizing stimulus (Lee et al., 2005, Zhu et al., 2005). 
Conversely, the sodium-potassium-chloride co-transporter (NKCC1) exerts the 
opposite effect and thus increases the intracellular concentration of chloride 
transforming the ion channel-mediated chloride flux into a depolarizing signal. 
Thus, the expression levels and functionality of one or the other chloride co-
transporter will influence the direction of the chloride flux. During development, 
chloride gradients evolve in function of the expression of chloride transporters. 
Electrophysiological measurements, using the perforated patch clamp technique, 
indicate that the intracellular chloride concentration is 25 mM until the first 
postnatal week and then it falls to 10 mM during the second week (Yoshida et 
al., 2004). Considering that the resting membrane portential of the cell remains 
constant at about -60 mV, this change in chloride concentration is enough to 
reverse the chloride flux. In consequence, GABAAR activation during embryonic 
and early postnatal development induces the depolarization of the cell 
membrane which in turn may activate VGCC. Compared to glutamate-mediated 
depolarization, chloride efflux is thought to be less harmful to the cell since 
there is no risk to induce excitotoxicity. This is due to the fact that the 
equilibrium potential of chloride is closer to the resting membrane potential of 
the cell which generates small chloride currents compared to the amplitude of 
glutamate elicited sodium currents.   
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The effect of neurotransmitters is not only restricted to the control of cell 
proliferation as they also have an influence on cell migration (figure 1.6). It has 
been reported that GABA receptor antagonists can retard radial migration in the 
cortical plate (Behar et al., 2000) and hippocampus (Manent et al., 2005). In 
consequence, in vivo experiments have demonstrated that activation of GABA 
receptors type A (GABAAR) is needed for proper lamination of the cortex. Failure 
of proper GABAAR activation leads to the formation of heterotopic clusters 
formed by glutarmatergic and GABAergic neurons (Heck et al., 2007), interfering 
also with the morphological maturation of neurons (Cancedda et al., 2007). The 
effect of GABAAR activation on cell migration starts early during cortex 
development, first promoting cell migration and then, inhibiting this process in 
the SVZ at postnatal stages (Bolteus and Bordey, 2004). The effects of GABA on 
cell migration are not only restricted to the activation of GABAAR, as are also 
mediated by the activation of the metabotropic type B GABA receptors (GABABR) 
(Behar et al., 2001). The molecular mechanisms downstream the activation of 
GABAAR and GABABR have both been linked to changes in the intracellular 
calcium dynamics, which is known to be important for proper cell migration 
(Komuro and Rakic, 1998). Specifically, the effects of GABAAR activation are 
linked to the depolarizing effect of the efflux of chloride mediated by this 
channel. Membrane depolarization triggers the activation of VGCC and hence 
allows the entrance of extracellular calcium ions. Besides this, there is evidence 
that GABAAR activation could also be involved in the control of calcium release 
from intracellular stores independently of membrane depolarization (Bolteus and 
Bordey, 2004). While GABA signaling has been involved in various 
developmental regulations, mice defective for GABA synthesis do not show 
major cortical defects (Ji et al., 1999). This unexpected result has been 
explained by the possible compensation exerted by other neurotransmitters such 
as glutamate or glycine. Much less is known about the role of other related 
neurotransmitters during projection neurons development. Interestingly, it has 
been reported that glutamate acting via NMDA receptors is a potent 
chemoattractant signal that affect radial migration from the VZ and SVZ (Behar 
et al., 1999). Indeed, it has been shown that glutamate is more potent than 
GABA in the modulation of this process. Moreover, glutamate is more 
concentrated in the outer layers of the cortex and is distributed in a gradient 
along the radial axis (figure 1.6).  
 
Specifically in the case of interneurons, it has been found that neurotransmitters 
actively control cell migration, have a strong influence on cell morphology (Maric 
et al., 2001, Nguyen et al., 2001), and have a crucial role in the establishment 
of the first synaptic connections (Represa and Ben-Ari, 2005). Non cell-
autonomous signals in the form of extracellular guidance cues are distributed 
along migratory paths and are sensed and integrated to ultimately control 
cytoskeleton remodeling and ensure the dynamic cell shape changes required for 
migration. Neurotransmitters act as signaling molecules in the surrounding of 
migrating interneurons (Nguyen et al., 2001, Soria and Valdeolmillos, 2002, 
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Heng et al., 2007). Among them, the role of GABA has been characterized by 
several groups (Lopez-Bendito et al., 2003, Cuzon et al., 2006, Cuzon Carlson 
and Yeh, 2011). Activation of GABAAR has been shown to promote interneurons 
motility at initial phases of migration, but blocks radial migration at later stages 
when interneurons reach their final position in the developing cortex (figure 
1.6). This mechanical switch implies the inversion of the chloride gradient in 
interneurons that reach the cortical plate (Bortone and Polleux, 2009). In line 
with that, in vivo experiments have demonstrated that GABA facilitates 
tangential migration only when there is a high level of NKCC1 (Inada et al., 
2011). Additionally, it has been shown that tangentially migrating neurons 
express functional AMPA receptors (Metin et al., 2000) and that their activation 
lead to neurite retraction suggesting that AMPA receptor activation might be a 
complementary control mechanism for interneurons migration (Poluch et al., 
2001). Moreover, type D1 and type D2 dopamine receptors (D1R and D2R) have 
been found to differentially modulate interneuron migration and their entrance 
into the cortex (Crandall et al., 2007). While the activation of D1R promotes 
cortical interneuron migration, activation of D2R inhibits this process. These 
results were confirmed by electroporation, and by using D1R and D2R deficient- 
animals. Furthermore, serotonin has also been found to impact interneurons 
migration by activating type 6 serotonin metabotropic receptors (5-HT6R) (Riccio 
et al., 2009). Interestingly, CGE-derived interneurons selectively express type 3 
serotonin receptors (5-HT3R) (Lee et al., 2010, Vucurovic et al., 2010). 
However, these receptors do not seem to be involved in the control of cell 
migration (Riccio et al., 2009). 
 
Once migration has been completed, synaptic connections start to be made. The 
first synaptic connections that appear during development are between 
interneurons, or between an interneuron and a pyramidal cell. These first 
synapses are purely GABAergic. At this age, GABA provides the initial excitation 
to the network generating the earliest oscillations (Rheims et al., 2008). The 
depolarization induced by GABA has been suggested to be an important event to 
remove the Mg2+ blockade of NMDA receptors and promote its involvement in 
new excitatory synaptic contacts. Once a sufficient number of glutamatergic 
synapses have been generated, the effect of GABA becomes inhibitory and fine 
tunes the network oscillations (Ben-Ari et al., 2004). The effect of GABA in 
synaptogenesis has preferentially been studied in the hippocampus where the 
network remains intact after slice preparation. The fact that GABA has an 
excitatory effect during embryonic development seems to be the key factor for 
the generation of the first networks. Once the network have reached a certain 
level of excitation, the developmental switch in the expression of NKCC1/KCC2 
transforms GABA signaling into the inhibitory signal typically present in adults 
(Ben-Ari et al., 2004). However, the excitatory effect of GABA during postnatal 
development has recently been debated as experimental conditions may change 
the normal chloride gradient and lead to erroneous conclusions. Slicing 
procedure has been suggested to be pathological rather than physiological 
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model to study synaptic function where injured cells fail to effectively control the 
chloride gradient. Additionally, the inadequate solution composition, which may 
lack adequate energy sources (Holmgren et al., 2010), or the modality used 
during electrophysiological measurements, which may expose the cells to non-
physiological concentration of ions (Tyzio et al., 2003), can also induce a change 
in chloride homeostasis or create a technical artifact. This is an important 
consideration as there is abundant evidence that demonstrate an inhibitory role 
of GABA in vivo during synapse development (Khakhalin, 2011, Bregestovski 
and Bernard, 2012). 
 
Before and after the generation of the first synapses the cell morphology 
dynamically changes. Sometimes these changes are part of the developmental 
program and sometimes they emerge as a consequence of the activity of the 
network, or as an adaptation in response to external stimulus. It has been 
shown that GABA can facilitate neurite outgrowth and acts as a trophic factor by 
promoting the calcium entry upon depolarization in interneurons (Maric et al., 
2001).  
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Figure 1.6. Cell migration and the role of neurotransmitters in the 
developing brain cortex. (A) Schematic diagram showing the cortical wall of 
an E13.5 mouse brain. This diagram illustrates the process of radial migration 
and the functions undertaken by neurotransmitters and their cognate receptors 
in the regulation of progenitor cell proliferation and migration of newborn 
projection neurons within the cortical wall. (B) GABAergic interneurons (green 
cells) are mainly generated in the medial ganglionic eminence (MGE) and follow 
distinct tangential migratory routes to integrate into the cerebral cortex (Cx). 
Different neurotransmitters can influence this process. Figure taken from Heng 
et al., 2007 (Heng et al., 2007) 
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1.6 Glycine receptors and neuronal development 
 
1.6.1 Generalities about GlyR 
 
Glycine receptors (GlyR) are part of the ligand gated ion channel family that also 
includes the nicotinic acetyl-choline receptor (nAChR), GABAAR, GABACR, insect 
glutamate-gated chloride channels (GluCl) and 5HT3R. All these receptors share 
structural and functional characteristics that are related to their molecular 
organization, activation, and ion flux control (figure 1.7). Specifically, the GlyR is 
a transmembrane protein complex formed by the assembling of five subunits 
arranged symmetrically around a central pore. There are five types of subunits, 
four alphas and 1 beta (figure 1.7). The GlyR can be formed either as alpha 
homomer or as a heteromer that incorporate the beta subunit. Furthermore, its 
composition can vary depending on the alpha subunit subtype, although some 
combinations have been more studied such as the only alpha homomers, the 
alpha1/alpha2 or the alpha1/beta heteromers (Lynch, 2009). Currently, the 
atomic structure of the GlyR has not been determined yet, but there are 
reasonable assumptions about its topology based on its homology to nAchR 
(Unwin, 2005), and to the acetyl choline binding protein (Brejc et al., 2001). The 
accepted model postulates that each subunit presents a large extracellular 
domain, which is the site of ligand binding, four trans-membrane alpha helices 
named M1 to M4, where the M2 form the pore lining domain, and a long 
intracellular loop linking the M3 and M4 domains, which is a site for 
phosphorylations and protein-protein interactions (figure 1.7).   
 
Besides glycine, GlyR can also be activated by other ligands, such as taurine and 
alanine. Each of these molecules can bind to the extracellular domain and 
promote the opening of the central pore that allows the selective flux of chloride 
and bicarbonate ions. In the same way as for GABAAR, GlyR-mediated ion flux is 
solely dependent on the electrochemical gradient established across the cell 
membrane for these ions. Ionic current flowing through GlyR can be blocked by 
alkaloids such as strychnine and picrotoxin (PTX). These drugs can be used to 
discriminate between the molecular compositions of the receptors due to the 
differential efficacy with which different subunits of the receptor are affected. 
Indeed, the two components of PTX, picrotin (PTN) and picrotoxinin (PXN), exert 
differential effects on alpha 2 homomeric receptors while they have the same 
potency to block alpha 1 homomeric GlyR. Moreover, PXN is only active on 
receptors lacking the beta subunit (Pribilla et al., 1992, Okabe et al., 2004). 
Together with strychnine and PTX there is an extensive list of endogenous 
molecules and pharmacological compounds, such a as cannabinoids, 
neurosteroids, hormones, alcohols and anesthetics, ginsenosides, ginkgolides, 
beta-carbolines and others, that interact with GlyR and can potentially been 
used for research or pharmacological treatment in GlyR-associated pathologies 
(Webb and Lynch, 2007). Finally, it should be noted that a sub-threshold 
depolarization, mediated by GlyR, may be inhibitory if it results in the clamping 
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of the membrane voltage at a more hyperpolarized potential lower than the 
threshold for action potential generation. 
 
 
 

 
 
 
 
Figure 1.7. Ligand gated chloride channels. A, It has been proposed that 
each receptor subunit has four hydrophobic transmembrane domains, where the 
second is believed to be exposed to the inside wall of the ion channel pore. 
Functional ion channels are formed by five subunits arranged around the central 
pore. The large extracellular domain contains the ligand and some modulators 
binding sites while the cytoplasmic domain contains consensus sites for 
intracellular regulation. B, Proposed stoichiometric arrangement of subunits for 
GABA and GlyR. Additionally, GlyR can form homomeric channels composed of 
only alpha subunits. Figure taken from Moss and Smart, 2001. (Moss and Smart, 
2001) 
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1.6.2 Physiological function of GlyR 
 
GlyR were first detected in the spinal cord, from where they were isolated 
thanks to the affinity of strychnine (Pfeiffer et al., 1982, Graham et al., 1983). 
Spinal cord contains the highest amount of GlyR and was thus used as a model 
tissue to learn more about the physiological role of GlyR. In adult animals, the 
alpha 1 and beta subunits are abundant in spinal cord whereas the less 
abundant alpha 2 subunits, are exclusively detected in the brain. While the 
expression of the beta subunit increases during adulthood and becomes widely 
distributed in the brain, alpha 2 subunits harbor a more restricted expression in 
hippocampus and layer VI of the cerebral cortex. The alpha 3 GlyR subunits are 
less abundant and show a restricted expression pattern in the CNS including the 
cerebellum, the olfactory bulb and the spinal cord (Malosio et al., 1991). Finally, 
although there is no clear mapping of alpha 4 subunit distribution functional 
receptors containing this subunit have been detected in the mouse and chicken 
(Harvey et al., 2000), but not in human (Simon et al., 2004).  
 
1.6.2.1 GlyR and spinal cord neurotransmission 
 
The importance of the physiological function of GlyR in the spinal cord is 
exemplified by the dysfunction of the motor-reflex circuit as observed in the 
hereditary disorder named hyperekplexia or startle disease where GlyR function 
is impaired. This disorder is characterized by an exaggerated response to an 
acoustic or a tactile stimulus. Patients manifest uncontrolled muscle contractions 
in seizure like episodes that are triggered by any tactile or acoustic stimulus that 
in normal conditions would not elicit any reaction. The disease somehow mimics 
sub-lethal strychnine poisoning. Its origin is most of the times a mutation in the 
GlyR alpha 1 subunit, which results in its reduced expression, low glycine affinity 
or channels with smaller conductance. In addition, other related proteins can 
also contribute to the disease. This is the case of gephyrin, which interacts with 
the intracellular domain of GlyR and keeps them clustered at synapses. 
Mutations that affect expression of the protein have been associated with human 
startle disease (Rees et al., 2003). Another example is the dysfunction of the 
glycine transporter 2 (GlyT2), which is in charge of loading synaptic vesicles with 
glycine. A mutation of this transporter can have a direct impact on its 
functionality (Gimenez et al., 2012), thus directly impairing glycinergic 
neurotransmission. This last report is in line with findings of others that report 
several missense mutations in GlyT2 that are associated with hyperekplexia 
(Gomeza et al., 2003). The different recessive mutations in the GlyT2 gene are 
considered as the second major cause of startle disease (Carta et al., 2012). 
 
GlyR are also involved in pain perception. Its major influence on this process 
takes place in superficial layers of the dorsal horn of the spinal cord where 
nociceptive afferents terminate. It has been demonstrated that GlyR alpha 3 
subunits, present in the postsynaptic terminals of dorsal horn synapses in the 
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spinal cord, are involved in perception of pain derived from mechanical and 
thermal activation (Zeilhofer, 2005). Specifically, bath-applied prostaglandin E2 
(PGE2), which induces sensitization to pain, reversibly reduces the amplitudes of 
GlyR-mediated inhibitory postsynaptic currents (Ahmadi et al., 2002). More 
exhaustive studies demonstrated that this inhibition resulted from alpha 3 
subunit phosphorylation of its intracellular domain (Harvey et al., 2004). 
Consequently, knockout mice for GlyR alpha 3 show no response to intrathecal 
sensitization caused by PGE2 (Harvey et al., 2004). In line with this, knockout 
animals for prostaglandin receptors show a similar phenotype. These studies 
demonstrated the involvement of GlyR in the perception and processing of 
painful stimuli and proposed the alpha 3 GlyR as a new pharmacological target 
for idiopathic pain (Lynch and Callister, 2006).  
 
In situ hybridization analyses of spinal cord sections (Jonsson et al., 2012) 
revealed that GlyR alpha 2 is the most abundant subunit expressed during 
embryogenesis, while alpha 1 and beta subunits are predominant after birth 
(Watanabe and Akagi, 1995). This change in expression is gradual and alpha 1 
progressively replaced alpha 2, which decreases until being undetectable in the 
ventral horn of mature animals (Watanabe and Akagi, 1995). The developmental 
expression of alpha 3 subunit increases before birth and then remains stable. 
Nevertheless, physiological levels of alpha 3 subunits are very low (Malosio et 
al., 1991). Expression of GlyR beta subunit parallels the expression of alpha 1 
ones, suggesting that before and after birth the glycinergic synaptic currents are 
mainly mediated by activation of alpha2/beta and alpha1/beta containing 
receptors, respectively. Alpha 2 homomeric receptors are considered too slow to 
support synaptic transmission in addition to the fact that they lack the ability to 
interact with gephyrin and, therefore, the ability to cluster at synaptic sites. The 
first synaptic activity in the spinal cord appears at E12.5 and is initially purely 
GABAergic. One day later, the synaptic protein gephyrin starts to be expressed 
and interact with both GABAAR and GlyR at the synaptic sites (Colin et al., 
1998). At that time glycinergic synapses can be detected for the first time (Scain 
et al., 2010), preceded by the spontaneous opening of extrasynaptic GlyR (Scain 
et al., 2010). The blockade of GlyR at this developmental stage significantly 
slows down the rostro–caudal propagation of electrical activity (Scain et al., 
2010).  

1.6.2.2 Glycine receptors and cerebral neurotransmission 
 
Although expression of GlyRs in the adult brain was described two decades ago 
(Frostholm and Rotter, 1985, Probst et al., 1986, van den Pol and Gorcs, 1988, 
Malosio et al., 1991), there is little information about their function. Contrary to 
what has been shown for the spinal cord, the most abundant GlyR subunits are 
beta, alpha 2, alpha 3, and alpha 1 is only marginally found (Jonsson et al., 
2012). It is believed that GlyR mainly mediates extrasynaptic inhibition and that 
they are composed by alpha 2/3 heteromeric channels in the hippocampus 
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(Aroeira et al., 2011). Interestingly, extrasynaptic receptors are involved in 
synaptic plasticity and play a role in long term depression (LTD) (Song et al., 
2006, Chen et al., 2011). On the other hand, GlyRs are also involved in 
neurotransmission and glycinergic synapses have been morphologically 
identified in excitatory and inhibitory neurons using immunofluorescence and 
electron microscopy (Danglot et al., 2004). Impaired GlyR alpha 3 subunit 
alternative splicing has been detected in patients suffering of temporal lobe 
epilepsy (Eichler et al., 2009). In this case, the short splice variant, which 
showed a lower tendency to form clusters at synapses, was significantly 
upregulated, possibly decreasing total GlyR contribution to synaptic transmission 
(Eichler et al., 2009).  
 
1.6.2.3 Glycine receptors and non-neuronal signaling 
 
Finally, GlyR are also expressed in non-neuronal tissues (den Eynden et al., 
2009). However, there is only limited information about their physiological 
function there (den Eynden et al., 2009). Perhaps, the most well-known 
example of a non-neuronal tissue is the spermatozoa, where GlyR play a central 
role in acrosome reaction. Specifically, it has been shown that glycine can 
trigger this reaction in a strychnine-sensitive manner (Sato et al., 2000, Llanos 
et al., 2001) and that spasmodic mutant mice, that harbor a mutation in the 
GlyR alpha 1 gene, show a decreased fertility (Meizel and Son, 2005).     
 
1.6.3 The role of GlyR during embryonic brain development 
 
Glycine receptor expression starts early during brain development. This was first 
studied by Malosio and colleagues who used in situ hybridization to assess the 
presence of various GlyR subunits in the embryonic rat brain (Malosio et al., 
1991). In this study, the authors found abundant expression of both, alpha 2 
and beta subunits during prenatal stages. The messenger RNA (mRNA) encoding 
alpha 2 subunit was widely detected starting from E14 onwards in all cortical 
layers during the whole embryonic period (Malosio et al., 1991). GlyR alpha 2 
mRNAs were detected in the diencephalon and the midbrain at E14, and in the 
thalamus and the cerebellum primordium at E19. Beta subunit mRNAs were 
mainly found in the cortex at E14, where they were homogenously distributed. 
At E19 their expression pattern became more restricted and only layers I and II 
were labeled. Interestingly, at E19 the cerebellum was also selectively enriched 
for beta subunit mRNAs. No other GlyR subunits were detected, but it is 
important to note that the expression of the GlyR alpha 4 subunit was not 
studied. 
 
To examine when functional GlyR first appear during cortical neurogenesis, Flint 
and colleagues recorded glycine and taurine elicited currents in different zones 
of the embryonic cortex at E19 (Flint et al., 1998). Interestingly, all recorded 
neurons in the CP and IZ showed GlyR-mediated responses. In contrast, none of 
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the cells located in the VZ seemed to have functional GlyR (Flint et al., 1998). 
These results were confirmed by immunostainings, which showed intense 
labeling in the IZ and CP, but not in the VZ. Single cell resolution was achieved 
in the IZ where GlyR expression was localized in the soma and apical leading 
process. Therefore, GlyR expression seem to first appear in migratory projection 
neurons at this age (Flint et al., 1998). Complementarily, in vitro experiments, 
carried out at E17 in rats, demonstrated that new born projection neurons 
already express GlyR, along with GABAAR and voltage gated ion channels at this 
age, by the end of their radial migration (Noctor et al., 2004). The published 
representative current trace showed that 5 mM of glycine elicited a small current 
of 10 pA in immature projection neurons recorded under symmetrical chloride 
concentration. Nevertheless, glycine elicited currents were only four times 
smaller than GABA elicited currents (Noctor et al., 2004). For comparison, the 
measured normalized basal conductance is about 10 pS/μm2 in immature 
cortical neurons (Huguenard et al., 1988) and the reported GABA elicited 
conductance is 7.4 times larger than that at the same age (Shen et al., 1988). 
Calcium measurements provided further evidence about the presence and 
function of GlyR in the embryonic cortex. Consistent with a depolarizing effect, 
glycine application triggered a massive calcium influx in the upper-layer 
pyramidal neurons at E17. This effect was blocked by strychnine and totally 
absent in the GlyR-knockout (KO) animals (Young-Pearse et al., 2006). The 
same effect was recorded very early during cortex development, at E13 (Platel 
et al., 2005). At this age, GlyR were shown to have a unique role in pre plate 
(PP) neurons, which are depolarized in response to GlyR activation. This 
membrane depolarization activates voltage-gated sodium channels that 
subsequently activate sodium-sensitive calcium transporters. This complex 
channel association leads to a rise in intracellular calcium and promotes 
vesicular release of glutamate (Platel et al., 2005). Importantly, the activation of 
voltage-gated sodium channels and the subsequent activation of sodium-
sensitive calcium transporters were exclusively induced by GlyR and were 
independent of the activation of GABAAR, which are also expressed in PP 
neurons at this age. Moreover, released glutamate amplified GlyR-mediated 
signaling, and triggered calcium influx in the VZ as well (Platel et al., 2005). In 
humans, the embryonic brain also contains GlyR. Specifically, it has recently 
been shown that differentiated human midbrain-derived cells express functional 
GlyR for which glycine has low affinity and can trigger calcium influx. Embryonic 
cells were obtained from 10-16 weeks human fetuses and kept in culture for 1-3 
weeks. After that period, abundant expression of beta and alpha 2 subunits was 
evident. GlyR expression significantly increased from the first to the third week 
in culture. To understand the physiological function of GlyR in these cells, 
different markers were used to assess GlyR influence on the differentiation 
process. However, GlyR expression had only a limited impact on their 
neurogenic capability and differentiation towards dopaminergic neurons (Wegner 
et al., 2012). 
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Despite the functional expression of GlyR during embryonic brain development, 
the lack of GlyR does not seem to greatly affect brain development. GlyR alpha 2 
knockout animals (GlyRa2-/-) did not show any gross morphological abnormality 
in the cortex at postnatal day 0 (P0) (Young-Pearse et al., 2006). In these 
animals, Notch1, Id2, Btg2, TUG1, and GABAAR subunit 6, expression were 
normal around birth, suggesting, according to the authors, that GlyR alpha 2 
subunit is not required for acquisition of the main morphological and biochemical 
features of the cortex. (Young-Pearse et al., 2006). The absence of 
morphological defects may arise through compensatory up-regulation of other 
GlyR or GABAAR subunits in GlyRa2-/- animals. In this regard, it is interesting to 
note that GlyRa2-/- animals displayed glycine elicited responses at P7 (Young-
Pearse et al., 2006), suggesting that other subunits of GlyR could be still present 
during postnatal development, or that this is a retarded compensatory 
mechanism in response to the disruption of alpha 2 subunit expression. 
Recently, a short report has suggested that GlyR could have an influence on 
radial migration during late embryonic development. However, this effect is only 
seen after a drastic pharmacological treatment of slices with excess of glycine 
and in the presence of two blockers for glycine transporters (Nimmervoll et al., 
2011).  
 
Endogenous activation of GlyR in the developing cortex occurs through non-
synaptic release of neurotransmitters and involves paracrine / autocrine 
mechanisms (Le-Corronc et al., 2011). Early studies suggested that taurine 
could be the endogenous ligand acting on immature GlyRs in the developing 
cortex. This suggestion was based on the presence of this amino acid in cortical 
plate neurons (Flint et al., 1998), and on the detection of taurine and glycine in 
adult cortex (van den Pol and Gorcs, 1988). However, more recent studies have 
shown that levels of neurotransmitters can drastically change during the 
development of the brain and are essentially different from the concentrations 
found in the adult. While the levels of GABA in the parietal cortex of young 
adults are 2.6 folds higher than glycine, the levels of this amino acid are 3-4 
folds lower than glycine in the embryonic brain. The concentration of taurine 
progressively increases during embryogenesis, reaching its maximum around 
birth in the cortex. Comparatively, E13 levels of taurine are 10- and 20-folds 
higher than the levels of glycine and GABA, respectively (Benitez-Diaz et al., 
2003). However, it has been shown that cortical GlyR (Okabe et al., 2004, Kilb 
et al., 2008), and specifically homomeric GlyRa2, (Schmieden et al., 1992) are 
10 times less sensitive to taurine, which in addition, is only a partial agonist of 
GlyR (Schmieden et al., 1992). This suggests that both neurotransmitters, 
glycine and taurine, could act as ligands of GlyR at various time points and 
locations during cortical development.  
 
While the identity of the endogenous GlyR ligand remains unclear, both glycine 
and taurine seem to have an important effect during neuronal development. The 
concentration of glycine is influenced by the glycine cleavage system (GCS) that 
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catalyzes the degradation of glycine and provides the developing brain with 
other metabolites, such as 5,10-methylenetetrahydrofolate which is essential for 
DNA synthesis. Failure in GCS activity leads to serious malformations, such as 
agenesis of the corpus callosum, gyral malformation and cerebellar hypoplasia. 
Interestingly, the GCS appears to be highly expressed in cortical progenitor cells 
(Ichinohe et al., 2004). On the other hand, the deprivation of taurine during 
pregnancy leads to abnormal cortical development in kittens (Sturman, 1988, 
1991) 
 
1.6.4 The role of GlyR during postnatal brain development 
 
By the day of birth, GlyR alpha 2 and beta transcripts are abundant in the cortex 
and other brain structures. However, during the first two postnatal weeks of 
development, there is a dynamic change in the levels of expression of these 
mRNAs (Malosio et al., 1991). At the first postnatal day, the alpha 2 subunit 
continues to be widely expressed and the most abundant subunit but, during the 
following weeks it gradually becomes more restricted to the deep layers of the 
cortex and adopts the adult distribution pattern. At the same time, the beta 
subunit displays a wide expression distribution pattern and can be localized 
along the entire brain. Just after birth, the alpha 2 subunit mRNA is detected 
throughout the whole cortex (Malosio et al., 1991) and it seems to be 
homogeneously distributed in the CP and Cajal Retzius cells, which also express 
beta subunits (Okabe et al., 2004). At P5, alpha 2 subunits are only detected in 
the layers I/II and IV while the beta mRNA transcript displays a preferential 
labeling of layers I/II and VI.  Additionally, the beta subunit can also be found in 
the hippocampus and thalamus at this age. This pattern keeps on changing 
during the next 10 days, and by P15 it reaches the adult distribution. While the 
alpha 2 transcripts display strong labeling in layer VI, the beta transcripts are 
detected in all the layers of the cortex, hippocampus and cerebellum (Malosio et 
al., 1991). Around P15, the transcripts for the alpha 1 and alpha 3 subunits are 
also marginally detected in the brain. In attention to the drastic decrease of 
GlyR alpha 2 subunit in the brain it has been suggested that alpha 2 subunit 
containing receptors could gradually been replaced by alpha 1/beta heteromers, 
similarly to what happens in the spinal cord. However, recent analyses, at the 
protein level have shown that the increase in alpha 1 subunit is so small that it 
could hardly replace the expression of the alpha 2 subunit, which seems to 
minimally decrease after birth (Jonsson et al., 2012).  
 
Several electrophysiological experiments have explored the functionality and 
pharmacological properties of GlyRs in the postnatal cortex (Flint et al., 1998, 
Kunz et al., 2012). Specifically, by using patch clamp experiments, it has been 
shown that both Cajal Retzius cells and CP neurons express functional GlyR. 
Interestingly, GlyR-elicited currents were 3 times larger in Cajal Retzius cells 
compared to CP neurons at the same age (Okabe et al., 2004). Despite such 
difference, there were no other pharmacological or molecular differences in 
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terms of GlyR response or subunit composition, which suggested that GlyR in 
both cell types may consist of alpha 2 / beta heteromeric receptors at least 
during the first postnatal days (Okabe et al., 2004). Functional GlyR have also 
been described in subplate (SP) neurons, where cells respond with less affinity 
to taurine compared to glycine and beta-alanine in the same way as it has been 
shown for CP and Cajal Retzius cells (Kilb et al., 2008). 
 
Activation of GlyR in postnatal brain can cause different biological effects 
depending of the cell type. During early postnatal age, application of glycine to 
CP neurons in voltage clamp mode induces a sustained current along with 
intense postsynaptic currents events (Flint et al., 1998). This neurotransmitter 
release facilitation seems to persist in the developing visual cortex after two 
weeks (Kunz et al., 2012). In contrast to these studies, the application of glycine 
to Cajal Retzius cells induces a shunting inhibition of evoked action potentials, 
hence blocking synaptic transmission (Kilb et al., 2002). All together, these 
results show that GlyR can actively modulate synaptic transmission in neonatal 
brain cortex and likely affect synaptogenesis. A key factor during the 
establishment of the first synapses in the cortex is the arrival of extra cortical 
inputs carried by thalamo-cortical axons. These axons primarily innervate SP 
neurons, which subsequently transfer the information to the rest of the layers in 
the cortex. Interestingly, GlyR are also present in SP neurons during early 
postnatal development (Kilb et al., 2008). It has been shown that GlyR present 
in those cells display properties similar to those of receptors present in the 
cortical plate, and upon activation they depolarize the cell lowering the threshold 
for the generation of action potentials (Kilb et al., 2008). Therefore, these 
findings provide more evidence to support the involvement of GlyR in the 
generation of the early patterns of activity in cortical networks.  
 
During postnatal development, high performance liquid chromatography 
measurements have described another shift in the concentration of inhibitory 
neurotransmitters. According to these measurements, after a peak around birth, 
the levels of taurine remain high and rather constant for the first postnatal 
week. Then, taurine concentration decreases but at P15 it remains 2 and 5 folds 
higher than GABA and glycine, respectively (Sturman, 1988, Benitez-Diaz et al., 
2003). Functional experiments carried out at P6 demonstrate that taurine mainly 
activates glycine and not GABA receptors in the cortical plate (Yoshida et al., 
2004). The 2-fold increase in the level of glycine during embryogenesis, reaches 
a peak around birth and gradually decreases during the first two weeks of 
postnatal development to about 60 % of its original peak value. Interestingly, at 
this age certain components of the GCS are highly expressed in cortex, 
cerebellum, and hippocampus (Ichinohe et al., 2004). This suggests that GABA 
and glycine receptors could have an important role during a period of intense 
synaptogenesis. In addition, the fact that taurine levels remain high after the 
first two weeks of postnatal development, when GlyR are activated almost 
exclusively by glycine (Yoshida et al., 2004), suggest that taurine could serve 
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other functions independently of the sole activation of glycine or GABA receptors 
in the postnatal brain. Indeed, it has been shown that taurine could play a role 
in the membrane integrity or indirectly affect the chloride gradient by inhibiting 
KCC2 (Inoue et al., 2012).  
 
1.7 Aims of the study 
 
The preceding evidence demonstrates the presence of GlyR during early stages 
of brain development and suggests a role for this receptor in the control of 
certain aspects of this process. Additionally, GlyR dysfunction may be associated 
to the development of neuro-developmental associated diseases. It is therefore 
plausible to assume that GlyR activation could have a modulatory effect on the 
cellular physiology of the developing brain. The present work attempts to 
understand the function of GlyR during selected stages of embryonic brain 
development. Moreover, this work may provide a new insight in the molecular 
and cellular effects exerted by neurotransmitters during early development and 
contribute to a better understanding of the effects of ion channels and the 
electrical excitability during a developmental period that precedes synaptic 
transmission. Thus, our hypothesis is the following:  
 
Glycine receptor influences brain development by regulating interneuron 
migration and the generation of projection neurons in the cortex. 
 
To test this hypothesis we have defined the following general objectives: 
 

1) To assess the expression and function of GlyR in migratory interneurons, 
dorsal progenitors and radially migrating cells. 

2) To study the possible influence of GlyR on the migration of cortical 
interneurons. 

3) To characterize the molecular mechanisms downstream the activation of 
GlyR in migrating interneurons. 

4) To investigate the possible influence of GlyR on the proliferation of 
dorsal progenitors and the generation of projection neurons. 
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2.1 Animals 
 
All animal experiments were carried out following the guidelines of the local 
ethics committee at Hasselt University (protocol number 201247,201261 and 
201262). Dlx5,6:Cre-IRES-EGFP transgenic animals (Stenman et al., 2003) 
expressing EGFP under the control of the Dlx5,6 enhancer element (Dlx-EGFP) 
were kept in MF1 background and mated with wild type MF1 females purchased 
from Harlan laboratories. Dlx-EGFP mice were used as a reporter line where 
most of cortical interneurons are labeled with EGFP. For timed pregnant mice, 
the E0 day was identified by the presence of a vaginal plug the next morning 
after mating. The mouse GlyR α2 subunit gene (Glra2) was selectively disrupted 
by homologous recombination using the cre-Lox gene targeting system (Kuhn et 
al., 1995). These animals were constructed by Prof. Dr. Robert J Harvey and 
Prof. Dr. T. Neil Dear, who provided us with this mouse line. Briefly, a 
replacement-targeting vector was used for homologous recombination in the ES 
cell line PC3 (Figure 3.6). This generated a targeted allele containing loxP sites 
flanking exon 7 of Glra2 (which encodes the membrane spanning domains M1-
M3) and the neomycin (neo) cassette. The PC3 ES cell line is derived from the 
129/SvJae strain and contains a transgene driving expression of cre 
recombinase via the protamine 1 promoter (O'Gorman et al., 1997). Chimaeras 
generated with such ES cells express cre recombinase exclusively in the male 
germ line during the terminal haploid stages of spermatogenesis. Thus, cre-
mediated excision of exon 7 and/or the neo cassette was induced by mating 
Glra2 chimeras with wild-type mice. Targeted disruption of Glra2 in the progeny 
was confirmed by PCR and Southern blotting using probes adjacent to both arms 
of the Glra2 targeting construct. As females homozygous and males hemizygous 
for the Glra2 deleted allele were viable and fertile, mice with this allele were 
used for further breeding and phenotyping. Mice containing the deletion allele 
were genotyped by PCR. These animals were backcrossed onto the MF1 
background, mated with Dlx5,6:Cre-IRES-EGFP and housed at BIOMED institute 
animal facility.  

2.2 Slice culture 

Time mated pregnant MF1 females mice, carrying embryos from embryonic day 
13 to 14 (E13 to E14), were euthanized by cervical dislocation accordingly to 
FELASA guidelines. After that, the abdominal cavity was opened and the uterine 
horns were exposed and removed from the animal.  The uterus was placed in a 
large Petri dish while the embryos were quickly removed and decapitated. Then, 
individual heads were kept in cold PBS plus 25 mM glucose on top of a cold 
surface for the extraction of the brain. This procedure was performed under a 
stereo microscope and using sterile instruments. Once the intact brain was 
removed from the head, they were embedded in 3% low melting point agarose 
(Fisher Scientific), rapidly cooled down and kept for 1 hour on ice to ensure the 
complete polymerization of the agarose. After that period, the embedded brains 
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were fixed to the vibratome holder (Microm, Termo Scientific) by using 
cyanoacrylate glue (Ted Pella). Sectioning proceeded at a speed of 10 with a 
frequency of 0.7 and an amplitude of 60 arbitrary units, accordingly to the 
vibratome settings set by the manufacturer. Sectioning was done in a coronal 
orientation and the thickness was set to 300 μm. Individual slices were picked 
up from the vibratome cutting chamber and transferred to a Petri dish 
containing 1 ml of medium under a MILLICELL-CM 0.4 μm inserts (Millipore). A 
minimum of 1 and a maximum of 5 slices were placed on every insert. For the 
analysis of interneuron migration, only MGE containing slices were used. Petri 
dishes and inserts were kept on ice during the time of sectioning. After 
sectioning, the excess of medium from the top of the slices was removed to 
ensure that the culture proceeds in a semi-dry condition with access to nutrients 
from below and to oxygen from the top of the slice. Slice cultures were kept for 
different time periods, depending on the experiment, at 37°C in humidified 
atmosphere with 5% of CO2. Culture medium was composed of serum free 
Neurobasal medium (Life Technology) supplemented with 1 % of penicillin-
streptomycin, N2 supplement, B27 supplement and glutamine (Life 
technologies). Free glycine medium was obtained by buying custom made 
Neurobasal medium (Life Technologies). 

2.3 Immunolabelings 

For detection of GlyRs in the developing cortex, E13 embryonic brains were fixed 
in 4% paraformaldehyde (PFA) for 30 minutes at 4°C, cryoprotected by 
overnight incubation in 30% sucrose solution, frozen in TissueTek embedding 
medium (Sakura Instruments) and sectioned at 20 μm in a cryostat (CM-3050-
S, Leica). Prior to the staining, sections were washed with NH4Cl for 30 minutes 
to reduce unspecific binding, and then with normal phosphate buffered saline 
(PBS) for other 30 minutes. Blocking was made in 10% normal donkey serum 
(NDS) plus 1% BSA dissolved in PBS for 1 hour at room temperature. Glycine 
receptor detection was performed using the alpha 2 specific antibody N18 
(1:100; Santa Cruz Biotechnologies, Heidelberg, Germany) diluted in PBS 
containing 3% NDS plus 1% BSA, overnight at 4°C. Excess of antibody was 
removed by 3 washing steps of 10 minutes in PBS.  The secondary antibody was 
donkey anti-goat labeled with A647 (1:500; Life Technologies, Gent, Belgium) 
and it was dissolved in the blocking solution. Finally, nuclear counterstaining was 
performed using DAPI (1:100; Life Technologies, Gent, Belgium) and slides were 
mounted using fluorescent mounting medium (Dako, Heverlee, Belgium).  
 
Immunolabeling of glycine in the developing brain was performed on E13 brains 
fixed for 1 hour in 4% PFA. In a way similar to the method used for GlyR 
detection, brains were cryoprotected, frozen and sectioned at 10 μm by using a 
cryostat. To ensure rehydration and for the removal of embedding medium, 
slides were washed twice for 5 minutes in PBS. After that, they were 
permeabilized in 0.2% Triton X-100 (Sigma-Aldrich) supplemented with 1% 
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bovine serum albumin dissolved in PBS for 20 min at room temperature. Then, 
the slides were washed once for 5 min in PBS and blocked in 10% NGS plus 1% 
BSA in PBS for 30 min. The primary antibody against glycine was diluted at 
1:500 (ImmunoSolutions, Australia) in 3% NGS plus 1% BSA dissolved in PBS 
and incubated overnight at 4°C. After that period, the slides were incubated for 
1 hour with the secondary antibody diluted at 1:500 in 3% NGS plus 1% BSA 
dissolved in PBS. Secondary antibody solutions were centrifuged before use to 
reduce aggregates. Finally, the slides were washed 5 times for 5 minutes with 
PBS and mounted using Vectashield mounting medium with DAPI (Vector 
Laboratories) and a cover slip.   
 
Bromodeoxyuridine (BrdU) staining for assessing proliferation in embryonic brain 
slices was performed in 20 μm re-cut cryosections. These sections were left at 
room temperature for at least 15 minutes after removal from the freezer to 
allow equilibration. Then, they were washed twice for 5 minutes in PBS for 
rehydration of the samples. After that, DNA denaturation and antigen exposure 
was forced by incubation of the slides in 2M HCl for 30 minutes at 37°C. 
Following the denaturation, the slides were washed 3 times for 10 minutes in 
PBS to wash and neutralize samples. Blocking of unspecific binding was 
performed by incubating the slides in 3% NDS (Tremecula), 0.1% triton X100 
(Sigma, Bornem, Belgium) dissolved in PBS for 1 hour. Excess of blocking 
solution was removed by a 10 minutes washing step with PBS. The primary 
monoclonal anti-BrdU antibody (IgG1 BMC 2318 clone, Roche diagnostics 
GmbH) was diluted at 1:200 in PBS and slices were incubated in this solution for 
2 hours or overnight (200μl per slide with coverslip). Secondary donkey anti-
mouse Alexa 555 or 488 (Life Technologies, Gent, Belgium) dissolved in blocking 
solution was used at 1:500 for 1 hour at room temperature. Finally, slices were 
washed 3 times for 10 minutes each in PBS to remove the excess of secondary 
antibody and they were mounted with DAPI- or PI-containing mounting medium 
(Vector Laboratories) for nuclei counterstaining.  

2.4 Confocal imaging for immunolabelings 

Images of immunolabled brain sections were acquired with a Carl Zeiss 200B 
motorized microscope attached to a confocal laser scanner system LSM 510 
META (Carl Zeiss). Images were taken with Plan Apochromat 20X/0.75 or Plan-
Neofluar 40X/1.3 Oil DIC objectives. The Alexa fluor 488 fluophore was 
visualized by excitation with the 488 nm emission line of an Ar-Ion laser while 
The Alexa Fluor 555 and Alexa Fluor 647 dyes were visualized using the 543 nm 
spectral line of the He-Ne laser and the 633 nm spectral line of a second He-Ne 
laser, respectively. DAPI excitation was achieved by two-photon excitation at 
700 nm with the light produced by a mode locked MaiTai laser (Spectra Physics).  
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2.5 CMTMR in vitro labeling for migrating interneurons 

In vitro cell labeling was performed by positioning dye-coated particles onto the 
MGE. The fluorescent dye was taken up by neurons. Thus, interneurons that 
migrate out of the MGE were fluorescently labeled after 1 to 4 days in vitro 
allowing their recognition for patch-clamp experiments.  Dye-coated particles 
were prepared by dissolving 5-(and-6)-(((4-
Chloromethyl)Benzoyl)Amino)Tetramethylrhodamine  (CMTMR, Life 
Technologies, Gent, Belgium) in DMSO at a concentration of 10mM. The solution 
was further diluted in ethylene dichloride at a concentration of 1mM final. In 
parallel, 50 μg of tungsten particles (0.8 μm, Bio-Rad) were spread onto a glass 
slide. Then, 100 μL of CMTMR ethylene dichloride solution were added to the 
particles and the solvent was let to evaporate. Coated particles were then 
collected from the glass slide and stored at 4°C until the day of the labeling 
(Alifragis et al., 2002). E13 slices were prepared according to the described 
procedure for in vitro slice culture. After 4 hours of recovery, slices were taken 
out of the incubator and CMTMR-coated particles were placed on the MGE by 
using a stereo-microscope and sharp dissection instruments (Fine Science 
Tools). Slices were kept in culture for 1 to 4 days to allow interneuron migration.  

2.6 Retrovirus preparation 

EGFP expressing retroviruses were prepared using three separated plasmids, 
one encoding for the EGFP, and two for the assembling and packing of the virus. 
These viruses were prepared using HEK cells and lipofection (Tashiro et al., 
2006). The first day of the procedure, 5 millions of cells were seeded per 100 
mm plates for a total of 12 plates. Each plate had a final volume of 10 ml. The 
next day (or until they reach more than 70 % of confluence), the plates were 
transfected using lipofectamine 2000 (Life Technologies, Gent, Belgium). Each 
plate was transfected by mixing 1.6 mL of Optimem (Life Technologies, Gent, 
Belgium) with 16-32 μl of lipofectamine and 15 μg of DNA. The amount of DNA 
for each plasmid was 7.5μg of CAG-EGFP, 5 μg of CMV-gp and 2.5 μg of CMV-
vsvg. The preparation of the transfection mixture was done in two steps. First, 
800 μL of Optimem (Life Technologies, Gent, Belgium) were mixed with 
lipofectamine while the other 800 μl were mixed with the DNA. After 5 minutes 
of incubation at room temperature, the two tubes were mixed and rested at 
room temperature for 30 additional minutes. After that step, the complete 
volume of the mixture was added to one of the 100 mm plates. The transfection 
mixture was added drop wise while gently shaking the plate. Virus isolation was 
performed after two days of transfection, when EGFP expressing HEK cells were 
already visible. At this moment, all the supernatants of every plate were 
collected in 50 ml falcon tubes. The medium was then centrifuged at 2000 rpm 
for 2-3 minutes to remove cellular debris. After that, the supernatant was 
filtered through a 0.22 μm syringe filter and collected in 15 ml tubes. Then, the 
viruses were collected by centrifugation at 21000 g, at 4°C for 2 hours. After 
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that, the supernatant was discarded and the pellet re-suspended for 20 – 30 
minutes with 700 μl of PBS for each tube. All tubes were pooled together and 
transferred to one 15 ml falcon tube. The original 15 ml tubes were washed one 
more time with 700 μl of PBS, which were also transferred to the re-suspended 
viruses. At this point, 1000 μl of 20% sucrose were added to the viruses and a 
second centrifugation at 21000 g, at 4°C for two hours took place. Finally, the 
pellet was re-suspended in 200 μl of PBS by vortexing for 30 seconds and then 
pipetting. Small aliquots were stored at -80 until the time of the experiment. 
  
The titer of the virus was determined by infection of HEK cells (Tashiro et al., 
2006). For this purpose, 100,000 cells were seeded per well in a 24 well plate. 
The next day, a serial dilution of the viruses (102,103, 104 and 105) was 
performed and 10 μl of each were added to one well so that the final dilution 
series was 101,102, 103 and 104. After 2-3 days, the number of fluorescent 
clusters was counted under a fluorescent microscope and the virus titer was 
calculated by multiplying the number of clusters by the dilution factor divided by 
10 resulting in a number of colony-forming units (c.f.u.) per ml. Typically, the 
titer was 104 c.f.u./μl.  

2.7 Electrophysiology 

Electrophysiological assessment of migratory interneurons was performed in two 
different ways. The first approach used an in vitro labeling strategy where 
interneurons were labeled in their place of origin, i.e. the MGE, and were then 
kept in culture allowing their migration. The second approach made use of 
transgenic animals where interneurons are already labeled by the expression of 
EGFP under the control of an interneuron specific promoter. Brain slices were 
generated according to the same procedure for the generation of in vitro slice 
cultures, but following the slicing step, they were transferred into artificial 
cerebro-spinal fluid (ACSF) saturated with 95% O2/5% CO2 at 32 °C. Slices were 
kept for 1 hour in this condition to allow recovery and then kept at room 
temperature for the rest of the experiment. ACSF solution was composed of NaCl 
125, KCl 2.5, MgCl2 1, CaCl2 2, NaHCO3 25, NaH2PO4 1.25, Glucose 25 (mM). 
Interneuron-targeted electrophysiology was performed using a combination of 
imaging techniques. First, the selected slice was placed under an upright FN1 
microscope (Nikon) equipped with an epifluorescent illumination attachment and 
a monochromatic camera (Hamamatsu). The epifluorescent illumination 
attachment included filter cubes optimized for EGFP and TRITC detection.  Once 
the appropriated cell was selected by its fluorescent signal, the imaging mode 
was changed to infra-red differential interference contrast imaging (IR-DIC) by 
placing the DIC prisms and the polarizer and analyzer into the transmitted light 
path. After identification, the patch-clamp electrode was approached to the cell 
under the control of electronic micromanipulators (Burleigh). Recording 
electrodes were made of borosilicate glass capillaries pulled using a P1000 
micropipette puller (Sutter Instruments, USA). Every micropipette was fire-
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polished using a micro-forge (Narishige). Pipette filling solution (internal 
solution) was composed of KCl 130,  NaCl 5, CaCl2 1, MgCl2 1, Hepes 10, EGTA 
10 , NaATP 2 and NaGTP 0.5 (mM). The resistance of the pipette filled with 
internal solution was around 10 MΩ. Recordings were performed at room 
temperature using an Axon 200B Axoclamp patch-clamp amplifier (Molecular 
Devices) and an Axon digitizer connected to a personal computer (Microsoft OS). 
The cells were voltage-clamped at a holding potential of -60 mV. The amplitudes 
of glycine-elicited currents were assessed by brief applications that lasted for 5 
seconds. All ligands and blockers were focally applied, at a distance of 
approximately 150 μm from the surface of the slice using a Warner perfusion 
system that allowed exchanging times of less than 20 ms (Fast-Step, Warner 
Instrument Corporation). Data acquisition and analysis were performed using 
the pClamp and Clampfit software, respectively (Harvard Apparatus).  
 
Whole-cell recording of dorsal progenitors or radially migrating cells was 
performed on a similar way to the procedure used with interneurons. However, a 
few steps were changed based on the differences between these cell types. 
Dorsal progenitors or radially migrating cells were labeled by infection of E13 
slices with EGFP encoding retroviruses, which labeled proliferating cells. 
Application of retroviruses was performed 4 hours after slicing and was 
restricted to the ventricles. One microliter of the diluted viral suspension was 
applied to each hemisphere. Following this procedure, EGFP positive cells were 
already visible lining the ventricles after 24 hours. For the detection of glycine-
elicited currents, recordings were performed after one or two days in vitro in the 
ventricular and sub-ventricular zones, respectively. The concentration-response 
curve was built exclusively from radially migrating cells present in the sub-
ventricular zone after two days in vitro. 

2.8 Time-lapse videomicroscopy 

Migration experiments were done directly in slices or in in vitro culture explants. 
In the case of slices, imaging was performed after 6 h recovery at 37°C in 5% 
CO2. Medium was fully exchanged prior to imaging by conditioned medium 
containing different pharmacological compounds or control medium containing 
the appropriate amount of solvents present in the conditioned medium. Explant 
cultures were prepared onto poly-ornithine- (1 mg/ml, 45 min, 37°C) and 
laminin- (0.05mg/ml, 1 hour, 37°C)(Sigma-Aldrich, Bornem, Belgium) coated 
glass bottom multi-well plates (MatTek Corporation, USA) (Bellion et al., 2005, 
Godin et al., 2012). The big advantage of this method is that it allowed us to 
perform simultaneous imaging in multiple explants seeded in separated wells. 
This increased the efficiency of the procedure and the output of the experiments 
and at the same time decreased the measurement errors and the need for more 
embryos. Explants were kept in the incubator for 20 hours before imaging and 
only 1/3 of medium was replaced before imaging. All pharmacological 
compounds were kept as concentrated stock solutions and dissolved in the 
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medium immediately before imaging. Strychnine and blebbistatin (Sigma-
Aldrich) were dissolved to 10 and 50 mM, respectively, in DMSO, ML7 (Sigma-
Aldrich) was dissolved to 20 mM in 50% ethanol, and conotoxin (Sigma-Aldrich) 
and calciseptine (Latoxan, France) were dissolved to 10mM in water. Whenever 
possible, the pharmacological compounds were chosen with attention to their 
photochemical stability to prevent unwanted reactions due to the excitation 
light. This is the reason why nifedipine was not suitable for two-photon imaging 
and needed to be replaced by calciseptine. Control conditions included equal 
amount of the corresponding solvents. Image acquisition was carried out using a 
Zeiss 200M inverted microscope coupled to a LSM510M confocal scanner (Zeiss, 
Germany) connected to a MaiTai Titanium-Sapphire laser (Spectra physics, 
Irvine, USA) for two-photon illumination. Unlike normal confocal microscopy, 
two-photon imaging seemed to be less harmful to the cells and apparently made 
interneurons migrate faster (data not shown). However, although these 
observation are in agreement with the reported by other, they were made while 
still optimizing other parameters such temperature and CO2 level and we can not 
make clear conclusions. To keep the environment of the slices as close as 
possible to the physiological conditions during imaging, the microscope was 
surrounded by a temperature-controlled incubator chamber supplied with 5% 
CO2 (Pecon, Germany). Excitation of EGFP was achieved by using 900 nm and a 
20X, 0.5 NA, long-working distance objective. Z stacks spanning for 30 μm from 
the surface of the slice where acquired every 5 minutes. Stack acquisition 
compensated for any drift in the focus. Emitted fluorescence was collected using 
non-de scanned detectors located after an HQ 475-565 filter. Excitation light 
was selected using a HFT KP 650 filter and an NDD KP685 dichroic.  

2.9 Image analysis 
 
All analyses were performed using ImageJ (NIH) freeware and the Mtrack plugin 
for semi-automatized cell tracking (Meijering et al., 2012). The series of images 
were transformed to hyperstacks in four dimensions for cell tracking. The 
procedure followed the methodology described in the technical specifications of 
the MTrack plugin (Meijering et al., 2012) where the soma was the reference for 
the tracking. In average 30 cells were tracked for each time lapse. In the case of 
slices, cells were randomly chosen among those exhibiting tangential migration. 
Explant cell tracking used a similar approach where 30 cells were chosen at 
random from those cells moving away from the explants. To simplify the 
analysis of the data obtained from explants, the z dimension was compressed to 
have one single picture. In some cases where there was tissue or explant drift, 
all coordinates were corrected individually by subtracting the coordinates 
obtained from the tracking of an immobile object that moved only due to the 
tissue or explant drift during the whole length of the experiment. Cells present in 
the field of view for less than two hours were not considered for analysis. To get 
an appreciation of the time course of the effects, the values of speed measured 
from one frame to the next, were averaged in three groups according to whether 
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the cell was tracked for the first 2 h, for the second 2 h or for the last 2 h. In 
this way, we obtained the average speed of migration at different time points 
during the experiment. The tracks measured from cells that were recorded for 
more than two hours or for the whole length of the experiment were divided 
accordingly to obtain the average speed that contributed to each time point. 
Frequencies of nuclear translocations were measured from the graphs of nuclear 
displacement versus time. Every peak above 10 μm was considered as an 
independent event. The established criterion for the detection of nuclear 
translocations from the nuclear displacement versus time graphs was validated 
by visual inspection of the first 60 tracked cells. Moreover, when there was 
doubt about one single nuclear translocation event, this was solved by visual 
inspection of the series of images. Once again, frequencies were measured at 
different time points to obtain information about the time course of the 
experiment.  

2.10 Electroporation 

2.10.1 Plasmid amplification   
 
Recombinant DNA was amplified by transformation of top 10 chemo-competent 
E. coli (Life Technologies, Gent, Belgium). Bacteria stocks were kept at -80C° 
until the time of transformation. Upon removal from the freezer, bacteria were 
placed on ice. After that period, DNA (20 ng to 1 μg) was added to the bacteria 
and they were gently re-suspended by typing the tube a few times. Bacteria and 
DNA were incubated on ice for 30 minutes. Then, the mixture was heat-shock 
treated by placing it at 42 °C for 90 seconds in a heat block or in a water bath. 
After that, the mixture was placed back on ice for 2 minutes and seeded in agar 
plates containing the appropriate selection antibiotic. Fourteen to 16 hours later, 
one single and isolated colony was inoculated in a 5 ml starter culture LB 
medium (Life Technologies, Gent, Belgium), which was kept in agitation for 8 h 
at 37°C. The starter culture was diluted 500 times in 100 ml. Incubation was 
performed under strong agitation at 37°C for 14 to 16 hours. The next day, 
transformed bacteria were pelleted at 5000 g for 15 minutes in a refrigerated 
centrifuge at 4°C. Medium was removed and pellets were stored at -20°C for 
one or two days until the moment of plasmid isolation. DNA purification was 
perfomed by using DNA preparation kit (Qiagen, Venlo, Netherlands) according 
to the instructions of the manufacturer. DNA was eluted from the columns using 
water. Quantification of the DNA was done using a regular spectrophotometer or 
a nanodrop machine. In addition, linearization of the plasmid for 2 hours, at the 
appropriate temperature, using a restriction enzyme was carried out in order to 
perform agarose gel electrophoresis and have a visual identification of the 
restriction pattern of the plasmid. Agarose gels were made of 1% agarose 
containing 0.5 μg/ml of ethidium bromide.        
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2.10.2 Plasmid construction 
 
The identification of electroporated interneurons during gain and loss of function 
experiments was achieved by co-electroporation of a fluorescent Dlx reporter 
plasmid. This plasmid was constructed based on the pDsRed 2.1 plasmid 
(Clontech Laboratories) and the plasmid encoding the Dlx 5/6 enhancer (p1230 
dlx enh1), kindly provided by Dr. Rubenstein (UCL, San Francisco, USA). The 
design of the construct was such that the Dlx 5/6 enhancer sequence was 
downstream the beta globin minimal promoter so that both sequences were 
driving the expression of DsRed on Dlx1, Dlx2 and/or Dlx5 expressing 
interneurons (Zerucha et al., 2000, Stuhmer et al., 2002)(figure 2.1).  
 
Initially, both plasmids were digested with BamHI and ApaI according to the 
instructions of the manufacturer (New England BioLabs) to set a double 
digestion with these enzymes. In this way, the pDsRed 2.1 was opened in the 
multi cloning site while the p1230 dlx enh1 released the sequence encoding the 
beta globin promoter and the dlx 5/6 enhancer with complementary end 
sequences. After digestion, both reaction mixtures were loaded on a 1% agarose 
gel for the separation of the generated fragments using electrophoresis. The 
bands of the fragments of interest were visualized under UV light, cut from the 
gel and purified using the QIAquick Gel Extraction Kit (Qiagen, Venlo, 
Netherlands). To assess the purity of the isolated DNA, small samples of the 
purified fragments were loaded on a 1% agarose gel for electrophoretic analysis 
in the presence of a SmartLadder and quantified with the program Quantity One. 
Once the vector and insert were obtained, a ligation reaction was set to a final 
volume of 10 μl. Several conditions were tested for this procedure and a 3:1 
ratio was found to be the most appropriate for the relative amount of insert to 
vector. In addition to the DNA, the reaction mixture was composed of 75 ng of 
vector, 1 μl T4 DNA ligase (Fermentas) and 1 μl 10x T4 DNA ligase buffer 
(Fermentas). The ligation reaction was carried out for 4 h at room temperature. 
Then, the ligation mixture was transformed into Top 10 chemiocompetent E. coli 
(Life Technologies) to obtain single colonies containing the desired constructs or 
the re-ligated empty vector. Transformation was done according to the protocol 
described for plasmid amplification with the addition of an extra step after the 
heat shock treatment. This step consisted in the addition of 800 μl of LB medium 
and in a 1 h agitation at 37°C to increase the efficiency of the transformation. 
Identification of colonies transformed with the desired construct or with the re-
ligated vector was done by screening at least 10 randomly selected colonies. 
Isolated colonies were grown in a small volume (5ml) of LB liquid medium 
containing 50μg/ml of kanamycin and, after overnight incubation, DNA was 
isolated using the alkali and sodium dodecyl sulfate (SDS) method. Finally, after 
2 hours of digestion with both BamHI and APAI at 37°C, the purified plasmids 
were loaded on a 1% agarose gel for electrophoresis in TAE buffer containing 
0.5 μg/ml EtBr. In this way, a positive selection of bacterial cultures containing 
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the fluorescent Dlx-RFP reporter plasmid took place since these digested 
plasmids expose two bands with a band size of 0.5 kb and 4.1 kb for the insert 
and the vector, respectively (figure 2.2 A and B). The positive clones were 
subcultured overnight at 37°C to amplify the plasmid DNA as described for 
plasmid amplification. Further confirmation of successfully generated vectors 
was obtained from the electroporation of embryonic brain slices which 
specifically labeled migrating interneurons (figure 2.2 C).  

 

Figure 2.1. Schematic illustration of the Dlx-RFP reporter plasmid 
construction. Both plasmids, mouse dlx5/6 enh 1 p1230 and pDsRed 2-1, were 
digested using the restriction enzymes BamHI and ApaI. The purified fragment 
from the mouse dlx5/6 enh1 p1230 plasmid containing the dlx5/6 enhancer and 
the β-globin minimal promoter (black) were inserted into the digested pDsRed2-
1 vector containing the coding sequence for the RFP (red). Plasmid fragments 
that were not used for the construction of the dlx-RFP reporter plasmid are 
depicted in grey. Dlx5/6 enh1, mouse dlx5/6 enhancer 1; β-globulin minP, β-
globulin minimal promoter; SV40pA, SV40 early mRNA polyadenylation signal; 
AmpR, ampicillin resistance gene cassette; DsRed2, Discosoma sp. human 
codon-optimized Red Fluorescent Protein gene; f1 ori, f1 single-strand DNA 
origin; AmpP, ampicillin resistance (β-lactamase) promoter; KanR/NeoR, 
kanamycin/neomycin resistance gene; HSV/TKpA, herpes simplex virus 
thymidine kinase polyadenlylation signal; pUC ori, pUC plasmid replication 
origin.  
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Figure 2.2. Dlx-RFP reporter plasmid construction. From left to right panels 
are labeled as A, B and C. (A) Agarose gel electrophoresis of isolated and 
purified fragments before the ligation reaction. The band of 4.1 kb represents 
the pDsRed2-1 fragment (75 ng/μl) and the band of 0.5 kb represents the 
Dlx5/6 enhancer fragment (20 ng/μl). (B) Agarose gel electrophoresis for the 
analysis of the restriction pattern generated after digestion with BamH1 and 
ApaI of the  Dlx-RFP reporter plasmid. Restriction digestion was performed with 
BamHI, BamHI+ApaI and ApaI respectively. (C) Confocal image showing the 
RFP positive cells in the MGE obtained from a coronal vibratome slice after 
electroporation with the generated reported plasmid. 
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2.10.3 MGE targeted electroporation  
 
This method was used to deliver genes of interest or shRNA sequences into 
selected regions of the brain. A restricted pattern of electroporation can be 
achieved by the selective injection of DNA into a specific place and by the 
accurate positioning of the electrodes.  
 
Gain and loss of GlyR function experiments for the assessment of interneuron 
migration were performed on in vitro cultured slices. Gain of GlyR function was 
achieved by overexpression of the wild type form of the mouse GlyR alpha 2 
while loss of GlyR function was achieved by electroporation of a shRNA sequence 
targeted against the 3’UTR region of mouse GlyR alpha 2. Successfully 
electroporated interneurons were identified by co-electroporation with a Dlx-
driven RFP reporter plasmid. E13 embryos were processed accordingly to 
generate 300 μm thick brain slices that were subsequently placed on milicell 
insterts (Millipore, Belgium) following the same procedure as for in vitro culture. 
After sectioning, the slices were transferred to an incubator (humidified 
environment at 37°C supplemented with CO2 5%) until the moment of 
electroporation. Then, the slices mounted on the insert were transferred and 
placed on top of the negative electrode, which was covered by a layer of 1% 
agarose. Recombinant DNA (1.4 μg/μL each plasmid) was mixed with Fast Green 
(Life Technologies, Gent, Belgium), loaded into a micropipette and injected in 
the MGE by using a microinjector (Narishige, Japan). Micropipettes were made 
of borosilicate glass capillary tubing pulled with a P97 micropipette puller (Sutter 
Instruments, USA). Injection was carried out inside a flow cabinet under the 
visual guide through a stereomicroscope. After injection, one drop of PBS was 
placed on top of the slice to facilitate the positioning of the positive electrode. 
The positive electrode, a platinum surface attached to an agarose column, was 
carefully placed and hold on top of the injected region for the time length of the 
current delivery. The agarose column was made by punching a block of 1% 
agarose with a glass Pasteur pipette. After optimization, the current stimulation 
parameters were set to 5 pulses of 100 Volts, lasting for 10 ms, delivered every 
1 second using an ECM 830 square electroporation system (Harvard Apparatus, 
USA). All this procedure was repeated for the contralateral MGE and every slice 
placed in the same insert. At the end of the electroporation procedure, the 
inserts and slices were washed with medium and placed back in the incubator. 
Three days after electroporation, slices were fixed in PFA 4% for 30 minutes, 
washed with PBS and imaged under confocal illumination.  

2.10.4 Dorsal electroporation 
 
The electroporation of dorsal progenitors and radially migrating cells was carried 
out in whole head after decapitation of E13 embryos. Plasmid mixture was 
injected into the left and right ventricle of the E13 brain using borosilicate glass 
pipettes and a pneumatic microinjector (Narishige, Japan). Plasmid mixture 
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included 0.05% Fast Green for visualization of the injected DNA. Micropipettes 
were pulled in a P1000 pipette puller (Sutter instruments, USA). After injection, 
the whole head was immediately electroporated using 5 mm electrodes (NEPA 
GENE) and a BTX ECM-830 Electro Square Porator (Harvard Apparatus). 
Electrodes were placed across the head in such a way that the positive pole was 
touching the dorso-lateral head. In this case, the current stimulation parameters 
were set to 5 pulses of 50 Volts, lasting for 50ms, delivered every second while 
using the LV mode. After this, the brains were isolated from the head in cold 
PBS/Glucose (25 mM) and subsequently embedded in 3% low melting point 
agarose dissolved in PBS. Coronal brain slices of 300 μm were obtained with a 
vibratome (Thermo Scientific Microm HM 650 V). Slices with a visible MGE were 
transferred to Millicell cell culture inserts (Millipore) in 35 mm dishes with 1 ml 
culture medium. This medium consisted of neurobasal medium supplemented 
with 1% N2, 2% B27, 2 mM L-glutamine and 1% penicillin/streptomycin (PS) 
solution (all from Invitrogen). Organotypic brain slices were kept in a semi-dry 
condition at 37°C in 5% CO2 and analyzed under the confocal microscope after 
two day in vitro (2 DIV). Slices were subsequently fixed for 30 min in 4% PFA 
and analyzed, cryoprotected in 30% sucrose and re-cut using a cryostat (Leica).  

2.11 Fluorescent activated cell sorting (FACS) 

In order to isolate migratory interneurons and perform subsequent western blot 
experiments, slice cultures, generated from the Dlx-EGFP transgenic animal, 
were treated for 18 h with strychnine or equivalent amount of vehicle. After this 
period, MGEs were dissected out by using a stereomicroscope and sharp 
dissection instruments (Fine science tools, Heidelberg, Germany). Tissue pieces 
were mechanically dissociated in cold PBS and transferred to polypropylene 
tubes. Then, EGFP positive cells were separated using a FACS Aria II cell sorter. 
Post sorting analysis showed that purity was above 95%. Immediately after 
sorting, cells were pelleted at 300 g for 10 minutes at 4°C and incubated in lysis 
buffer for 15 minutes more. After that period, small aliquots were frozen at -80 
until the time of the western blot.   
 
For FACS purification of long term interneuron migration in response to 
strychnine blockade, in vitro slice cultures were treated for 24 hours with 1μM 
strychnine or equivalent amount of DMSO. After that period, cortices were 
dissected out by using a stereomicroscope and sharp dissection instruments 
(Fine science tools, Heidelberg, Germany). Dissection of cortex was done 
following a horizontal line starting in the ventricular zone at the height of the 
cortico-striatal junction. Tissue pieces were mechanically dissociated in cold PBS 
and transferred to polypropylene tubes. Then, the proportion of EGFP positive 
cells was analyzed using a FACS Aria II cell sorter. For each condition, 50000 
events were acquired at a low speed. All the parameters and selection gates 
were kept constant for both conditions during analysis.   
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2.12 Calcium imaging 

Calcium imaging was performed using Fluo4 (Life Technologies, Gent, Belgium) 
in slices from Dlx-EGFP transgenic animals. Loading was done at 37°C for 30 
minutes in agitation without holding insert. Discrimination between the EGFP 
signal, which identified interneurons, and Fluo4 was possible thanks to the 
different two-photon excitation spectra for Fluo4 and EGFP, what allowed us to 
selectively excite Fluo4 by using light of 820 nm and EGFP with light of 900nm. 
When changing from 900 nm to 820 nm, the power of the laser needed to be 
reduced in order to minimize photo-bleaching. Filters and dichroic were the 
same as for time lapse experiments. For the assessment of spontaneous calcium 
transients one single plane was acquired every 500 ms for 30 minutes. Glycine- 
or GABA-evoked responses were recorded in ACSF at 37°C. Ligand applications 
were achieved by whole slice perfusion.  Conditioned medium was added just 
before imaging. Image intensity analyses were done using the freeware ImageJ 
software (NIH), defining regions of interest and analyzing the change of 
intensity in those regions in function of time. Numeric values of intensity were 
then converted in traces using Clampfit (Molecular Devices). The same software 
was used for base line correction and power spectrum calculations.  

2.13 Western blot 

For the detection of GlyR on migratory interneurons, protein samples derived 
from the lysis of FACS isolated cells were quantified by the BCA method (Pierce). 
Ten micrograms of protein were mixed with loading buffer, incubated for 5 
minutes at 90°C and used for SDS PAGE. Separated proteins were transferred to 
PVDV membranes that were blocked for 1 hour in PBS-Tween with 5% dry milk. 
Primary antibody (N18, Sata Cruz biotechnology) was used at 4μg/ml, dissolved 
in blocking solution and incubated for 1 hour at RT. To assess myosin 
phosphorylation, E13 slice cultures were allowed to recover for 6 hours and then 
treated with strychnine 1 μM or equivalent amount of vehicle for 18 hours. After 
this period, MGEs were dissected out and processed for the extraction of 
proteins. Ten micrograms of protein were loaded per sample line onto the SDS-
PAGE gel. Phosphorylation of myosin light chain (MLC) was assessed by using 
anti-mouse phospho-MLC (P-MLC) antibody (Cell signalling) dissolved in PBS-T 
1:1000, and anti-mouse MLC antibody (Abcam) 1:1000 dissolved in PBS-T/5% 
milk, overnight. Final detection of HRP reaction was achieved by using the ECL 
method (Pierce). For quantification purposes, films were analyzed with the build 
in tool present in ImageJ (NIH) and the signal of the phosphorylated protein was 
normalized by the total amount of MLC. 

2.14 Proliferation assay 

In order to check for GlyR effect on cell proliferation, in vitro cultured slices 
obtained from E13 embryos were treated with strychnine or equivalent amount 
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of DMSO for 21 hours in the continuous presence of 10 μM BrdU. After that 
period, slices were washed with cold PBS and fixed in 4% PFA for 30 minutes. 
Cryoprotection was carried out in 30% sucrose overnight. After that, slices were 
embedded and frozen on OCT embedding medium (Tissue Tek, Zakura). Re-
cutting of these sections was done using a cryostat (leica, CM3050S) set to 20 
μm thick. After re-sectioning, slides were kept at -20°C until the time of BrdU 
immunolabeling.  

2.15 Statistical analyses 

For all the experiments comparing two groups, differences were calculated with 
a t-test or the non-parametric Mann-Whitney U test. For experiments comparing 
more than two groups, ANOVA or Krustal Wallis tests were used. Selected par of 
columns were compared using Bonferroni or Dunns post-test. Statistical 
analyses were performed using GraphPad Prism 5.0 software (GraphPad 
software Inc., CA, USA). Values are presented as mean ± SEM. Differences were 
considered significant at p<0.05. 
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3.1 Summary 
 
Glycine receptors (GlyR) are detected in the developing central nervous system 
before synaptogenesis, but their function remains elusive. This study 
demonstrates that functional GlyR are expressed by embryonic cortical 
interneurons in vivo. Furthermore, genetic disruption of these receptors leads to 
interneuron migration defects. We discovered that extrasynaptic activation of 
GlyR containing the α2 subunit in cortical interneurons by endogenous glycine 
activates voltage-gated calcium channels and promotes calcium influx, which 
further modulates actomyosin contractility to fine-tune nuclear translocation 
during migration. Taken together, our data highlight the molecular events 
triggered by GlyR α2 activation that control cortical tangential migration during 
embryogenesis.   
 
3.2 Introduction 
 
The initial phase of corticogenesis is characterized by high rates of cell 
proliferation and intense cell migration, two critical processes that shape the 
adult cortex and contribute to functional organization (Bystron et al., 2008). The 
cerebral cortex develops from distinct progenitor populations that give rise to 
either excitatory projection neurons or inhibitory interneurons. Projection 
neurons arise from progenitors located in the germinal compartment of the 
dorsal telencephalon and reach the cortical plate (CP) by radial migration 
(Noctor et al., 2001, Marin and Rubenstein, 2003, Noctor et al., 2004), while 
interneurons are born in the medial and caudal ganglionic eminences (MGE and 
CGE, respectively) (Anderson et al., 1997). Interneurons reach the cortical wall 
by navigating in migratory streams, located within the marginal zone (MZ), the 
subplate (SP), and the subventricular zone (SVZ). These migratory paths are 
dynamically remodeled during embryogenesis (Marin and Rubenstein, 2001, 
Metin et al., 2006, Wonders and Anderson, 2006, Ayala et al., 2007). 
Interneurons account for approximately fifteen percent of cortical neurons and 
contribute to local networks where they fine-tune cortical neuron excitability 
(Seybold et al., 2012). 
 
The molecular and cellular mechanisms that drive interneuron migration have 
just started to be unveiled (Bellion et al., 2005, Schaar and McConnell, 2005, 
Ayala et al., 2007). Tangential migration is controlled by interplay between 
extracellular signals and cell autonomous programs (Pla et al., 2006, Caronia-
Brown and Grove, 2011).  In the developing forebrain, guidance cues are 
distributed along the migratory streams and are sensed and integrated by 
interneurons to ultimately control cytoskeleton remodeling. This ensures 
dynamic cell shape changes that are required for neuron migration. 
Neurotransmitters are extrasynaptically released during corticogenesis and act 
as signaling molecules in the surrounding migrating interneurons (Nguyen et al., 
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2001, Soria and Valdeolmillos, 2002, Heng et al., 2007). Neurotransmission-
independent activities of γ-aminobutyric acid (GABA) have been widely 
characterized in the developing cortex by several groups (Lopez-Bendito et al., 
2003, Cuzon et al., 2006, Cuzon Carlson and Yeh, 2011). Activation of type A 
GABA receptors (GABAAR) promotes interneuron motility at initial phases of 
migration, but blocks migration once interneurons have reached their final 
position in the developing cortex. This switch correlates with intracellular 
chloride gradient reversal in interneurons that have reached the cortical plate 
(Bortone and Polleux, 2009). In line with these findings, in vivo experiments 
have demonstrated that GABA facilitates tangential migration when Na+-K+-Cl- 
co-transporter 1 (NKCC1) expression is moderate, converting GABA into a 
membrane-depolarizing signal (Inada et al., 2011). While the role of GABA and 
GABAARs have been investigated in interneuron migration, only limited attention 
has been given to glycine. Glycine is the smallest amino acid neurotransmitter 
and activates glycine receptors (GlyR) - strychnine-sensitive ligand-gated ion 
channels (LGICs). Activation of GlyR results in chloride ion flux through the cell 
membrane that regulates neuronal excitability (Lynch, 2009). GlyR containing 
the α1 and α3 subunits are well known for their functions at spinal cord and 
brainstem synapses, where they contribute to motor control and signaling 
pathways linked to inflammatory pain and rhythmic breathing (Harvey et al., 
2004, Manzke et al., 2010). By contrast, GlyR containing the α2 subunit are 
widely distributed in the embryonic brain (Malosio et al., 1991). Due to the 
inverted chloride gradient in immature neurons, activation of embryonic GlyRs 
results in membrane depolarization in neuronal progenitors. This has been 
observed in different systems, including the spinal cord (Scain et al., 2010), the 
retina (Young-Pearse et al., 2006), the ventral tegmental area (Wang et al., 
2005) and the cerebral cortex (Flint et al., 1998, Kilb et al., 2002, Kilb et al., 
2008).  
 
The present work highlights the functional expression of GlyR in cortical 
interneurons and demonstrates their contribution to tangential migration in the 
developing cerebral cortex. We showed that endogenous activation of GlyR 
promotes migration by regulating nucleokinesis. This involves a sequence of 
molecular events: 1. Membrane depolarization that triggers voltage-gated 
calcium channel (VGCC) opening and transient calcium influx; 2. Dynamic 
changes in calcium homeostasis that tune myosin II activity; 3. Actomyosin 
contractions that support nucleokinesis in migrating interneurons. Thus, our 
work brings the first in vivo experimental demonstration of the molecular 
mechanisms by which GlyR control interneuron migration in the developing 
cerebral cortex. 
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3.3 Results 

3.3.1 GlyR containing the α2 subunit are functionally expressed by 
cortical interneurons  
 
GlyR containing the α2 subunit are predominantly expressed in immature 
neurons from the developing spinal cord (Becker et al., 1988, Malosio et al., 
1991, Watanabe and Akagi, 1995), as well as from various embryonic brain 
regions (Malosio et al., 1991). Brain sections from E13.5 Dlx5,6:Cre-IRES-GFP 
embryos (further named Dlx-GFP in the text) were analyzed to specifically 
assess GlyR expression in GFP-positive cortical interneurons and their 
progenitors (Stenman et al., 2003). Immunolabeling demonstrated expression of 
GlyR α2 subunits in interneurons (Figures 3.1A-3.1D). The subcellular 
distribution of GlyR α2 subunits was assessed on cultured MGE that were 
microdissected from E13.5 Dlx-GFP embryos. Immunolabeling revealed a 
homogeneous distribution of α2 subunits over the surface of the soma and 
growth-cone-like structures (further termed growth cones in the text) of the 
leading process (Figure 3.1E). Western blot analyses performed on FACS purified 
GFP-positive interneurons from Dlx-GFP embryos further confirmed the specific 
expression of GlyR α2 subunits by cortical interneurons at different milestone 
stages (E13.5, E15.5, and E17.5; Figure 3.1F).  

We further performed whole-cell patch-clamp recordings to test whether α2 
subunits integrate into functional GlyR.  Glycine bath-application on cultured 
brain slices (E13.5 + 1-2 days in vitro (DIV)) elicited currents that could be 
recorded in GFP-expressing interneurons. These currents were characterized by 
typical fast activation and slow inactivation (Figure 3.1G). A concentration-
response analysis of glycine-mediated currents was best fitted by the Hill 
equation and yielded an EC50 of 69 ± 12 μM, a Hill coefficient of 1.4 ± 0.3 and 
an average maximal current of 270 ± 73 pA. These values were in accordance 
with those reported previously for α2 subunit-containing GlyR in striatal 
progenitors (Nguyen et al., 2002), embryonic spinal cord neurons (Baev et al., 
1990), and CHO cell expression systems (Mangin et al., 2005). Application of the 
GlyR inhibitor strychnine reversibly blocked glycine-evoked currents (major 
current inhibition was achieved by application of 1 μM of strychnine) with an IC50 
value of 0.10 ± 0.02 μM (Figure 3.1H). To gain further insight into the molecular 
composition of the GlyR expressed by cortical interneurons, the two components 
of picrotoxin, picrotin (PTN) and picrotoxinin (PXN), were tested on glycine-
triggered currents. While both compounds are known to equally affect α1 
subunit homomers, differential-blocking abilities of these compounds have been 
reported towards α2 homomeric GlyR (30-50 times more sensitive to 
picrotoxinin) (Lynch et al., 1995, Wang et al., 2007, Yang et al., 2007). Our 
experiments showed that glycine currents were less inhibited by application of 
picrotin than picrotoxinin (Figure 3.1I). Our results also excluded the 
contribution of β subunits in these GlyR, as β subunit-containing heteromers are 
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insensitive to picrotoxinin application (Pribilla et al., 1992, Mangin et al., 2005). 
Taken together, our results strongly suggest that the glycine-evoked currents 
recorded in cortical interneurons are mediated through activation of homomeric 
α2-subunit containing GlyR. 

3.3.2 Modulation of GlyR α2 subunit expression affects interneuron 
migration  
 
To understand the physiological role of α2 subunit GlyR in the developing cortex, 
loss or gain of function experiments were carried out by the focal electroporation 
of the MGE mantle zone of cultured brain slices from E13.5 embryos (E13.5 
+3DIV; Figure 3.2A). Slices were co-electroporated with Dlx 5/6 enhancer 
element-driven RFP reporter construct (Stuhmer et al., 2002) and plasmids 
encoding either GlyR α2 subunit (GlyRα2; or a control, Ctr), or shRNAs that 
target the α2 subunit (shGlyRα2; or a control scrambled shRNA, shSCR) (Young 
and Cepko, 2004). Electroporation of shGlyRα2 led to complete loss of GlyR 
function, revealed by the absence of glycine-evoked currents in targeted 
interneurons (Figure 3.2B). Quantification of interneuron distribution in the 
dorsal (cortical wall) and ventral telencephalon suggested that acute loss of GlyR 
function impaired cortico-striatal boundary (CSB) crossing and interneuron entry 
into the cortical wall (Figures 3.2C-3.2D). By contrast, overexpression of GlyR 
α2 subunits promoted migration of interneurons in the cortical wall (Figures 
3.2E-3.2F). Together, these results demonstrate a correlation between the level 
of GlyR α2 homomer expression and the migration of cortical interneurons in 
cultured brain slices. 

 

 

 

 

 

 



Glycine receptor α2 subunit activation promotes cortical interneuron migration 
 

60 
 

 
Figure 3.1. Migrating interneurons express GlyR α2 subunits during 
embryonic cortical development. A-D, immunolabeling performed on a brain 
slice from a E13.5 Dlx-GFP embryo showing partial overlap for GlyR α2 subunit 
(GlyRα2, red) and GFP in interneurons (green). E, Individual interneurons 
migrating out of MGE explants (GFP, green) show subcellular expression of GlyR 
α2 (red) at the soma and growth cone. Nuclei are in blue (Dapi). F, Western-blot 
analysis showing expression of GlyR α2 in protein extracts from Dlx-GFP FACS-
isolated cortical interneurons at different embryonic stages. G-I, Whole-cell 
patch clamp analyses performed on in vitro-labeled cortical interneurons in 
acute E13.5 Dlx-GFP brain slices (+1-2 DIV). G, Concentration-response curve 
obtained from successive glycine applications (n=13 cells, 100/ of recorded cells 
were sensitive to glycine and GABA application). H, Representative traces of 
strychnine (STR) inhibition and inhibition curve (H) (n=5 cells). I, picrotoxinin 
(PXN) and picrotin (PTN) induce inhibition of glycine-elicited currents. Scale bar 
in panel B, 300μm.  
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Figure 3.2. Modulation of GlyR α2 subunit expression affects 
interneuron migration. A, Scheme depicting focal electroporation of a plasmid 
solution (red) in the MGE of a cultured brain slice. B, lack of glycine-evoked 
currents in cortical interneurons after shRNA-mediated (shGlyRα2) knockdown of 
the GlyR α2 subunit (n=4 cells). C-F, GlyR α2 expression modulation by loss or 
gain of function experiments on E13.5 cultured brain slices. Representative 
pictures of electroporated brain sliced cultured 3 days in vitro. Electroporated 
neurons express either RFP (red) and shSCR or shGlyRα2 (C), or RFP and Ctrl or 
GlyR α2. Interneurons that cross the cortico-striatal boundary (solid white line) 
enter the cortex (E). Telencephalic distributions of electroporated cells with 
various plasmids, as indicated on histograms (D, F), * p<0.05, t-test; n=4-12 
slices per condition. Abbreviations, dorsal telencephalon, DT; ventral 
telencephalon, VT. 
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3.3.3 GlyR blockade reduces migration velocity of cultured cortical 
interneurons 
 
We performed real-time imaging on cultured brain slices to gain further insight 
into the contribution of GlyR to tangential migration (Figure 3.3A). For this 
purpose, brain slices from E15.5 embryos were maintained in a medium 
containing glycine, which tonically activates GlyR (see also Figure 3.8A). Bath 
application of strychnine reduced the velocity of migrating interneurons by 15%, 
compared to controls (Figures 3.3B-3.3C). A more pronounced effect of 
strychnine was observed when glycine was omitted from the culture medium 
(Figures 3.4A-3.4B), supporting the endogenous production and release of a 
GlyR agonist by cortical cells (Figures 3.4C-3.4D). It is worth noting that the 
reduction of migration velocity was less pronounced after strychnine application 
in brain slices from older embryos (E17.5, data not shown), which likely reflects 
either a predominant motility role of other neurotransmitters (e.g. GABA (Behar 
et al., 1996, Bortone and Polleux, 2009) or glutamate (Komuro and Rakic, 1993, 
Metin et al., 2000, Manent et al., 2006)) over glycine via activation of their 
cognate receptors in cortical interneurons, or a progressive change of the 
chloride gradient through up-regulation of KCC2 (Bortone and Polleux, 2009) in 
older migrating interneurons.  
 
Taurine is also present in the developing cerebral cortex (Flint et al., 1998, 
Benitez-Diaz et al., 2003) and taurine deficiency is associated with cortical 
development defects (Sturman, 1988). Due to the high levels of taurine in the 
developing brain, this transmitter has been proposed to act as an endogenous 
GlyR agonist in the developing cortex (Flint et al., 1998, Yoshida et al., 2004). 
However, glycine has also been detected in the developing brain (Benitez-Diaz 
et al., 2003) and our immunolabeling experiments suggest that cortical plate 
neurons represent a potential source of endogenous glycine (Figures 3.4C). We 
conducted time lapse experiments performed in the presence of taurine, and in 
combination with strychnine, to test the ability of this transmitter to drive 
interneuron migration through activation of GlyRs. While taurine could not 
substitute for glycine in these experiments, taurine did promote interneuron cell 
migration independently of GlyR activation (Figures 3.4A-3.4B). This result is in 
agreement with a recent study that suggested that taurine may act via a 
different target, the K+-Cl- cotransporter 2 (KCC2) (Inoue et al., 2012). Taken 
together, these results demonstrate that glycine is the main endogenous GlyR 
agonist that acts on interneurons during corticogenesis.  
 
One of the main features of tangential migration of interneurons is the 
discontinuous translocation of their nucleus towards the centrosome, a process 
termed nucleokinesis (Bellion et al., 2005, Schaar and McConnell, 2005). To 
examine the involvement of GlyRs on this process, we set up an in vitro assay in 
which MGE explants from E13.5 Dlx-GFP embryos were grown one day on 
homochronic cortical mixed feeder (Figures 3.5A-3.5B) (Bellion et al., 2005, 
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Godin et al., 2012). Strychnine application reduced migration speed in this assay 
(Figure 3.5C). Under control conditions, nuclear translocation frequency was 
1.37 ± 0.07 events / hour and was constant during the whole experimental time 
period (Figures 3.5E-3.5F). Exposure to strychnine reduced this activity to 1.11 
± 0.06 events / hour (Figure 3.5D). Similar analyses were conducted on acute 
slices and the effect of strychnine was comparable (data not shown). Reduction 
of both velocity of migration and nucleokinesis frequency upon strychnine 
application strongly suggests that GlyR activation controls interneuron migration 
by modulating nucleokinesis.  

3.3.4 Genetic disruption of the GlyR α2 subunit impairs interneuron 
migration in vivo 
 
To further assess the contribution of GlyR containing the α2 subunit to cortical 
interneuron migration in vivo, we engineered a novel Glra2 knockout mouse line 
(Figure 3.6) where exon 7 - containing the membrane spanning domains M1-M3 
was deleted. Cortical interneurons that lack GlyR α2 subunit homomers were 
assessed in embryos arising from Dlx-GFP/Glra2 knockout mouse line (Figures 
3.7A-3.7B). Histochemical analyses performed on E15.5 embryos showed an 
overall reduction of the number of GFP-expressing cortical interneurons 
migrating into the cortical wall. However, only neurons travelling in the deep 
SVZ migration stream were affected (Figures 3.7C-3.7E). Time-lapse recordings 
confirmed a reduction of both velocity of migration and frequency of nuclear 
translocation for interneurons traveling in the SVZ stream. It is worth noting 
that the amplitude of nucleokinesis remained unaffected in all migration 
corridors. Together, these results suggest that the functional expression of GlyR 
α2 subunit homomers is critical for proper migration of interneurons in the SVZ. 
Our results also support the distinctive nature of cortical migratory paths 
(Tiveron et al., 2006), since interneurons in the SVZ stream are clearly 
dependent in vivo on GlyR activation. 
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Figure 3.3. GlyR blockade inhibits interneuron migration in brain slices. 
A, Scheme illustrating a brain slice processed by confocal microscopy for real-
time imaging. B, Time-lapse sequence of GFP-expressing interneurons migrating 
in E15.5 Dlx-GFP brain slices incubated in medium containing glycine with or 
without supplementation of strychnine. White arrows denote one representative 
migrating interneuron for each condition. C, Migration speeds of interneurons 
recorded in E15.5 Dlx-GFP brain slices incubated in the media described above. 
** p<0.01, t-test; n=161-162 cells from 6 different brains. (See also Figure 
3.S1). 
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Figure 3.4. Glycine is the main endogenous GlyR alpha 2 agonist that 
promotes interneuron migration in the developing cortex. A-B, time-lapse 
recordings of interneurons migrating in E15.5 Dlx-GFP slices incubated in 
medium containing specific drugs, as illustrated. Color-coded pictures show 
different time points during the experiment (A). Arrows and arrowheads point to 
distinct tangentially migrating interneurons. Scale bar: Histogram showing 
interneuron velocity after bath application of various molecules, as indicated (B), 
ANOVA-1, Dunnet’s multiple comparison post-test *p<0.05. C-D, glycine 
immunoreactivity (red) in E13 mouse telencephalon. White arrows point to 
strongly immunoreactive glycine containing cells (C). Glycine accumulates within 
the cortical. Nuclei are in blue (Dapi) (D). Scale barsare :  50 μm (A), 200 μm 
(C) and 100 μm (B). 
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Figure 3.5. Nucleokinesis in migrating interneurons after GlyR blockade. 
A-B, time-lapse recordings on E15.5 Dlx-GFP MGE explants cultured on 
homochronic mixed cortical feeder from wild-type (WT) embryos (right half 
coronal section separated by dotted white line) (A). GFP-expressing 
interneurons (green) that migrate out of the MGE in culture (B). C-E, 
histograms of migration speed (n=182-312 cells from 7 explants) (C) and 
nucleokinesis frequency (n=104-112 cells from 7 explants) (D) of MGE-derived 
Dlx-GFP interneurons incubated in the media described above. E, nuclear 
movements plotted against time. Threshold of detection for nuclear translocation 
is 10 μm. (solid black line). F, time-lapse sequence showing nuclear 
translocation displayed by an interneuron in a control MGE culture. Centrosome 
containing swelling is denoted by white arrows at different time points. * 
P<0.05, T-test. 
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Figure 3.6. Generation of the Glra2 knockout mouse line. A, the mouse 
GlyR α2 subunit gene (Glra2) was disrupted by homologous recombination using 
the cre-Lox system in the ES cell line PC3. This generated a targeted allele 
containing loxP sites flanking exon 7 of Glra2 and the neomycin (neo) cassette. 
Three different outcomes were obtained in offspring of chimaeras mated to 
C57BL/6J. Outcome A is the floxed allele, while outcome B is the deleted allele - 
studied in this manuscript. The allele for outcome C (a deleted allele still 
containing the neo cassette) was not utilized. B, Genotype was carried out using 
two sets of primers targeted against exon 7. Numbered lines in the gels are 
different animals. Animal 1 is wild-type while animals 2 to 4 are KO. The table 
under the gel list the primers using for genotyping.  
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Figure 3.7. Genetic targeting of Glra2 impairs interneuron migration in 
the SVZ. A-D, in vivo analyses of interneuron migration in the Glra2 knockout 
line. Two-photon imaging performed on E15.5 Glra2;Dlx-GFP shows 
interneurons migrating in the subventricular zone (SVZ), subplate (SP) and 
marginal zone (MZ) streams. Neurons migrating in the SP and MZ were analyzed 
together (common boxed area). C-D, magnified area of the migratory corridors 
boxed in B. E-H, histograms showing absolute numbers (E), velocity (SVZ, 
n=178-344 cells and SP/MZ, n=68-161 cells from 4 brains per genotype) (F), 
frequency of nucleokinesis (SVZ, n=97-195 cells and SP/MZ, n=39-86 cells from 
4 brains per genotype) (G), and amplitude of nuclear translocation (SVZ, 
n=107-198 cells and SP/MZ, n=35-94 cells from 4 brains per genotype) (H) of 
interneurons (GFP, green) navigating in SVZ or SP/MZ. Abbreviations, WT, wild-
type embryo littermates from Glra2;Dlx-GFP mouse line; KO, knockout embryos 
from Glra2;Dlx-GFP mouse line (See also Figure 3.S2). 
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3.3.5 Interneuron migration is controlled by endogenous glycine-
mediated calcium oscillations  
 
Spontaneous calcium oscillations occur in migratory interneurons and are 
needed for proper cell migration (Bortone and Polleux, 2009, Martini and 
Valdeolmillos, 2010). Most importantly, nucleokinesis requires calcium transients 
(Martini and Valdeolmillos, 2010). GlyR activation leads to membrane 
depolarization of immature neurons and, hence, opening of VGCCs that control 
intracellular calcium dynamics (Flint et al., 1998, Young-Pearse et al., 2006). 
This suggests that glycine could also affect spontaneous calcium oscillations in 
migratory interneurons. To test this hypothesis, we performed calcium imaging 
on migratory interneurons from Dlx-GFP slices loaded with Fluo4 AM. Focal 
application of glycine led to intracellular calcium increases in cortical 
interneurons (Figure 3.8A). In addition, spontaneous calcium oscillations were 
recorded in interneurons (Figure 3.8B) that were modulated by strychnine 
(Figures 3.8C-3.8E). The power spectrum, an unbiased representation of the 
frequencies that dominate the calcium traces, showed a significant decrease of 
slow intracellular calcium transients (0.003-0.03 Hz) after strychnine application 
(Figures 3.8F-3.8G). It is also noteworthy that co-application of gabazine, a 
specific GABAAR blocker, further inhibited calcium oscillations in interneurons.  
 
In order to decipher whether calcium oscillations triggered by GlyR activation 
contribute to cell migration, we performed real-time imaging in presence of 
various calcium channel blockers. Omega-conotoxin and calciseptine were used 
as specific blockers of N-type and L-type calcium channels, respectively. 
Application of either of these antagonists decreased the speed of migration, 
suggesting that both N-type and L-type channels play an active role in 
controlling cell motility, in addition to their described roles in cell migration 
termination (Bortone and Polleux, 2009) (Figure 3.8H). Bath co-application of 
these blockers with strychnine showed that omega-conotoxin had an additive 
effect on cell migration inhibition. This result suggests that strychnine and 
calciseptine share the same pathway. Interestingly, similar results have been 
reported for the effect of GABA, which mainly acts via the activation of L-type 
calcium channels (Bortone and Polleux, 2009).    
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Figure 3.8. GlyR activation controls intracellular calcium dynamics. A-B, 
intracellular calcium oscillations recorded in Dlx-GFP interneurons loaded with 
Fluo4 AM. Time-course of glycine-elicited (A) or spontaneous (B) intracellular 
calcium oscillations in cortical interneurons. C-E, representative traces of 
spontaneous calcium oscillations in interneurons cultured in glycine-containing 
medium with application of various pharmacological antagonists, as indicated 
(n=5-12 spiking cells per condition). F, power spectral analysis calculated from 
traces shown in C-E. G, power spectral analysis for low (0.003-0.03 Hz) 
frequencies for neurons cultured in various conditions, as indicated. H, 
histogram summarizing the effect of the following drugs: 1 μM strychnine (STR), 
10 μM calciseptine (CCS) - a L-type calcium channel blocker, and 1 μM omega-
conotoxin (CTX) - a N-type calcium channel blocker on migration velocity of 
E15.5 Dlx-GFP interneurons (n=161 cells, STR; n=44, CCS; n=48, STR-CCS; 
n=24, CTX; n=28, STR-CTX). * P<0.05, Dunn's Multiple Comparison Test. 
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Figure 3.9. GlyR activation controls actomyosin contractility during 
nucleokinesis. A, Western blot analysis showing phosphorylation levels of 
myosin light chain (MLC) in MGE dissected from slices cultured in glycine-
containing medium with or without strychnine (n=4 different brains). B-C, 
histograms of nucleokinesis frequency (n=77-115 cells form 7 explants) (B) and 
migration speed  (n=182-200 cells from 7 explants) (C) of E15.5 Dlx-GFP 
cortical interneurons migrating out to MGE explants after treatment with various 
drugs, as indicated. D-E, time-lapse recording of interneurons transfected with 
Utroph-GFP (fire, picture set on the left, the upper pictures represent an 
individual interneuron undergoing nucleokinesis) and RFP (fire, picture set on 
the right, the upper pictures represent an individual interneuron undergoing 
nucleokinesis) expressing plasmids (D). The Utroph-GFP/RFP intensity ratio was 
calculated from the addition of intensities from the center to the periphery of cell 
and plotted in a polar graph (E). Values around 180 degrees correspond to the 
trailing edge of the cell. The blue line represents the normalized distribution of 
GFP signal in the control, while the red line represents distribution in response to 
strychnine exposure. F, Focal Utroph-GFP/RFP intensity at the trailing process of 
the cell (n=13-16 cells per condition). *p<0.05 , t-test.   
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3.3.6 Myosin II phosphorylation acts downstream of GlyR activation in 
interneuron migration 
 
The saltatory pattern of migration displayed by interneurons results from the 
dynamic accumulation and contraction of actomyosin fibers at the rear of the 
nucleus (Bellion et al., 2005, Schaar and McConnell, 2005, Martini and 
Valdeolmillos, 2010). Myosin II activation happens periodically at the rear of the 
nucleus where it promotes actomyosin contractions to push the nucleus toward 
the leading process (Godin et al., 2012). This cycle of relaxation and contraction 
is tightly regulated to ensure proper tangential migration. The non-muscle type 
II myosin complex is primarily regulated by phosphorylation at Ser-19 and Thr-
18 of its myosin light chain (MLC). This phosphorylation requires either 
activation of the calcium-calmodulin-dependent myosin light chain kinase 
(MLCK) or signaling through the Rho kinase-signaling pathway (Emmert et al., 
2004). Interestingly, nucleokinesis correlates with calcium oscillations (Martini 
and Valdeolmillos, 2010). Therefore, we decided to test whether changes in the 
calcium transients after GlyR activation would regulate myosin II activity. 
Western blot analyses performed on dissected MGEs cultured in a medium 
containing glycine, with or without strychnine, demonstrated a significant 
change in phosphorylation of the myosin light chain (pMLC) (Figure 3.9A). 
Treatment with ML-7 (a specific MLCK blocker), which reduces pMLC levels 
(Godin et al., 2012), mimicked strychnine application (Figures 3.5C-3.5D), and 
affected both migration velocity and nuclear translocation (Figures 3.9B-3.9C). 
Similar results were obtained with application of blebbistatin, a drug that 
prevents ATP loading on myosin II heavy chains (data not shown). Co-
application of ML-7 (or blebbistatin, data not shown) with strychnine did not lead 
to additive inhibitory effects, suggesting that GlyR activation ultimately controls 
myosin II activity in interneurons (Figures 3.9B-3.9C). To further investigate the 
dynamic changes of actomyosin activity, we performed real-time imaging of 
migratory interneurons transfected with Utroph-GFP (Burkel et al., 2007). This 
probe is based on the calponin homology domain of utrophin that binds F-actin 
without stabilizing it (Burkel et al., 2007). It has been shown that actin and 
myosin II follow similar dynamic patterns in migrating interneurons during 
nuclear translocation (Martini and Valdeolmillos, 2010) and that inhibition of 
myosin II activity by ML-7 result in modification of Utroph-GFP signals (Godin et 
al., 2012). MGE-isolated interneurons were co-transfected with RFP to 
compensate for the differences in electroporation efficiencies and changes in cell 
shape during the analysis (Figure 3.9D). Under control conditions, Utroph-GFP 
signal was detected as a non-homogeneous signal with an intensity peak behind 
the nucleus, in the trailing edge and at the rear of the nucleus during nuclear 
translocation. Strikingly, strychnine-treated neurons displayed a homogeneous 
signal with a reduction of Utroph-GFP accumulation at the rear of the cell 
(Figures 3.9E-3.9F). Taken together, these results demonstrate that GlyR 
activation controls migration velocity and nucleokinesis by triggering a molecular 
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pathway that ultimately tunes myosin II activity and, hence, actomyosin 
contractility behind the nucleus.  

3.4 Discussion 
  
Neurotransmitters have roles beyond neurotransmission - particularly during the 
development of the central nervous system (Nguyen et al., 2001). While 
glutamate and GABA have been shown to control early steps of neurogenesis, 
including cell proliferation and cell migration (Heng et al., 2007), the role of 
glycine and GlyR has remained elusive. Our results demonstrate that functional 
GlyR are expressed by cortical interneurons in the developing forebrain. These 
GlyR are homomers, composed of α2 subunits, and tonic activation of these 
receptors by endogenous glycine tunes tangential migration. The molecular 
pathway triggered by GlyR activation involves membrane depolarization and 
voltage-dependent calcium channel-mediated calcium oscillations. These 
oscillations are required for proper phosphorylation of MLC, which in turn 
controls activation of the myosin II complex. This complex contributes to 
contractile actomyosin fibers that accumulate at the rear of the nucleus of 
cortical interneurons in order to propel them forward during nucleokinesis 
(Bellion et al., 2005, Godin et al., 2012). We also illustrate that interfering with 
GlyR activation disturbs the fine regulation of nucleokinesis and tangential 
migration of interneurons in the developing cortex.  

3.4.1 GlyR are expressed by cortical interneurons during early stages of 
corticogenesis  
 
Previous studies support the expression of α2 subunit GlyR in immature cells 
during cortical development (Malosio et al., 1991). However, to date, functional 
cortical GlyR have only been described in immature projection neurons (Flint et 
al., 1998, Young-Pearse et al., 2006) and Cajal Retzius cells (Okabe et al., 
2004). By combining immunohistochemistry and Western blot analyses, we 
demonstrated that immature cortical interneurons express GlyR at several 
developmental milestones (E13.5, E15.5, and E17.5). GlyR immunoreactivity 
was not restricted to the cell body, but was also detected in the growth cone of 
the leading process. Patch-clamp analyses performed on GFP-expressing 
interneurons navigating in slice culture supported the functional expression of 
GlyR α2 homomers. The EC50 value for glycine in cortical interneurons was 69 
μM, in close agreement with previous studies (Flint et al., 1998, Kilb et al., 
2002, Okabe et al., 2004). The sensitivity of these GlyR to picrotoxin suggests 
that the β subunit does not contribute to the formation of these GlyR (Pribilla et 
al., 1992). While acute knockdown of GlyR α2 subunits prevented glycine-
elicited currents in cultured brain slices, we cannot completely rule out the 
presence of other GlyR subunits (e.g. α3 or α4) in vivo. However, the latter 
have, to our knowledge, never been located in the developing telencephalon. 
Importantly, blockade of GlyR-mediated cellular effects by strychnine could be 
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mimicked by α2 subunit loss of function experiments, suggesting that activation 
of GlyR containing the α2 subunit are central to cell migration.  
 
In addition, our study support glycine, but not taurine (Flint et al., 1998), as the 
predominant endogenous GlyR ligand. Although taurine may indirectly affect 
GlyR-mediated effects by modulating KCC2 (Inoue et al., 2012), the gating 
efficacies of glycine and taurine at GlyR are different. A small concentration of 
glycine is more effective than a high concentration of taurine on GlyR containing 
the α2 subunit. Indeed, the reported differences in EC50 are up to hundred times 
higher for taurine as compared to glycine for the same neurons (e.g. EC50 of 406 
μM for taurine and 32 μM for glycine), and cortical neurons GlyR sensitivity to 
taurine is very low after birth (EC50 of 7.7 mM) (Schmieden et al., 1992, Hussy 
et al., 1997, Yoshida et al., 2004).  

3.4.2 GlyR activation controls tangential migration of cortical 
interneurons  
 
Developmental functions of GlyR have already been demonstrated in the retina, 
where they contribute to photoreceptor generation (Young and Cepko, 2004), as 
well as in the spinal cord, where they promote neuronal wiring (Scain et al., 
2010). A recent study also suggested that GlyR contribute to radial migration 
during late embryonic development. However, this effect was only seen in vitro 
after drastic pharmacological treatment of cultured slices with an excess of 
glycine and in the presence of two blockers of glycine transporters (Nimmervoll 
et al., 2011).  

Our work unveils a novel function for GlyR activation in the tangential migration 
of cortical interneurons. Real-time imaging demonstrated that blockade of GlyR 
by strychnine application impaired both nucleokinesis and migration velocity of 
cortical interneurons in culture. In addition, gain and loss of function 
experiments confirmed the cell autonomous nature of GlyR-regulation of 
interneuron migration. Previous analyses of different Glra2 mice did not report 
major cortical defects (Young-Pearse et al., 2006). However, we decided to 
perform a more in depth analysis to reinvestigate this issue. The genetic deletion 
of Glra2 exon 7 in our knockout line led to interneuron migration defects, which 
were restricted to those migrating in the deep SVZ stream. We currently do not 
have any experimental evidence explaining why migration of interneurons that 
travel in the MZ and the SP corridors do not suffer from lack of GlyR α2 subunit 
expression. However, since the molecular composition of those migratory 
streams are different (Tiveron et al., 2006), we postulate that interneurons 
selectively entering the cortex by the SVZ corridor are clearly affected by the 
loss of GlyR α2 subunit homomers. This could be explained by the existence of 
compensatory mechanisms such as: 1. The expression of different GlyR that do 
not incorporate α2 subunits in interneurons navigating the MZ and SP streams; 
2. A lack of functional GlyR might have less impact on the migration of MZ and 
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SP interneurons if they specifically express other LGICs that trigger membrane 
depolarization linked to a distinct set of neurotransmitters. These issues require 
further investigation. Preliminary data suggests that the delays in interneuron 
migration observed in Glra2 knockout E15.5 embryos correlates with a reduction 
in number but not laminar distribution of cortical interneurons at birth (A.A., 
unpublished data). A reduced number of cortical interneurons will affect cortical 
wiring and potentially cause changes in behavior or defects in learning. In 
addition, considering the remarkable function of interneurons in controlling 
excitability of cortical circuits, a reduced number of cortical interneurons may 
also favor status epilepticus under specific conditions (Cobos et al., 2005).  

The role of GlyR activation may be complementary to the one exerted by 
GABAARs, which controls cell migration termination (Bortone and Polleux, 2009). 
It has been reported that GABA does not influence the speed of migration of 
cortical interneurons, but only the pausing time (Bortone and Polleux, 2009). 
Thus, GlyR and GABAAR could act on different cellular processes during 
interneuron migration, despite their common ability to trigger membrane 
depolarization in migrating interneurons as a result of their high intracellular 
chloride content. To understand these effects, comparative studies must be 
performed on different interneuron compartments. Spatial segregation of GABA 
and glycine responses on interneurons could differentially influence local calcium 
modifications that affect actomyosin.    

3.4.3 Cellular and molecular mechanisms acting downstream of GlyR 
activation   
 
Recent studies have demonstrated that GABA has opposite effects on the control 
of cell migration depending on the intracellular chloride concentration. This is 
consistent with a mechanism whereby the initial depolarization activates 
voltage-gated calcium channels that finally change the frequency of intracellular 
calcium oscillations (Bortone and Polleux, 2009). However, the downstream 
signaling pathways and the final effect on cytoskeletal dynamics associated with 
migration remain unclear. Here, we demonstrated that GlyR activation promotes 
opening of VGCC and changes in intracellular calcium oscillations. It is 
noteworthy that the promotion of migration induced by GlyR activation was 
exclusively mediated through activation of L-type VGCCs. Compartmentalization 
and association of ion channels might be responsible for the selective L-type 
calcium channel activation. Nevertheless, the selective dependence on L-type 
calcium channels is in strong accordance with the mechanism proposed for the 
contribution of GABAARs to neuron migration (Bortone and Polleux, 2009). 
Interestingly, slow calcium transients are needed for nuclear translocation 
during interneuron cell migration (Martini and Valdeolmillos, 2010). Time-lapse 
experiments have shown that actomyosin contractions at the rear of the cell 
contribute to nucleokinesis by pushing the nucleus toward the centrosome in a 
calcium oscillation-dependent process (Martini and Valdeolmillos, 2010). We 
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found an exact temporal correlation between interneuron migration velocity and 
nucleokinesis frequency after blocking GlyR activation or the downstream 
intracellular signaling pathway. Western-blot analyses showed a reduction of 
MLC phosphorylation after treatment of MGE explants with strychnine. In 
addition, bath-applied ML-7, which reduced MLC phosphorylation, and hence 
myosin II activation, mimicked the effect of GlyR blockade on migration. While 
we did not observed differences in nucleokinesis frequency between bath applied 
ML-7 alone or in combination with strychnine, the latter strengthened the 
reduction of migration velocity. Previous work from our laboratory demonstrated 
that the migration rate of interneurons depends on both the frequency of 
nucleokinesis and the dynamic branching activity of the growth cone(Pleasure et 
al., 2000). While GlyR α2 subunits were detected in both the soma and growth 
cone of cortical interneurons (Figure 3.1E), our data suggest that regulation of 
actomyosin contractility is dependent on GlyR activation at the rear of the 
nucleus rather than the growth cone, where other mechanisms may promote the 
phosphorylation of MLC. Real-time imaging of Utroph-GFP signals supported this 
hypothesis by showing specific defects of F-actin condensation at the rear of the 
cell during nuclear translocation after selective inhibition of GlyR activation.  This 
led us to propose a molecular model whereby membrane depolarization induced 
by GlyR activation changes intracellular calcium oscillations to promote 
actomyosin contractions, fine-tuning the frequency of the nuclear translocations 
promoting migration of immature interneurons. In conclusion, by combining in 
vitro cultures and time-lapse experiments with in vivo analyses, we have 
demonstrated that GlyR containing the α2 subunit control cortical interneuron 
migration, thus expanding the known physiological functions of glycine and GlyR 
in cerebral cortex development. 
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4.1 Summary 
 
Early studies dealing with the role of neurotransmitters during brain 
development have suggested that the strychnine-sensitive glycine receptor 
(GlyR) could play a role during brain development. However, the physiological 
consequences of GlyR activation during early stages of cortex development in 
projection neurons have only been partially explored. The present work reveals 
that GlyRs are present in the proliferative regions of the cortex where they 
differentially control the rate of cell proliferation in the ventricular and sub-
ventricular zone. Glycine-elicited currents in E13 radial progenitor cells 
depended on GlyR activation. Interestingly, strychnine blockade or specific 
silencing of GlyR increased cell proliferation in the sub ventricular zone, whereas 
it decreased proliferation in the ventricular zone.  
 
4.2 Introduction 
 
The development of the brain is a highly regulated process that requires the 
integration of the intrinsic genetic program with different signals present in the 
dynamic biochemical environment (Casanova and Trippe, 2006). Despite the 
high complexity of the adult brain, the cerebral cortex emerges from a small 
proliferative region located in the ventricular and sub-ventricular zones (VZ and 
SVZ) of the telencephalic vesicles. Dorsal progenitors located in these regions 
coordinate self-renewal with differentiation to subsequently give rise to 
excitatory projection neurons and glial cells (Noctor et al., 2001). The dorsal 
telencephalon begins as a thin layer of neuro-epithelial cells that gives rise to 
the first neurons of the mantle zone and to radial glial cells, a restricted 
population of cortical progenitor cells. Radial glial cells locate their cell bodies in 
the VZ and extend an apical process that contact the pial surface and works as a 
scaffold for newly generated neurons that migrate radially interacting with these 
structures (Rakic, 2003). Radial glial cells also give origin to projection neurons, 
mainly during early stages of cortex development, through symmetric or 
asymmetric divisions that can also give origin to more restricted populations of 
progenitor cells such as the intermediate progenitors (Malatesta et al., 2003, 
Rakic, 2003, Anthony et al., 2004, Mo et al., 2007). Intermediate progenitors 
are situated in the SVZ and differ from radial glial cells in the expression of 
specific markers, and the lack of an apical process. Intermediate progenitors are 
believed to amplify the neurogenic process and to be responsible for the 
extension of the cortex surface present in mammals (Takahashi et al., 1995b, 
Kakita and Goldman, 1999).   
  
Accumulating studies have highlighted the general mechanisms of action 
through which the main inhibitory and excitatory neurotransmitters GABA and 
glutamate lead to changes in the rate of cell proliferation, cell migration, or 
changes in cell morphology (Cancedda et al., 2007). However, to date many 
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questions remain unsolved (Wang and Kriegstein, 2009). An important discovery 
is the excitatory effect exerted by GABA during development. Due to the 
developmental regulation of the intracellular levels of chloride, the effect of this 
classic inhibitory neurotransmitter leads to membrane depolarization and thus 
activation of voltage gated calcium channels that, in turn, induce changes in the 
rate of proliferation at the VZ and SVZ of the immature brain cortex. Strikingly, 
knockout animals for GAD67, the enzyme that produces GABA, do not show any 
apparent defect in cortex development. The putative compensatory effects 
exerted by activation of other neurotransmitter receptors, such as GlyR, may 
clarify this apparent discrepancy. However in the literature there is not yet any 
evidence to support this hypothesis.  
 
The GlyR are pentameric assembling of subunits that behaves as an ion channel 
when expressed and activated in the cell membrane. This channel belongs to the 
ligand gated ion channels family, and selectively controls the flux of chloride ions 
between the cytoplasm and the extracellular environment (Lynch, 2009). This 
anionic channel is gated by glycine, but also by other amino-acids like taurine or 
β-alanine. So far, glycinergic neurotransmission has been found to play an 
important role in the synaptic transmission of sensory stimuli and in the 
generation of motor outputs in the spinal cord (Moss and Smart, 2001), but this 
receptor is also present in some regions of the brain like the hippocampus and 
the cortex. Importantly, extrasynaptic GlyR are present in the embryonic 
(Malosio et al., 1991, Platel et al., 2005) and postnatal brain. After birth, 
functional GlyRs have been found in cortical (Kilb et al., 2008, Kunz et al., 2012) 
and sub-plate neurons (Flint et al., 1998), and Cajal Retzius cells (Okabe et al., 
2004), where they could play a developmental role. Moreover, this putative 
developmental role is supported by findings in the retina, where GlyRs exert a 
control on the generation of photoreceptors (Young and Cepko, 2004, Young-
Pearse et al., 2006), and in the spinal cord, where it influences the generation of 
synapses (Scain et al., 2010). In this work, we performed whole cell recording in 
embryonic brain slices, slice cultures and shRNA interference to assess the 
presence and the role of GlyR in the early development of the brain cortex with 
a focus on dorsal progenitors and the control of cell proliferation.  
 
4.3 Results 
 
4.3.1 GlyR expression starts early during brain development 
 
Previous works have described the presence of GlyR mRNAs in the embryonic rat 
brain (Malosio et al., 1991). However, there is no available data that describe 
the actual distribution of GlyR proteins in the dorsal cortex. We thus performed 
immunohistological analysis against GlyR alpha 2 subunits in embryonic mouse 
brain sections. We detected a widespread expression of GlyR subunits at 
embryonic day 13 (E13) (Figure 4.1). At this age, GlyR expression was observed 
throughout the thickness of the developing cortex, with a predominant VZ 
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location. Similar results were obtained using the 4A GlyR antibody, which 
recognizes all GlyR subunits (figure 4.2); suggesting that alpha 2 subunits might 
be the dominant GlyR subunit present at early stages of cortical development. 
Interestingly, immunolabeling for GlyR alpha 2 was restricted to both 
progenitors and postmitotic neurons at E15, and to cortical projection neurons 
settled in the cortical plate, at E17. At birth, GlyR alpha 2 subunits were only 
detected in some layers of the cortex as previously shown in rat (LoTurco et al., 
1995, Flint et al., 1998). 
 
In order to assess the functional expression of GlyR, we performed whole-cell 
patch clamp recording in slice culture. For this purpose, we infected E13 brain 
slices and recorded GlyR elicited currents on EGFP expressing cells after one or 
two days post-infection (figure 4.3A). In these conditions, the application of 
glycine triggered fast activating currents that showed a slow desensitization in 
the presence of the ligand (figure 4.3B). The maximal average generated 
current was 324 ± 140 pA. Successive applications of glycine were used to build 
a concentration response curve characterized by an EC50 of 72 ± 10 μM and a 
Hill coefficient of 1.7 ± 0.2 (figure 4.3C). All glycine-elicited currents were 
blocked by strychnine at 1 μM (figure 4.3D).  
 
4.3.2 GlyR activation induces an increase in intracellular calcium in 
progenitor cells 
 
The cellular effects of the activation of glycine and GABAA receptors have 
invariably and extensively been linked to membrane depolarization during early 
development. Moreover, the depolarization induced by neurotransmitters 
generally triggers an increase in intracellular calcium that likely plays a role 
during development. To test whether GlyR activation is able to modulate the 
intracellular calcium concentration in progenitors from the VZ, we loaded 
embryonic slices with Fluo4 and recorded its signal upon glycine application. 
Applications of glycine (300 μM) induced reversible increases in intracellular 
calcium in cells that were mainly located in the VZ (figure 4.3E). Glycine-elicited 
and spontaneous increases in calcium were also seen to travel along radial 
fibers. As expected, a similar effect was elicited by the application of GABA (100 
μM, data not shown). 
   
Taken together, these results demonstrated the functional expression of GlyR in 
the developing cortex at early stages of development. Moreover, GlyR activation 
promotes changes in intracellular calcium concentration. this suggests that GlyR 
might contribute to calcium-dependent regulation of specific events in cortical 
development.  
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Figure 4.1. Glycine receptor expression during embryonic cortex 
development shows dynamic changes. Immunolabelings directed against 
GlyR alpha 2 subunits were performed at different stages during cortex 
development. Initially, GlyR is diffusely expressed through the whole cortex at 
E13. Then, it changes to a more localized pattern of expression at E15 that is 
restricted to the VZ. At E17, GlyR expression is no longer detected in the VZ, but 
it appears in the superficial layers of the cortex. Finally, by P0 the expression 
changes again and it becomes restricted to the cortical plate consistently with 
what was reported by others. GlyR labeling is presented in read and DAPI in 
blue. Scale bar is 75 μm.  
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Figure 4.2. Expression pattern detected with a general GlyR antibody  is 
similar to the pattern obtained with the alpha 2 specific antibody at E13. 
The general GlyR antibody 4A displays a diffuse labeling of the E13 embryonic 
cortex in a similar way as the alpha 2 subunit specific antibody (N18). Inferior 
panel shows the negative control for the immunolabeling. Scale bar is 75 μm. 
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Figure 4.3. GlyR are functionally expressed in dorsal radially migrating 
neurons and can increase intracellular calcium. A, EGFP retrovirus infected 
E13 slices after 2 days in vitro (2DIV). Infected cells are located in the 
ventricular and intermediate zone. The majority of infected cells are radially 
oriented. B, glycine elicited currents on radially migrating neurons located in the 
CP and SVZ of infected slices after 2DIV. C, Concentration response curve built 
from the amplitudes of glycine elicited currents presented on B. D, Glycine 
elicited currents (300 μM) are reversibly and fully blocked by 1 μM of strychnine. 
Horizontal bar shows the duration of the application of glycine (top trace), 
glycine plus strychnine (middle trace) and glycine after wash out of strychnine 
(bottom trace). E, E13 cortical neurons from slices loaded with Fluo4 respond to 
glycine with an increase in intracellular calcium. Scale bar is 150 μm. Yellow 
circles identify the cells presented in the traces at the right side. Traces on the 
right lower corner show the average responses of the different cortical layers. 
Glycine mainly triggers calcium increase at the VZ.  
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4.3.3 Acute knockdown of GlyR decreases proliferation in the VZ 
 
We next investigated the functional consequence of GlyR activation in cortical 
progenitor cells. We first assessed cell proliferation by performing a loss of 
function experiment. We performed acute depletion of GlyR alpha 2 subunit by 
ex vivo shRNA electroporation in the dorsal telencephalon. ShRNA-mediated 
silencing was achieved by targeting the 3’UTR region of GlyR alpha 2 subunit 
(Young and Cepko, 2004). After electroporation the brain was sectioned in thick 
slices that were subsequently kept in culture for 48 hrs. The slices were stained 
for KI67 in order to visualize proliferating cells. In these conditions there was no 
difference in the total number of electroporated cells between the control and 
the shRNA condition and, as expected, most of the KI67 staining was near the 
ventricular surface where some mitotic figures could be seen (figure 4.4A). We 
observed a significant decrease in proliferation upon GlyR alpha 2 subunit down 
regulation (17.9 ± 1.5 % of the electroporated cells were proliferating; figure 
4.4B) as compared to control (28.0 ± 2.0 % of cells were Ki67 positive; figure 
4.4B). A few double positive cells for GFP and KI67 were also observed in the 
cortical plate, but not significant differences were observed upon GlyR silencing 
in this region. 
 
We further hypothesized that GlyR activation could promote differential 
regulation of cell proliferation in the VZ and SVZ. Hence, we performed an 
accumulative bromodeoxyuridine (BrdU) assay (Takahashi et al., 1995a). For 
this purpose, slices were treated with strychnine (1 or 5 μM) or vehicle, for 21 
hours in the continuous presence of BrdU. After that, slices were re-sectioned, 
stained and evaluated for BrdU positive cells (figure 4.4C). Interestingly, there 
was a significant increase in the number of BrdU positive cells upon strychnine 
application (figure 4.4C). This increase was dose-dependent, and it was mainly 
localized in the upper part of the VZ or SVZ, demonstrating the dual function of 
GlyR in the control of cortical cells proliferation.    
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Figure 4.4. GlyR differentially affects cell proliferation in the cortex. A, 
Representative pictures of control and shRNA electroporated cortex at E13. 
Scale bar 75μm. White arrows point double EGFP (green) and KI67 (red) 
positive cells in the VZ and SVZ. B, Quantification of double EGFP and KI67 
positive cells in the VZ and SVZ of EGFP and EGFP + shRNA-GlyR electroporated 
embryos. *** p<0.001. C, BRDU staining (red) for strychnine treated slices 
after 21 hours of in vitro culture in the continuous presence of BRDU and 
strychnine. Scale bar 75μm. D, Quantification of BRDU positive cells present in 
the whole field presented in C. *P<0.05. 
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4.4 Discussion 
 
Here we demonstrated that GlyR are functionally expressed during early 
embryonic cortical development. Moreover, we showed that GlyR dynamically 
control the proliferation of dorsal progenitors.     

4.4.1 Early expression of GlyR in the embryonic brain 
 
Our data clearly shows that dorsal cortical progenitors express fully functional 
GlyR in progenitors of the VZ and in migrating neurons in the SVZ at E13. These 
findings are in agreement with other results from our lab that demonstrate the 
early expression of GlyR in ventral progenitors and migratory interneurons (see 
chapter three). Our results contrast with previous experiments that reported no 
glycine-elicited membrane currents in the VZ of developing rat embryos 
(LoTurco et al., 1995, Flint et al., 1998). This might be due to the fact that 
progenitor cells do not continuously express glycine receptor during 
development and this expression decreases near birth, as suggested by our 
immunolabelings. Another possibility is the differences between species that 
were used on these studies. Our data corroborate early studies that described 
the mRNA expression of GlyR subunits (Malosio et al., 1991) in the embryonic 
cortex (Malosio et al., 1991) and complement them with a pharmacological and 
functional description of GlyR- evoked currents. Previous electrophysiological 
experiments, performed in dissociated postnatal striatal progenitors (Nguyen et 
al., 2002) are in agreement with our data and suggest that dorsal cortical 
progenitors express non-synaptic homomeric alpha two containing GlyR, but the 
full pharmacological description of GlyR related currents in the embryonic cortex 
remains to be carry out.  

4.4.2 Glycinergic control of cell proliferation during corticogenesis 
 
The lack of phenotype in knockout mice with impaired production of GABA 
(Asada et al., 1997, Kash et al., 1997) has suggested the presence of 
compensatory mechanisms exerted by other neurotransmitters, such as glycine, 
during cortex development. Our data support for the first time a role for GlyR 
activation in cortical progenitors. GlyR activation seems to differentially affect 
cell cycle regulation in VZ and SVZ. These results completely mirror the effect of 
GABA in the germinal zone of the developing cortex (Haydar et al., 2000) and 
confirm the hypothesis that the control exerted by the classical inhibitory 
neurotransmitters, on cell proliferation, is differential for apical and basal 
progenitors. A study using specific progenitors markers such as Pax6 and Tbr2 
would confirm this hypothesis. The reported differences in the magnitude of the 
effect could be understood based on the differential expression of glycine 
receptor alpha 2 and some of the GABA subunits, which are down regulated in 
the ventricular zone of mice and humans (Fietz et al., 2012). However, the 
mechanism behind the two opposite effects detected in the VZ and SVZ is still 
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not clear. Since GlyR effect is dependent on chloride gradient, it is tempting to 
speculate that chloride gradients might be different between in the two regions.  
 
Previous analyses of GABA effect on cell proliferation have shown that GABAAR 
activation effectively shortens the G1 phase of the cell cycle (Haydar et al., 
2000). In addition to that, changes in the length of the G1 phase have been 
associated with a preference for differentiative over proliferative divisions 
(Lukaszewicz et al., 2002, Dehay and Kennedy, 2007). Specifically, it has been 
demonstrated that NT3 lengthens the G1 phase and promotes differentiative 
divisions, while bFGF shortens the G1 phase promoting proliferative divisions 
(Lukaszewicz et al., 2002). Consequently, changes in G1 length might have a 
consequence on the neurogenic (Dehay et al., 2001, Calegari and Huttner, 2003, 
Calegari et al., 2005, Lange et al., 2009) and gliogenic processes by affecting 
the number of progenitor cells involved in differentiative divisions (Hodge et al., 
2004, Pilaz et al., 2009) or directly affecting cell fate determination (Calegari 
and Huttner, 2003, Calegari et al., 2005). Our results suggest that GlyR 
activation mostly controls progenitors cells located in the SVZ, which mainly give 
birth to upper layer neurons and astrocytes during later stages of cortex 
development (Takahashi et al., 1995b, Kakita and Goldman, 1999). In this 
context, GlyR might have a similar effect than EGFR in the generation of 
astrocytes derived from the SVZ in vivo at later stages (Burrows et al., 1997) 
and, more interestingly, might directly influence neurogenesis.  

 
In conclusion, our work contributes to a better understanding of the role of GlyR 
during brain development and their involvement in the control of cell 
proliferation.  
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Neurotransmitter-induced oscillations in the membrane resting potential of the 
cell, together with electrical activity involving voltage gated ion channels and 
direct cell electrical coupling, can heavily impact on brain development. In 
general, the flux of ions across the cell membrane can have a multitude of 
effects during brain development, influencing different processes such as 
proliferation, differentiation, cell migration, axon path finding, and dendrite 
outgrowth (Spitzer, 2006). Analysis of each of these cellular processes is beyond 
the scope of our study, but some conclusions and assumptions, based on our 
study, can be made regarding proliferation, migration and differentiation.  

5.1 Glycine receptors and cell proliferation 

GABA and glutamate have been found to act before cell cycle exit during cortex 
development and to control cell proliferation. These neurotransmitters promote 
membrane depolarization and trigger efflux of chloride in cells located in the 
ventricular zone of the dorsal cortex. This effect goes along with a decrease in 
DNA synthesis and cell proliferation (LoTurco et al., 1995). The regulation of cell 
proliferation exerted by GABA and glutamate likely participates in a feedback 
loop that communicates a stop signal to proliferating cells once the cortex has 
reached its maturity, and GABA and glutamate become more abundant. It has 
been reported that cerebellar neuroblasts may also be affected by GABA; but in 
this case, GABAAR activation has a positive effect on proliferation (Fiszman et 
al., 1999). In addition, GABA signaling also modulates cell cycle progression of 
glial cells. It has been found that tonic activation of GABAAR decreases GFAP 
positive cell proliferation in the postnatal SVZ (Liu et al., 2005). In our study, we 
have described for the first time the presence of functional GlyRs in ventricular 
zone progenitors of the developing dorsal telencephalon, and we have also 
shown that these receptors might differentially change the rate of cell 
proliferation in the ventricular and sub ventricular zone of the dorsal 
telencephalon.  
 
Here, we have focused on the study of GlyR in dorsal progenitor cell proliferation 
as we have not found defects in ventral neurogenesis. PH3 staining for mitosis 
was unchanged in GlyR KO compared to wild-type littermates (data not shown). 
Despite of that, we also found GlyR expression in the proliferative regions of the 
ventral telencephalon. Additional functions of GlyR may be related to cell fate 
determination in these regions, but this remains to be examined. The effect of 
GlyR activation on cell proliferation can have long-term consequences on the 
generation of excitatory neurons. Interestingly, the differential effect mediated 
by GlyR regarding the control of proliferation at the VZ and SVZ is similar to the 
effect reported for GABAAR (Haydar et al., 2000). By means of cumulative BrdU 
assays it has been shown that GABA decreases the overall generation of cortical 
neurons. This effect can be understood considering that the promotion of cell 
proliferation in the VZ leads to a sequestering of cells that do not differentiate to 
generate neurons or intermediate progenitors. Following the same logic, in our 



Chapter 5 

93 
 

case, where we have used strychnine to block GlyR, it is expected that this 
should induce an increased neurogenesis by the induction of cell cycle exit in VZ 
progenitor cells. However, this is not clear and the opposite effect could also be 
observed depending on the contribution of the VZ and SVZ to the newly 
generated neurons and on the magnitude of GlyR effect on these two 
populations of progenitors. Nevertheless, accumulative BrdU labeling do not 
clearly define the origin of labeled cells. Cell autonomous defects could also be 
involved especially since GlyR have been described to be present in other cell 
types such as Cajal Retzius cells and immature CP neurons at this age (Platel et 
al., 2005). It has been demonstrated that CP neurons can release glutamate in 
response to GlyR activation and indirectly signal to the proliferative region. 
Additionally, our methods do not allow us to conclude about the types of division 
that are affected by GlyR activation. This subject is important in order to fully 
understand GlyR effect on dorsal neurongesis. Differentiative divisions would 
make more difficult to assess the origin of the BrdU positive cells in the SVZ. 

 
5.2 Glycine receptors and cell migration  
 
In the present study we demonstrated a new role for GlyR in the control of the 
speed of interneurons migration. Similar effects have been reported for other 
neurotransmitters and ion channels that can also influence the resting 
membrane potential of the cells. GABAA receptors are present since early stages 
of central nervous system development and the study of their effects have 
generated abundant data during the last years. It has been shown that GABAAR 
activation can influence the migration of certain interneuron cell types directed 
to populate the olfactory bulb (Bolteus and Bordey, 2004). This effect was found 
to be similar in magnitude, but opposite in direction compared to our study. In 
addition, it has been shown that GABA may play a role in the termination of 
interneuron migration by increasing interneuron latency at later stages during 
cortex development. Moreover, it is believed that this may influence the final 
positioning of interneurons in the cortex (Bortone and Polleux, 2009). Thus, 
GlyR appear to have an overlapping role in the control of cell migration as they 
were found to be co-expressed on GABAAR expressing interneurons. This could 
be particularly determinant in understanding the compensatory mechanisms that 
appear to be acting in GABA deficient mice that do not show gross cortical 
abnormalities. Recently, similar effects on the regulation of cell migration have 
been found by the manipulation of potassium channels and glutamatergic 
neurotransmission in interneurons. Specifically, the over expression of 
potassium channels or the blockade of glutamatergic receptors, which decrease 
neuronal excitability and hyperpolarize the cellular membrane potential, have 
been shown to interfere with the proper lamination of CGE-derived interneurons 
(De Marco Garcia et al., 2011). In summary, the role of chloride currents and 
the subsequent depolarization may also have a long lasting effect and influence 
interneuron positioning. In addition, chloride currents may have an advantage 
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compared to sodium currents during this process. Since chloride currents 
depend on a smaller electrochemical gradient, they have a small impact on the 
resting membrane potential of the cell compared to sodium currents, which in 
turn can depolarize the cell to values that are dangerously high and can produce 
excitotoxicity. It has been suggested that sodium currents might be more 
important at later stages of brain development, once GABA have turned into an 
inhibitory signal and can control the excessive excitation provided by these 
currents (Ben-Ari, 2001). Nevertheless, since interneurons are a small 
population of neurons, compared to cortical projection neurons, a moderate 
disruption is likely to be unnoticed by using traditional histological methods. 
However, minor disturbances in the balance of excitation and inhibition can have 
profound consequences on the proper function of the affected cortical circuits 
(Penagarikano et al., 2011). Future experiments will need to address this 
hypothesis in the context of GlyR actions on cell migration. Currently, our data 
only support GlyR function on early phases of interneuron tangential migration. 
 
5.3 Molecular mechanisms downstream GlyR activation 
 
5.3.1 Molecular control of cell proliferation 
 
The cellular mechanism that ultimately controls proliferation seems to be related 
to depolarization and calcium influx. Coordinated calcium waves are a hallmark 
of proliferative radial glia in the VZ. They appear to be mediated by extracellular 
ATP and are mainly dependent on intracellular release of calcium and the 
presence of connexin channels. Blockade of these spontaneous oscillations by 
metabotropic P2Y1 ATP receptor blockers decreases proliferation (Weissman et 
al., 2004). Thus, neurotransmitters such as GABA and glutamate exert a 
modulatory effect on these oscillations by promoting calcium influx from the 
extracellular compartment. Additionally, intracellular calcium stores are known 
to be functional in the developing cortex from E13 onwards, and they can 
contribute to the amplification of the signal by means of calcium induced calcium 
release (Faure et al., 2001, Platel et al., 2005). In our study, we have described 
the presence of GlyR in the ventricular zone of the developing dorsal 
telencephalon and have shown that these receptors can trigger calcium influx. 
Based on previous findings, it is possible that the changes on the spontaneous 
oscillations induced by GlyR activation are responsible for the changes on cell 
proliferation. If this is the case, it would be interesting to know the mechanisms 
behind this process that are sensitive to the frequency or the amplitude of 
calcium oscillations and can influence the cell cycle progression. Interestingly, 
myosin II is required for interkinetic nuclear migration of neuronal progenitors 
and it contributes to the delamination of intermediate progenitors (Schenk et al., 
2009). Thus, in a similar way to what has been described for interneurons, MLCK 
could be one of the possible targets activated downstream GlyR.  
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5.3.2 Molecular control of interneuron migration 
 
In the present study we have proposed a mechanism whereby GlyR activation in 
interneurons induces a depolarization of the cell membrane and this 
subsequently triggers an influx of calcium that affect myosin function by the 
activation of myosin light chain kinase, which finally leads to changes in the 
speed of interneuron migration. Intracellular calcium plays a central role in cell 
biology. It is believed that cells initially developed mechanisms to get rid of the 
toxic effects of high calcium concentrations using pumps that extruded or 
captured calcium ions. However, the extrusion of calcium or its capture in 
intracellular stores generated a concentration gradient that was conveniently 
exploited as a way of signaling mechanism. Today, the intracellular calcium and 
its dynamic changes, by way of calcium oscillations, are understood as a 
fundamental part of signal transduction networks. GABAAR and GlyR have a 
depolarizing action during development that subsequently triggers the opening 
of VGCC and the influx of calcium. Complementarily, NMDA receptors are 
permeable to sodium and calcium and can directly lead to depolarization and 
influx of calcium ions. Moreover, activation of L-type calcium channels by GABA 
induced-depolarization has a central role during the termination of interneuron 
cell migration (Bortone and Polleux, 2009). In our study, we provided correlative 
evidence supporting a L-type calcium channel dependent effect of glycine on cell 
migration. We show that blockade of GlyR by strychnine affect cell migration in 
the same direction as the blockade of VGCC. Moreover, when we treated 
interneurons with both blockers for GlyR and for L-type VGCC the effect on cell 
migration was not additive. It is interesting that although interneurons express 
other VGCCs (Bortone and Polleux, 2009), the effect of GABA and glycine is 
restricted only to the L-type VGCC. At the moment, there is no explanation for 
this, but a similar mechanism has been found to work on migrating fibroblasts. 
In those cells, calcium influx through L-type calcium channels changes the level 
of activation of MLCK and the phosphorylation of MLC at the trailing end of the 
cell (Yang and Huang, 2005). In the same way, the regulation of nuclear 
translocation in migratory interneurons is also dependent on MLCK activity, MLC 
phosphorylation and calcium oscillations (Martini and Valdeolmillos, 2010). In 
interneurons, myosin II phosphorylation promotes actomyosin contraction and 
pushes the nucleus toward the centrosome in an intermittent process. In our 
study we have provided evidence to support the involvement of GlyR in the 
calcium-mediated changes on myosin function during interneuron migration. In 
the same way as the proposed mechanism in fibroblasts, we proposed that 
GlyR-induced depolarization changes the phosphorylation of MLC acting through 
openings of L-type VGCC. We have observed that blockade of L-type calcium 
channels and GlyR equally affect nuclear translocations in a non-additive way, 
suggesting that both channels belong to the same pathway. Consequently, our 
results also demonstrated that GlyR blockade by strychnine decreases myosin 
phosphorylation.  
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5.3.3 Additional effects downstream GlyR activation 
 
Our experiments do not exclude the possibility that the GlyR-mediated calcium 
increases can have other effects in addition to the modulation of myosin II 
activity. Recently, it has been shown that depolarization can impact on the cell 
autonomous machinery and change the activation of key transcription factors. 
Specifically, the effect of potassium channels on cell migration depends on the 
down regulation of Dlx1 and one of its targets, Elmo1 (De Marco Garcia et al., 
2011). Moreover, it is unlikely that the same mechanism that regulates 
interneurons migration would be involved in the control of cell proliferation on 
dorsal progenitors upon GlyR activation. Thus, there must be other targets 
sensitive to calcium operating downstream GlyR activation in the developing 
brain. For this purpose, we tested the effect of strychnine on the 
phosphorylation of the cAMP-responsive-element binding protein (CREB). 
Interestingly, our experiments show that strychnine blockade decreases the 
phosphorylation of CREB on E13 MGEs providing preliminary information (data 
not shown) that encourages further studies involving GlyR modulation of gene 
expression.  Although CREB was originally found to be located downstream cAMP 
signaling, today it is one of the most characterized stimulus inducible 
transcription factors. There are several pathways that converge on CREB 
activation and the most important are the PI3K/Akt pathway, the MAPK 
pathway, the cAMP/PKA and the Ca2+/CaMK pathway (Shaywitz and Greenberg, 
1999). Several CREB target genes have been described in the nervous system 
and some of them are known to play an active role in neurogenesis. A few 
examples are: BDNF, Prolactin, bcl-2, PSA-NCAM, NGF, Cyclin D2, Mastermind-
like 1 (Maml1), Notch 1, Hes 1, CaMK, Ng2 and SST (Conkright et al., 2003). 
Interestingly, other transcription factors, such as c-fos, can also be influenced 
by CREB activation (Ahn et al., 1998). These observations, together with the 
variety of transduction cascades that converge on CREB activation, make CREB 
one of the most important players of stimulus-induced gene transcription. CREB 
activation is largely recognized as an important event during brain development 
in the regulation of cell proliferation (Dworkin et al., 2007), cell survival (Bonni 
et al., 1999), neurodegeneration (Mantamadiotis et al., 2002) and differentiation 
of SVZ olfactory bulb neuroblasts (Giachino et al., 2005). Recently, the function 
of CREB has been studied in the control of cell migration. Using knock-out 
animals, it has been shown that CREB and CREM dysfunction leads to anatomical 
brain abnormalities related to interference with the proper cell migration of 
progenitor cells and immature neurons (Diaz-Ruiz et al., 2008). Moreover, 
migratory interneurons of the olfactory bulb show a transient increase in CREB 
phosphorylation during migration and differentiation (Giachino et al., 2005). 
Among the extracellular signals that are known to exert an effect on CREB 
activation, depolarization and its subsequent effect on intracellular calcium is 
one of the most studied. This depolarization and subsequent calcium influx 
effectively change the activation of CREB in response to GABA during adult 
neurogenesis (Merz et al., 2011). In consequence, changes on CREB activation 
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have an effect on cell differentiation and maturation of newly generated 
hippocampal neurons (Jagasia et al., 2009).  
 
5.4 Physiopathological consequence of GlyR activation during 
development 
 
Defects in cell proliferation and cell migration can lead to different 
neurodevelopmental associated pathologies such as epilepsy and autism 
(Penagarikano et al., 2011). However, at this stage we do not know if the 
migration delay leads to permanent interneuron positioning defects that would 
result in disruption of their network integration. On the other hand, mutations of 
the GlyR are mostly found in the GlyR alpha 1 gene, which is the adult form, and 
is almost completely absent during development. However, there is one 
mutation of the GlyR alpha 2 gene which has been linked to the development of 
autism (Piton et al., 2011). This is a missense mutation (R350L) where an 
arginine residue is replaced by a leucine in the intracellular loop. Although this 
mutation was found in a female patient, where there are two copies of the gene, 
one on each X chromosome, the change on the receptor might have a 
consequence over particular aspects of her disorder. In the case of autism and 
schizophrenia, another disorder with a developmental component, it has been 
suggested that the interaction between multiple gene variants rather than one 
individual mutation is the more likely scenario that originates the disease. 
Moreover, it has recently been found that GlyR alpha 2 gene is enriched in 
serotoninergic neurons, which are known to be involved in autism and related 
disorders (Dougherty et al., 2013). Thus, GlyR alpha 2 gene has been proposed 
as a strong candidate for further screening in autistic patients (Piton et al., 
2011). Interestingly, the fact that mutant glycine receptors are observed in 
patients with developmental associated diseases such autism suggests that GlyR 
could be a target to develop therapeutical strategies. However, currently this is 
unlikely due to the lack of GlyR alpha 2 selective agonist or antagonists. Until 
now, cyclothiazide, the only molecule that has shown to selectively affect alpha 
2 containing GlyR, lacks specificity because it affects AMPA and GABA receptors 
as well (Zhang et al., 2008).  
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The study of GlyR and its effects on the proliferation of dorsal progenitors and 
tangential migration of interneurons can be expanded in an array of directions. 
Future research could move forward independently in each of these two 
subjects, or combine approaches to analyze the final effect of GlyR activation in 
the generation of cortical circuits. In the same way, further studies could also 
focus on specific aspects of GlyR effects at different levels of complexity. While 
there is a lot to learn about the molecular and cellular mechanisms downstream 
GlyR activation, there are even more questions about the possible effects of 
GlyR activation at the tissue level and on the functional organization of the brain 
cortex.  
 
6.1 Perspectives on the study of cell proliferation 
 
The results of our study present correlative information about the molecular 
mechanisms involved in the control of cell proliferation by GlyR. They suggest 
that GlyR-mediated effects on calcium signaling could have a direct consequence 
on cell proliferation. A more direct approach could consider the manipulation of 
the calcium buffering capabilities of the cell which should modify the effects of 
GlyR activation. Complementary, spontaneous calcium oscillations in radial glia 
cells are controlled by intracellular mechanisms and the contribution of VGCC to 
their generation have not been thoroughly considered. Here, we expect that 
chloride efflux will induce sufficient depolarization to activate VGCC, which are 
supposed to be the mediators of the increase in intracellular calcium. To 
understand this, it is firstly necessary to study VGCC expression and 
functionality in relation to GlyR activation on cortical progenitors, and migratory 
neurons. Additionally, calcium sensitive downstream targets involved on the 
control of the cell cycle should be studied as well. 
 
The effect of GlyR activation on cell proliferation can have a long term 
consequence in the generation of neurons. Interestingly, the differential effect of 
GlyR in the control of proliferation at the VZ and SVZ is similar to the effect 
reported for GABAAR (Haydar et al., 2000). There, it has been shown that GABA 
decreases the overall generation of cortical neurons. The study of this possibility 
constitutes one of the main perspectives of our studies since an influence on the 
generation of excitatory neurons could have a direct impact on the functional 
properties of the cortex. There is considerable evidence suggesting that changes 
in the rate of cell proliferation of cortical progenitors and the generation of 
intermediate progenitors are responsible for the extensive expansion of the 
brain cortex in humans compared with other mammals. Although it is difficult to 
prove, the fact that GlyR affect the rate of proliferation in cortical progenitor 
support the idea that GlyR could be a factor responsible in part for the cortex 
expansion present in more evolved mammals. 
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6.2 Perspectives on the study of cell migration 
 
Since GlyR effect is ultimately dependent on the chloride gradient that directly 
depends on the expression of NKCC1/KCC2, it would be important to analyze 
how the dynamic changes in the expression of NKCC1/KCC2 in migratory 
interneurons affect GlyR-mediated effects. It has been shown that GABA 
mediated effect differs in magnitude depending on the expression level of 
NKCC1/KCC2 during interneuron migration. This could explain more in detail 
how GlyR differentially controls interneuron migration at different ages, and at 
the level of the different migratory streams. At the cellular level, there is 
increasing evidence about the morphological changes experienced by migrating 
interneurons and the molecular mechanisms that control nucleokinesis and 
leading process branching dynamic are well understood. However, little is known 
about the coordination of leading process remodeling and nuclear translocation. 
Our studies about GlyR have not included the analysis of the leading process 
remodeling, but a preliminary analysis could be performed on the existing data.  
Perhaps, this analysis could indicate if neurotransmitters are involved or not in 
the coordination of the nuclear translocation and leading process remodeling 
during migration.  
 
Our present results do not provide evidence related to long term effect of the 
GlyR-mediated control of cell migration. It remains an open question whether 
GlyR activation is involved or not in the final positioning of interneurons in the 
mature cortex. It would be interesting to check the distribution of different 
interneuron subtypes in the mature cortex of GlyR KO animals or in other 
models where GlyR are knockdown in specific interneuron subtypes. 
Interestingly, positioning defects may have functional consequences on the 
assembling and functioning of cortical circuits. The same models could be used 
in electrophysiological experiments to measure synaptic activity and evidence 
the presence of possible connectivity defects. Nevertheless, there are several 
examples of molecules that in addition to a role in the control of cell migration 
can independently influence other developmental processes such as 
synaptogenesis (Fazzari et al., 2010). This may be the case for GlyR, which can 
potentially influence several molecular processes by affecting the endogenous 
calcium dynamic and, by extension, other developmental processes.  
 
Interneurons are a highly heterogeneous population of neurons. Here, we have 
focused our study on MGE derived interneurons that invade the cortex at E15. At 
this age we found that GlyR activation may contribute to their migration. 
However, when we investigated other ages such as E17, we found that GlyR 
activation may have an opposite effect. Thus, GlyR activation differentially 
affects different subpopulations of interneurons depending on their age. This 
may be explained based on the developmental regulation of the chloride 
gradient, which is responsible for GlyR induced- depolarization. Nevertheless, 
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these studies could be refined and expanded to explore GlyR effect in more 
restricted interneuron cell populations in the cortex or others structures such as 
the rostral migratory stream that provides neurons to the olfactory bulb. 
Certainly, staining using different interneuron markers such as CR, CB, VIP, SST 
and PV, in the mature cortex of GlyRKO animals, would serve as an indication 
for interneurons subtype that might be affected by GlyR activation. Additionally, 
a different transgenic mouse line could be used to selectively analyze specific 
interneuron populations (Taniguchi et al., 2011). These analyses could further 
expand our understanding on interneurons diversity and provide additional 
information to support a classification based on their early response to 
neurotransmitters. 
 
6.3 Perspective on the study of cell differentiation 
 
Our study has focused on the early stages of embryonic brain development and 
leaves unexplored the possible consequences on the morphological features 
acquired by neurons once they have found their final location in the cortex. 
However, some predictions can be made based on previous findings related to 
the effects of GABA. The over expression of KCC2 by in utero electroporation of 
dorsal progenitors, which prematurely transform excitatory GABA actions into 
inhibitory, although it does not have any impact on cell migration, has a long 
lasting effect that changes the morphology of neurons at later stages. KCC2 
electroporated cells show an impaired development of branches, which are 
shorter and fewer (Cancedda et al., 2007). More generally, the effects of KCC2 
are associated to its chloride transporting property, but the induction of 
morphological changes have also been associated with the direct interaction of 
KCC2 with the cytoskeleton (Li et al., 2007). Consistently with the trophic effect 
of depolarization at early stages, the over expression of potassium channels, 
which decrease neuronal excitability by hyperpolarizing the membrane potential, 
has similar effects to KCC2 manipulations and interferes with the proper 
morphological development of projection neurons (Cancedda et al., 2007). The 
overexpression of potassium channels during development also lead to 
morphological abnormities in cortical interneurons. This effect can be induced 
after P3 in CGE-derived interneurons and is independent on the effect that 
potassium channels have on interneuron lamination (De Marco Garcia et al., 
2011). The blockade of NMDA and AMPA/Kainate receptors induces 
morphological defects reminiscent of potassium channel over expression in 
interneurons (De Marco Garcia et al., 2011). In this work the authors provide 
correlative evidence that suggest that the electrical activity changes the levels of 
Dlx1 and one of its targets, Elmo1. This decrease in Elmo1 leads to 
morphological defects induced by potassium channel over expression and 
glutamatergic blockade. Thus, early electrical activity can change the expression 
of transcription factors and influence the morphological development. In the 
present work we have observed dynamic morphological changes on migratory 
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internneurons, but we were not able to confirm whether these changes will be 
still present after the end of cell migration. Since morphological features appear 
to be defined after P3 for projection neurons and interneurons, a future 
pharmacological approach to block GlyR should take this in consideration. 
     
6.4 Perspectives on the study of cortical circuits 
 
Besides the embryonic role of GlyR, their role in postnatal brain maturation 
remains unexplored. It has been demonstrated that GlyR are functionally 
present on the cortical plate, Cajal Retzius cells, and subplate neurons during 
postnatal cortex development, where they have a depolarizing action that can 
trigger the influx of calcium. Moreover, functional experiments have 
demonstrated that GlyR activation can modify spontaneous synaptic activity and 
the firing of action potentials. However, the functional role of GlyR has been left 
to speculation. Probably it has an influence in the generation of the early 
patterns of activity or it influences morphological maturation of neurons, but this 
remains an untested hypothesis. Giant depolarizing potentials are a hallmark of 
developing networks (Ben-Ari, 2001). Interestingly, GABA has an important role 
in their generation and maintenance. Thus, it would be interesting to also test 
the effect of glycine and its receptor in the immature cortical networks. Indeed, 
a role of glycine in this type of early activity is supported by the fact that mice 
which are devoid of GABA present no clear developmental dysfunction due to the 
supposed compensation exerted by other related neurotransmitters such as 
glycine. Moreover, there are a few articles that have documented the expression 
of GlyRs in different cell types (Kilb et al., 2002, Okabe et al., 2004, Kilb et al., 
2008) of the postnatal cortex. Future experiments should clarify the role of 
these receptors.  
 
Finally, although the experimental paradigms and reported conclusions are in 
agreement with the current theories and observations regarding brain 
development, and the excitatory effect of neurotransmitters, conclusions should 
be taken with caution aware of the possible artifact that might be introduced by 
our manipulations interfering with both GABAAR and GlyR function (Bregestovski 
and Bernard, 2012). In this context, less invasive techniques and in vivo 
measurements should confirm the validity and extend our conclusions in the 
future. 
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GlyR zijn transmembranaire eiwitcomplexen gevormd door de symmetrische 
assemblage van vijf subeenheden rond een centrale porie. Er bestaan vijf types 
subeenheden, met name vier verschillende alfa-subeenheden en één beta-
subeenheid. De GlyR kan gevormd worden hetzij als een alfa-homomeer, of als 
een heteromeer waarin de beta-subeenheid is opgenomen. Niet enkel glycine, 
maar ook andere liganden zoals taurine en alanine kunnen de GlyR activeren. 
Elk van deze moleculen kan binden aan het extracellulair domein van de 
receptor en vervolgens de opening van de centrale porie bevorderen, waardoor 
een selectieve flux ontstaat van chloor- en bicarbonaationen. Net zoals voor 
GABAAR, is de GlyR-gemedieerde ionflux enkel afhankelijk van de 
elektrochemische gradient voor deze ionen die ontstaat over de  celmembraan. 
GlyR komen algemeen voor in het ruggenmerg waar ze bijdragen aan 
synaptische transmissie en een belangrijke rol spelen in motoriek en 
pijnperceptie. Ze verschijnen al vroeg tijdens de ontwikkeling van het 
ruggenmerg en beïnvloeden het ontwikkelingsproces. Hoewel het voorkomen 
van functionele GlyR in de volwassen hersenen al twee decennia geleden werd 
beschreven, is de functie die ze uitoefenen in deze regio niet goed 
gedocumenteerd. 

De ontwikkeling van de hersenen start vroeg tijdens de embryogenese en  
voltooiing van dit proces bij de mens kan jaren duren. De eerste stappen 
omvatten nauwkeurige coördinatie van celproliferatie en migratie. Algemeen 
worden hersencircuits gevormd door exciterende en inhiberende neuronen. Deze 
neuronen ontstaan uit verschillende voorlopercellen, gelokaliseerd in de  
ontwikkelende hersenen. Na differentiatie migreren neuronen uit de 
proliferatieve zone en dringen vervolgens de cortex binnen. Deze processen 
staan onder strikte controle van de intrinsieke genetische machinerie en de 
extracellulaire signalen aanwezig in de biochemische omgeving. 
Neurotransmitters en hun receptoren behoren tot deze biochemische omgeving 
en oefenen invloeden uit vanaf het begin van de neurogenese. In de muis komt 
de GlyR vroeg tijdens de embryogenese tot expressie, waarbij het mRNA van de 
alfa2-subeenheid het meest voorkomt. De informatie over de functionaliteit van 
deze receptoren is echter beperkt. Om deze reden hebben we in dit werk de rol 
van GlyR tijdens vroege stadia van de embryonale hersenontwikkeling 
onderzocht en daarbij gefocusseerd op celmigratie en -proliferatie. 

De eerste hoofdstukken van dit proefschrift zijn gewijd aan de inleiding van het 
onderzoeksproject en het beschrijven van de materialen en methoden. De 
volgende hoofdstukken, drie en vier, beschrijven de experimentele resultaten. In 
het eerste deel van dit proefschrift beoogden we de rol van GlyR tijdens de 
ontwikkeling van interneuronen op te helderen. Deze studie toont aan dat 
functionele GlyR tot expressie worden gebracht door embryonale corticale 
interneuronen in vivo. Verder observeerden we dat genetische verstoring van 
deze receptoren tot defecten leidt in interneuron migratie. Daarnaast ontdekten 
we dat extrasynaptische activering van GlyR, die de alfa2-subeenheid bevatten, 
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door endogeen glycine, voltagegevoelige calcium kanalen activeert en 
calciuminflux bevordert in corticale interneuronen. Deze calciuminflux moduleert 
verder de actomyosine contractiliteit om zo tijdens migratie de nucleaire 
translocatie te fine-tunen. Alles tesamen belichten onze gegevens de moleculaire 
gebeurtenissen die corticale tangentiële migratie sturen tijdens embryogenese.  

In het tweede deel van de thesis bestudeerden we GlyR in de context van de 
dorsale neurogenese en het genereren van projectie neuronen. Deze studie 
onthult de aanwezigheid van GlyR in de proliferatieve gebieden van de cortex, 
met name de ventriculaire en sub-ventriculaire zone, waar deze receptoren de 
snelheid van celproliferatie differentieel reguleren. Glycine-opgewekte stromen 
in radiale E13 progenitorcellen waren afhankelijk van GlyR activatie. Opmerkelijk 
was het effect van strychnine blokkade of van specifieke GlyR silencing: 
celproliferatie in de sub-ventriculaire zone nam toe, terwijl in de ventriculaire 
zone dit proces afnam. 

Tot slot beschrijven de twee laatste hoofdstukken de conclusies en 
perspectieven voor toekomstig onderzoek. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  



 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  



 
 

 
 

 
 
 
 
 
 
 
 
 
 

 

 

Bibliography 
 

 

 
  



Bibliography 

114 
 

Bibliography 
 

Ahmadi S, Lippross S, Neuhuber WL, Zeilhofer HU (2002) PGE(2) selectively blocks 
inhibitory glycinergic neurotransmission onto rat superficial dorsal horn 
neurons. Nat Neurosci 5:34-40. 

Ahn S, Olive M, Aggarwal S, Krylov D, Ginty DD, Vinson C (1998) A dominant-
negative inhibitor of CREB reveals that it is a general mediator of stimulus-
dependent transcription of c-fos. Mol Cell Biol 18:967-977. 

Ali F, Hindley C, McDowell G, Deibler R, Jones A, Kirschner M, Guillemot F, Philpott 
A (2011) Cell cycle-regulated multi-site phosphorylation of Neurogenin 2 
coordinates cell cycling with differentiation during neurogenesis. 
Development 138:4267-4277. 

Alifragis P, Parnavelas JG, Nadarajah B (2002) A novel method of labeling and 
characterizing migrating neurons in the developing central nervous 
system. Exp Neurol 174:259-265. 

Anastasiades PG, Butt SJ (2011) Decoding the transcriptional basis for GABAergic 
interneuron diversity in the mouse neocortex. Eur J Neurosci 34:1542-
1552. 

Anderson S, Mione M, Yun K, Rubenstein JL (1999) Differential origins of 
neocortical projection and local circuit neurons: role of Dlx genes in 
neocortical interneuronogenesis. Cereb Cortex 9:646-654. 

Anderson SA, Eisenstat DD, Shi L, Rubenstein JL (1997) Interneuron migration 
from basal forebrain to neocortex: dependence on Dlx genes. Science 
278:474-476. 

Anderson SA, Marin O, Horn C, Jennings K, Rubenstein JL (2001) Distinct cortical 
migrations from the medial and lateral ganglionic eminences. 
Development 128:353-363. 

Andrews WD, Zito A, Memi F, Jones G, Tamamaki N, Parnavelas JG (2013) Limk2 
mediates semaphorin signalling in cortical interneurons migrating through 
the subpallium. Biol Open 2:277-282. 

Anthony TE, Klein C, Fishell G, Heintz N (2004) Radial glia serve as neuronal 
progenitors in all regions of the central nervous system. Neuron 41:881-
890. 

Arnold SJ, Huang GJ, Cheung AF, Era T, Nishikawa S, Bikoff EK, Molnar Z, 
Robertson EJ, Groszer M (2008) The T-box transcription factor 
Eomes/Tbr2 regulates neurogenesis in the cortical subventricular zone. 
Genes Dev 22:2479-2484. 

Aroeira RI, Ribeiro JA, Sebastiao AM, Valente CA (2011) Age-related changes of 
glycine receptor at the rat hippocampus: from the embryo to the adult. J 
Neurochem 118:339-353. 



Bibliography 

115 
 

Asada H, Kawamura Y, Maruyama K, Kume H, Ding RG, Kanbara N, Kuzume H, 
Sanbo M, Yagi T, Obata K (1997) Cleft palate and decreased brain gamma-
aminobutyric acid in mice lacking the 67-kDa isoform of glutamic acid 
decarboxylase. Proc Natl Acad Sci U S A 94:6496-6499. 

Attardo A, Calegari F, Haubensak W, Wilsch-Brauninger M, Huttner WB (2008) 
Live imaging at the onset of cortical neurogenesis reveals differential 
appearance of the neuronal phenotype in apical versus basal progenitor 
progeny. PLoS One 3:e2388. 

Ayala R, Shu T, Tsai LH (2007) Trekking across the brain: the journey of neuronal 
migration. Cell 128:29-43. 

Backman M, Machon O, Mygland L, van den Bout CJ, Zhong W, Taketo MM, 
Krauss S (2005) Effects of canonical Wnt signaling on dorso-ventral 
specification of the mouse telencephalon. Developmental biology 
279:155-168. 

Baev KV, Rusin KI, Safronov BV (1990) Development of L-glutamate- and glycine-
activated currents in spinal cord neurones during early chick 
embryogenesis. J Physiol 423:381-395. 

Becker CM, Hoch W, Betz H (1988) Glycine receptor heterogeneity in rat spinal 
cord during postnatal development. Embo J 7:3717-3726. 

Behar TN, Li YX, Tran HT, Ma W, Dunlap V, Scott C, Barker JL (1996) GABA 
stimulates chemotaxis and chemokinesis of embryonic cortical neurons 
via calcium-dependent mechanisms. J Neurosci 16:1808-1818. 

Behar TN, Schaffner AE, Scott CA, Greene CL, Barker JL (2000) GABA receptor 
antagonists modulate postmitotic cell migration in slice cultures of 
embryonic rat cortex. Cerebral cortex 10:899-909. 

Behar TN, Scott CA, Greene CL, Wen X, Smith SV, Maric D, Liu QY, Colton CA, 
Barker JL (1999) Glutamate acting at NMDA receptors stimulates 
embryonic cortical neuronal migration. J Neurosci 19:4449-4461. 

Behar TN, Smith SV, Kennedy RT, McKenzie JM, Maric I, Barker JL (2001) GABA(B) 
receptors mediate motility signals for migrating embryonic cortical cells. 
Cerebral cortex 11:744-753. 

Bellion A, Baudoin JP, Alvarez C, Bornens M, Metin C (2005) Nucleokinesis in 
tangentially migrating neurons comprises two alternating phases: forward 
migration of the Golgi/centrosome associated with centrosome splitting 
and myosin contraction at the rear. J Neurosci 25:5691-5699. 

Ben-Ari Y (2001) Developing networks play a similar melody. Trends in 
neurosciences 24:353-360. 

Ben-Ari Y, Khalilov I, Represa A, Gozlan H (2004) Interneurons set the tune of 
developing networks. Trends Neurosci 27:422-427. 

Benitez-Diaz P, Miranda-Contreras L, Mendoza-Briceno RV, Pena-Contreras Z, 
Palacios-Pru E (2003) Prenatal and postnatal contents of amino acid 
neurotransmitters in mouse parietal cortex. Dev Neurosci 25:366-374. 



Bibliography 

116 
 

Bolteus AJ, Bordey A (2004) GABA release and uptake regulate neuronal precursor 
migration in the postnatal subventricular zone. J Neurosci 24:7623-7631. 

Bonni A, Brunet A, West AE, Datta SR, Takasu MA, Greenberg ME (1999) Cell 
survival promoted by the Ras-MAPK signaling pathway by transcription-
dependent and -independent mechanisms. Science 286:1358-1362. 

Borello U, Pierani A (2010) Patterning the cerebral cortex: traveling with 
morphogens. Current opinion in genetics & development 20:408-415. 

Borrell V, Cardenas A, Ciceri G, Galceran J, Flames N, Pla R, Nobrega-Pereira S, 
Garcia-Frigola C, Peregrin S, Zhao Z, Ma L, Tessier-Lavigne M, Marin O 
(2012) Slit/Robo signaling modulates the proliferation of central nervous 
system progenitors. Neuron 76:338-352. 

Bortone D, Polleux F (2009) KCC2 expression promotes the termination of cortical 
interneuron migration in a voltage-sensitive calcium-dependent manner. 
Neuron 62:53-71. 

Bregestovski P, Bernard C (2012) Excitatory GABA: How a Correct Observation 
May Turn Out to be an Experimental Artifact. Front Pharmacol 3:65. 

Brejc K, van Dijk WJ, Klaassen RV, Schuurmans M, van Der Oost J, Smit AB, Sixma 
TK (2001) Crystal structure of an ACh-binding protein reveals the ligand-
binding domain of nicotinic receptors. Nature 411:269-276. 

Bulfone A, Kim HJ, Puelles L, Porteus MH, Grippo JF, Rubenstein JL (1993) The 
mouse Dlx-2 (Tes-1) gene is expressed in spatially restricted domains of 
the forebrain, face and limbs in midgestation mouse embryos. 
Mechanisms of development 40:129-140. 

Burkel BM, von Dassow G, Bement WM (2007) Versatile fluorescent probes for 
actin filaments based on the actin-binding domain of utrophin. Cell Motil 
Cytoskeleton 64:822-832. 

Burrows RC, Wancio D, Levitt P, Lillien L (1997) Response diversity and the timing 
of progenitor cell maturation are regulated by developmental changes in 
EGFR expression in the cortex. Neuron 19:251-267. 

Butt SJ, Fuccillo M, Nery S, Noctor S, Kriegstein A, Corbin JG, Fishell G (2005) The 
temporal and spatial origins of cortical interneurons predict their 
physiological subtype. Neuron 48:591-604. 

Bystron I, Blakemore C, Rakic P (2008) Development of the human cerebral cortex: 
Boulder Committee revisited. Nat Rev Neurosci 9:110-122. 

Calegari F, Haubensak W, Haffner C, Huttner WB (2005) Selective lengthening of 
the cell cycle in the neurogenic subpopulation of neural progenitor cells 
during mouse brain development. J Neurosci 25:6533-6538. 

Calegari F, Huttner WB (2003) An inhibition of cyclin-dependent kinases that 
lengthens, but does not arrest, neuroepithelial cell cycle induces 
premature neurogenesis. J Cell Sci 116:4947-4955. 



Bibliography 

117 
 

Cancedda L, Fiumelli H, Chen K, Poo MM (2007) Excitatory GABA action is 
essential for morphological maturation of cortical neurons in vivo. J 
Neurosci 27:5224-5235. 

Caronia-Brown G, Grove EA (2011) Timing of cortical interneuron migration is 
influenced by the cortical hem. Cereb Cortex 21:748-755. 

Carta E, Chung SK, James VM, Robinson A, Gill JL, Remy N, Vanbellinghen JF, Drew 
CJ, Cagdas S, Cameron D, Cowan FM, Del Toro M, Graham GE, Manzur AY, 
Masri A, Rivera S, Scalais E, Shiang R, Sinclair K, Stuart CA, Tijssen MA, 
Wise G, Zuberi SM, Harvey K, Pearce BR, Topf M, Thomas RH, Supplisson 
S, Rees MI, Harvey RJ (2012) Mutations in the GlyT2 Gene (SLC6A5) Are a 
Second Major Cause of Startle Disease. J Biol Chem. 

Casanova MF, Trippe J, 2nd (2006) Regulatory mechanisms of cortical laminar 
development. Brain Res Rev 51:72-84. 

Chatzi C, Brade T, Duester G (2011) Retinoic acid functions as a key GABAergic 
differentiation signal in the basal ganglia. PLoS Biol 9:e1000609. 

Chen RQ, Wang SH, Yao W, Wang JJ, Ji F, Yan JZ, Ren SQ, Chen Z, Liu SY, Lu W 
(2011) Role of glycine receptors in glycine-induced LTD in hippocampal 
CA1 pyramidal neurons. Neuropsychopharmacology : official publication 
of the American College of Neuropsychopharmacology 36:1948-1958. 

Chenn A, Walsh CA (2002) Regulation of cerebral cortical size by control of cell 
cycle exit in neural precursors. Science 297:365-369. 

Cobos I, Calcagnotto ME, Vilaythong AJ, Thwin MT, Noebels JL, Baraban SC, 
Rubenstein JL (2005) Mice lacking Dlx1 show subtype-specific loss of 
interneurons, reduced inhibition and epilepsy. Nature neuroscience 
8:1059-1068. 

Cobos I, Puelles L, Martinez S (2001) The avian telencephalic subpallium originates 
inhibitory neurons that invade tangentially the pallium (dorsal ventricular 
ridge and cortical areas). Developmental biology 239:30-45. 

Colin I, Rostaing P, Augustin A, Triller A (1998) Localization of components of 
glycinergic synapses during rat spinal cord development. J Comp Neurol 
398:359-372. 

Conkright MD, Guzman E, Flechner L, Su AI, Hogenesch JB, Montminy M (2003) 
Genome-wide analysis of CREB target genes reveals a core promoter 
requirement for cAMP responsiveness. Mol Cell 11:1101-1108. 

Cossart R (2011) The maturation of cortical interneuron diversity: how multiple 
developmental journeys shape the emergence of proper network 
function. Current opinion in neurobiology 21:160-168. 

Courtes S, Vernerey J, Pujadas L, Magalon K, Cremer H, Soriano E, Durbec P, Cayre 
M (2011) Reelin controls progenitor cell migration in the healthy and 
pathological adult mouse brain. PLoS One 6:e20430. 



Bibliography 

118 
 

Crandall JE, Goodman T, McCarthy DM, Duester G, Bhide PG, Drager UC, 
McCaffery P (2011) Retinoic acid influences neuronal migration from the 
ganglionic eminence to the cerebral cortex. J Neurochem 119:723-735. 

Crandall JE, McCarthy DM, Araki KY, Sims JR, Ren JQ, Bhide PG (2007) Dopamine 
receptor activation modulates GABA neuron migration from the basal 
forebrain to the cerebral cortex. J Neurosci 27:3813-3822. 

Cuzon Carlson VC, Yeh HH (2011) GABAA receptor subunit profiles of tangentially 
migrating neurons derived from the medial ganglionic eminence. Cereb 
Cortex 21:1792-1802. 

Cuzon VC, Yeh PW, Cheng Q, Yeh HH (2006) Ambient GABA promotes cortical 
entry of tangentially migrating cells derived from the medial ganglionic 
eminence. Cereb Cortex 16:1377-1388. 

Danglot L, Rostaing P, Triller A, Bessis A (2004) Morphologically identified 
glycinergic synapses in the hippocampus. Molecular and cellular 
neurosciences 27:394-403. 

de Carlos JA, Lopez-Mascaraque L, Valverde F (1996) Dynamics of cell migration 
from the lateral ganglionic eminence in the rat. J Neurosci 16:6146-6156. 

De Marco Garcia NV, Karayannis T, Fishell G (2011) Neuronal activity is required 
for the development of specific cortical interneuron subtypes. Nature 
472:351-355. 

Dehay C, Kennedy H (2007) Cell-cycle control and cortical development. Nat Rev 
Neurosci 8:438-450. 

Dehay C, Savatier P, Cortay V, Kennedy H (2001) Cell-cycle kinetics of neocortical 
precursors are influenced by embryonic thalamic axons. J Neurosci 
21:201-214. 

den Eynden JV, Ali SS, Horwood N, Carmans S, Brone B, Hellings N, Steels P, 
Harvey RJ, Rigo JM (2009) Glycine and glycine receptor signalling in non-
neuronal cells. Front Mol Neurosci 2:9. 

Denaxa M, Kalaitzidou M, Garefalaki A, Achimastou A, Lasrado R, Maes T, Pachnis 
V (2012) Maturation-Promoting Activity of SATB1 in MGE-Derived Cortical 
Interneurons. Cell Reports 2:1351-1362. 

Diaz-Ruiz C, Parlato R, Aguado F, Urena JM, Burgaya F, Martinez A, Carmona MA, 
Kreiner G, Bleckmann S, Del Rio JA, Schutz G, Soriano E (2008) Regulation 
of neural migration by the CREB/CREM transcription factors and altered 
Dab1 levels in CREB/CREM mutants. Mol Cell Neurosci 39:519-528. 

Dougherty JD, Maloney SE, Wozniak DF, Rieger MA, Sonnenblick L, Coppola G, 
Mahieu NG, Zhang J, Cai J, Patti GJ, Abrahams BS, Geschwind DH, Heintz N 
(2013) The disruption of Celf6, a gene identified by translational profiling 
of serotonergic neurons, results in autism-related behaviors. J Neurosci 
33:2732-2753. 

Du T, Xu Q, Ocbina PJ, Anderson SA (2008) NKX2.1 specifies cortical interneuron 
fate by activating Lhx6. Development 135:1559-1567. 



Bibliography 

119 
 

Dworkin S, Heath JK, deJong-Curtain TA, Hogan BM, Lieschke GJ, Malaterre J, 
Ramsay RG, Mantamadiotis T (2007) CREB activity modulates neural cell 
proliferation, midbrain-hindbrain organization and patterning in zebrafish. 
Dev Biol 307:127-141. 

Eichler SA, Forstera B, Smolinsky B, Juttner R, Lehmann TN, Fahling M, Schwarz G, 
Legendre P, Meier JC (2009) Splice-specific roles of glycine receptor 
alpha3 in the hippocampus. Eur J Neurosci 30:1077-1091. 

Emmert DA, Fee JA, Goeckeler ZM, Grojean JM, Wakatsuki T, Elson EL, Herring BP, 
Gallagher PJ, Wysolmerski RB (2004) Rho-kinase-mediated Ca2+-
independent contraction in rat embryo fibroblasts. Am J Physiol Cell 
Physiol 286:C8-21. 

Fairen A, Cobas A, Fonseca M (1986) Times of generation of glutamic acid 
decarboxylase immunoreactive neurons in mouse somatosensory cortex. 
The Journal of Comparative Neurology 251:67-83. 

Faure AV, Grunwald D, Moutin MJ, Hilly M, Mauger JP, Marty I, De Waard M, 
Villaz M, Albrieux M (2001) Developmental expression of the calcium 
release channels during early neurogenesis of the mouse cerebral cortex. 
Eur J Neurosci 14:1613-1622. 

Faux C, Rakic S, Andrews W, Britto JM (2012) Neurons on the move: migration and 
lamination of cortical interneurons. Neurosignals 20:168-189. 

Fazzari P, Paternain AV, Valiente M, Pla R, Lujan R, Lloyd K, Lerma J, Marin O, Rico 
B (2010) Control of cortical GABA circuitry development by Nrg1 and 
ErbB4 signalling. Nature 464:1376-1380. 

Fietz SA, Lachmann R, Brandl H, Kircher M, Samusik N, Schroder R, 
Lakshmanaperumal N, Henry I, Vogt J, Riehn A, Distler W, Nitsch R, Enard 
W, Paabo S, Huttner WB (2012) Transcriptomes of germinal zones of 
human and mouse fetal neocortex suggest a role of extracellular matrix in 
progenitor self-renewal. Proc Natl Acad Sci U S A. 

Fiszman ML, Borodinsky LN, Neale JH (1999) GABA induces proliferation of 
immature cerebellar granule cells grown in vitro. Brain research 
Developmental brain research 115:1-8. 

Flames N, Long JE, Garratt AN, Fischer TM, Gassmann M, Birchmeier C, Lai C, 
Rubenstein JL, Marin O (2004) Short- and long-range attraction of cortical 
GABAergic interneurons by neuregulin-1. Neuron 44:251-261. 

Flames N, Marin O (2005) Developmental mechanisms underlying the generation 
of cortical interneuron diversity. Neuron 46:377-381. 

Flandin P, Zhao Y, Vogt D, Jeong J, Long J, Potter G, Westphal H, Rubenstein JL 
(2011) Lhx6 and Lhx8 coordinately induce neuronal expression of Shh that 
controls the generation of interneuron progenitors. Neuron 70:939-950. 

Flint AC, Liu X, Kriegstein AR (1998) Nonsynaptic glycine receptor activation during 
early neocortical development. Neuron 20:43-53. 



Bibliography 

120 
 

Frostholm A, Rotter A (1985) Glycine receptor distribution in mouse CNS: 
autoradiographic localization of [3H]strychnine binding sites. Brain Res 
Bull 15:473-486. 

Fuccillo M, Rallu M, McMahon AP, Fishell G (2004) Temporal requirement for 
hedgehog signaling in ventral telencephalic patterning. Development 
131:5031-5040. 

Gaiano N, Nye JS, Fishell G (2000) Radial glial identity is promoted by Notch1 
signaling in the murine forebrain. Neuron 26:395-404. 

Gal JS, Morozov YM, Ayoub AE, Chatterjee M, Rakic P, Haydar TF (2006) Molecular 
and morphological heterogeneity of neural precursors in the mouse 
neocortical proliferative zones. J Neurosci 26:1045-1056. 

Gelman DM, Marin O (2010) Generation of interneuron diversity in the mouse 
cerebral cortex. Eur J Neurosci 31:2136-2141. 

Giachino C, De Marchis S, Giampietro C, Parlato R, Perroteau I, Schutz G, Fasolo A, 
Peretto P (2005) cAMP response element-binding protein regulates 
differentiation and survival of newborn neurons in the olfactory bulb. J 
Neurosci 25:10105-10118. 

Gimenez C, Perez-Siles G, Martinez-Villarreal J, Arribas-Gonzalez E, Jimenez E, 
Nunez E, de Juan-Sanz J, Fernandez-Sanchez E, Garcia-Tardon N, Ibanez I, 
Romanelli V, Nevado J, James VM, Topf M, Chung SK, Thomas RH, Desviat 
LR, Aragon C, Zafra F, Rees MI, Lapunzina P, Harvey RJ, Lopez-Corcuera B 
(2012) A novel dominant hyperekplexia mutation Y705C alters trafficking 
and biochemical properties of the presynaptic glycine transporter GlyT2. J 
Biol Chem. 

Godin JD, Thomas N, Laguesse S, Malinouskaya L, Close P, Malaise O, Purnelle A, 
Raineteau O, Campbell K, Fero M, Moonen G, Malgrange B, Chariot A, 
Metin C, Besson A, Nguyen L (2012) p27(Kip1) Is a Microtubule-Associated 
Protein that Promotes Microtubule Polymerization during Neuron 
Migration. Dev Cell 23:729-744. 

Gomeza J, Ohno K, Hulsmann S, Armsen W, Eulenburg V, Richter DW, Laube B, 
Betz H (2003) Deletion of the mouse glycine transporter 2 results in a 
hyperekplexia phenotype and postnatal lethality. Neuron 40:797-806. 

Gordon MD, Nusse R (2006) Wnt signaling: multiple pathways, multiple receptors, 
and multiple transcription factors. J Biol Chem 281:22429-22433. 

Graham D, Pfeiffer F, Betz H (1983) Photoaffinity-labelling of the glycine receptor 
of rat spinal cord. Eur J Biochem 131:519-525. 

Grigoriou M, Tucker AS, Sharpe PT, Pachnis V (1998) Expression and regulation of 
Lhx6 and Lhx7, a novel subfamily of LIM homeodomain encoding genes, 
suggests a role in mammalian head development. Development 
125:2063-2074. 



Bibliography 

121 
 

Griveau A, Borello U, Causeret F, Tissir F, Boggetto N, Karaz S, Pierani A (2010) A 
novel role for Dbx1-derived Cajal-Retzius cells in early regionalization of 
the cerebral cortical neuroepithelium. PLoS Biol 8:e1000440. 

Guillemot F (2005) Cellular and molecular control of neurogenesis in the 
mammalian telencephalon. Curr Opin Cell Biol 17:639-647. 

Guillemot F (2007) Spatial and temporal specification of neural fates by 
transcription factor codes. Development 134:3771-3780. 

Gulacsi A, Anderson SA (2006) Shh maintains Nkx2.1 in the MGE by a Gli3-
independent mechanism. Cereb Cortex 16 Suppl 1:i89-95. 

Gulacsi A, Lillien L (2003) Sonic hedgehog and bone morphogenetic protein 
regulate interneuron development from dorsal telencephalic progenitors 
in vitro. J Neurosci 23:9862-9872. 

Gunhaga L, Marklund M, Sjodal M, Hsieh JC, Jessell TM, Edlund T (2003) 
Specification of dorsal telencephalic character by sequential Wnt and FGF 
signaling. Nature neuroscience 6:701-707. 

Hansen DV, Lui JH, Parker PR, Kriegstein AR (2010) Neurogenic radial glia in the 
outer subventricular zone of human neocortex. Nature 464:554-561. 

Harvey RJ, Depner UB, Wassle H, Ahmadi S, Heindl C, Reinold H, Smart TG, Harvey 
K, Schutz B, Abo-Salem OM, Zimmer A, Poisbeau P, Welzl H, Wolfer DP, 
Betz H, Zeilhofer HU, Muller U (2004) GlyR alpha3: an essential target for 
spinal PGE2-mediated inflammatory pain sensitization. Science 304:884-
887. 

Harvey RJ, Schmieden V, Von Holst A, Laube B, Rohrer H, Betz H (2000) Glycine 
receptors containing the alpha4 subunit in the embryonic sympathetic 
nervous system, spinal cord and male genital ridge. Eur J Neurosci 12:994-
1001. 

Hashimoto T, Volk DW, Eggan SM, Mirnics K, Pierri JN, Sun Z, Sampson AR, Lewis 
DA (2003) Gene expression deficits in a subclass of GABA neurons in the 
prefrontal cortex of subjects with schizophrenia. J Neurosci 23:6315-6326. 

Hatakeyama J, Bessho Y, Katoh K, Ookawara S, Fujioka M, Guillemot F, Kageyama 
R (2004) Hes genes regulate size, shape and histogenesis of the nervous 
system by control of the timing of neural stem cell differentiation. 
Development 131:5539-5550. 

Haydar TF, Wang F, Schwartz ML, Rakic P (2000) Differential modulation of 
proliferation in the neocortical ventricular and subventricular zones. J 
Neurosci 20:5764-5774. 

Hebert JM (2005) Unraveling the molecular pathways that regulate early 
telencephalon development. Curr Top Dev Biol 69:17-37. 

Heck N, Kilb W, Reiprich P, Kubota H, Furukawa T, Fukuda A, Luhmann HJ (2007) 
GABA-A receptors regulate neocortical neuronal migration in vitro and in 
vivo. Cerebral cortex 17:138-148. 



Bibliography 

122 
 

Hendry SH, Carder RK (1993) Neurochemical compartmentation of monkey and 
human visual cortex: similarities and variations in calbindin 
immunoreactivity across species. Vis Neurosci 10:1109-1120. 

Heng JI, Moonen G, Nguyen L (2007) Neurotransmitters regulate cell migration in 
the telencephalon. Eur J Neurosci 26:537-546. 

Herculano-Houzel S, Collins CE, Wong P, Kaas JH, Lent R (2008) The basic 
nonuniformity of the cerebral cortex. Proc Natl Acad Sci U S A 105:12593-
12598. 

Hernandez-Miranda LR, Cariboni A, Faux C, Ruhrberg C, Cho JH, Cloutier JF, 
Eickholt BJ, Parnavelas JG, Andrews WD (2011) Robo1 regulates 
semaphorin signaling to guide the migration of cortical interneurons 
through the ventral forebrain. J Neurosci 31:6174-6187. 

Hevner RF, Daza RA, Englund C, Kohtz J, Fink A (2004) Postnatal shifts of 
interneuron position in the neocortex of normal and reeler mice: evidence 
for inward radial migration. Neuroscience 124:605-618. 

Hevner RF, Neogi T, Englund C, Daza RA, Fink A (2003) Cajal-Retzius cells in the 
mouse: transcription factors, neurotransmitters, and birthdays suggest a 
pallial origin. Brain Res Dev Brain Res 141:39-53. 

Hirata H, Yoshiura S, Ohtsuka T, Bessho Y, Harada T, Yoshikawa K, Kageyama R 
(2002) Oscillatory expression of the bHLH factor Hes1 regulated by a 
negative feedback loop. Science 298:840-843. 

Hodge RD, D'Ercole AJ, O'Kusky JR (2004) Insulin-like growth factor-I accelerates 
the cell cycle by decreasing G1 phase length and increases cell cycle 
reentry in the embryonic cerebral cortex. J Neurosci 24:10201-10210. 

Holmgren CD, Mukhtarov M, Malkov AE, Popova IY, Bregestovski P, Zilberter Y 
(2010) Energy substrate availability as a determinant of neuronal resting 
potential, GABA signaling and spontaneous network activity in the 
neonatal cortex in vitro. J Neurochem 112:900-912. 

Horton S, Meredith A, Richardson JA, Johnson JE (1999) Correct coordination of 
neuronal differentiation events in ventral forebrain requires the bHLH 
factor MASH1. Molecular and cellular neurosciences 14:355-369. 

Huang C, Ni Y, Wang T, Gao Y, Haudenschild CC, Zhan X (1997) Down-regulation of 
the filamentous actin cross-linking activity of cortactin by Src-mediated 
tyrosine phosphorylation. J Biol Chem 272:13911-13915. 

Huguenard JR, Hamill OP, Prince DA (1988) Developmental changes in Na+ 
conductances in rat neocortical neurons: appearance of a slowly 
inactivating component. J Neurophysiol 59:778-795. 

Hussy N, Deleuze C, Pantaloni A, Desarmenien MG, Moos F (1997) Agonist action 
of taurine on glycine receptors in rat supraoptic magnocellular neurones: 
possible role in osmoregulation. J Physiol 502 ( Pt 3):609-621. 



Bibliography 

123 
 

Huttner WB, Kosodo Y (2005) Symmetric versus asymmetric cell division during 
neurogenesis in the developing vertebrate central nervous system. Curr 
Opin Cell Biol 17:648-657. 

Ichinohe A, Kure S, Mikawa S, Ueki T, Kojima K, Fujiwara K, Iinuma K, Matsubara Y, 
Sato K (2004) Glycine cleavage system in neurogenic regions. The 
European journal of neuroscience 19:2365-2370. 

Inada H, Watanabe M, Uchida T, Ishibashi H, Wake H, Nemoto T, Yanagawa Y, 
Fukuda A, Nabekura J (2011) GABA regulates the multidirectional 
tangential migration of GABAergic interneurons in living neonatal mice. 
PLoS One 6:e27048. 

Inamura N, Kimura T, Tada S, Kurahashi T, Yanagida M, Yanagawa Y, Ikenaka K, 
Murakami F (2012) Intrinsic and extrinsic mechanisms control the 
termination of cortical interneuron migration. J Neurosci 32:6032-6042. 

Inoue K, Furukawa T, Kumada T, Yamada J, Wang T, Inoue R, Fukuda A (2012) 
Taurine Inhibits K+-Cl- Cotransporter KCC2 to Regulate Embryonic Cl- 
Homeostasis via With-no-lysine (WNK) Protein Kinase Signaling Pathway. J 
Biol Chem 287:20839-20850. 

Itoh M, Kim CH, Palardy G, Oda T, Jiang YJ, Maust D, Yeo SY, Lorick K, Wright GJ, 
Ariza-McNaughton L, Weissman AM, Lewis J, Chandrasekharappa SC, 
Chitnis AB (2003) Mind bomb is a ubiquitin ligase that is essential for 
efficient activation of Notch signaling by Delta. Developmental cell 4:67-
82. 

Jagasia R, Steib K, Englberger E, Herold S, Faus-Kessler T, Saxe M, Gage FH, Song H, 
Lie DC (2009) GABA-cAMP response element-binding protein signaling 
regulates maturation and survival of newly generated neurons in the adult 
hippocampus. J Neurosci 29:7966-7977. 

Jakovcevski I, Mayer N, Zecevic N (2011) Multiple origins of human neocortical 
interneurons are supported by distinct expression of transcription factors. 
Cerebral cortex 21:1771-1782. 

Ji F, Kanbara N, Obata K (1999) GABA and histogenesis in fetal and neonatal 
mouse brain lacking both the isoforms of glutamic acid decarboxylase. 
Neurosci Res 33:187-194. 

Jonsson S, Morud J, Pickering C, Adermark L, Ericson M, Soderpalm B (2012) 
Changes in glycine receptor subunit expression in forebrain regions of the 
Wistar rat over development. Brain Res 1446:12-21. 

Kageyama R, Ohtsuka T, Shimojo H, Imayoshi I (2008) Dynamic Notch signaling in 
neural progenitor cells and a revised view of lateral inhibition. Nature 
neuroscience 11:1247-1251. 

Kakita A, Goldman JE (1999) Patterns and dynamics of SVZ cell migration in the 
postnatal forebrain: monitoring living progenitors in slice preparations. 
Neuron 23:461-472. 



Bibliography 

124 
 

Kash SF, Johnson RS, Tecott LH, Noebels JL, Mayfield RD, Hanahan D, Baekkeskov 
S (1997) Epilepsy in mice deficient in the 65-kDa isoform of glutamic acid 
decarboxylase. Proc Natl Acad Sci U S A 94:14060-14065. 

Khakhalin AS (2011) Questioning the depolarizing effects of GABA during early 
brain development. J Neurophysiol 106:1065-1067. 

Kilb W, Hanganu IL, Okabe A, Sava BA, Shimizu-Okabe C, Fukuda A, Luhmann HJ 
(2008) Glycine receptors mediate excitation of subplate neurons in 
neonatal rat cerebral cortex. J Neurophysiol 100:698-707. 

Kilb W, Ikeda M, Uchida K, Okabe A, Fukuda A, Luhmann HJ (2002) Depolarizing 
glycine responses in Cajal-Retzius cells of neonatal rat cerebral cortex. 
Neuroscience 112:299-307. 

Kohtz JD, Baker DP, Corte G, Fishell G (1998) Regionalization within the 
mammalian telencephalon is mediated by changes in responsiveness to 
Sonic Hedgehog. Development 125:5079-5089. 

Komuro H, Rakic P (1993) Modulation of neuronal migration by NMDA receptors. 
Science 260:95-97. 

Komuro H, Rakic P (1998) Orchestration of neuronal migration by activity of ion 
channels, neurotransmitter receptors, and intracellular Ca2+ fluctuations. 
Journal of Neurobiology 37:110-130. 

Kowalczyk T, Pontious A, Englund C, Daza RA, Bedogni F, Hodge R, Attardo A, Bell 
C, Huttner WB, Hevner RF (2009) Intermediate neuronal progenitors 
(basal progenitors) produce pyramidal-projection neurons for all layers of 
cerebral cortex. Cereb Cortex 19:2439-2450. 

Kriegstein AR, Noctor SC (2004) Patterns of neuronal migration in the embryonic 
cortex. Trends Neurosci 27:392-399. 

Kuhn R, Schwenk F, Aguet M, Rajewsky K (1995) Inducible gene targeting in mice. 
Science 269:1427-1429. 

Kunz PA, Burette AC, Weinberg RJ, Philpot BD (2012) Glycine receptors support 
excitatory neurotransmitter release in developing mouse visual cortex. J 
Physiol 590:5749-5764. 

Lange C, Huttner WB, Calegari F (2009) Cdk4/cyclinD1 overexpression in neural 
stem cells shortens G1, delays neurogenesis, and promotes the 
generation and expansion of basal progenitors. Cell Stem Cell 5:320-331. 

Lavdas AA, Grigoriou M, Pachnis V, Parnavelas JG (1999) The medial ganglionic 
eminence gives rise to a population of early neurons in the developing 
cerebral cortex. J Neurosci 19:7881-7888. 

Le-Corronc H, Rigo JM, Branchereau P, Legendre P (2011) GABA(A) receptor and 
glycine receptor activation by paracrine/autocrine release of endogenous 
agonists: more than a simple communication pathway. Mol Neurobiol 
44:28-52. 



Bibliography 

125 
 

Lee H, Chen CX, Liu YJ, Aizenman E, Kandler K (2005) KCC2 expression in immature 
rat cortical neurons is sufficient to switch the polarity of GABA responses. 
The European journal of neuroscience 21:2593-2599. 

Lee S, Hjerling-Leffler J, Zagha E, Fishell G, Rudy B (2010) The largest group of 
superficial neocortical GABAergic interneurons expresses ionotropic 
serotonin receptors. J Neurosci 30:16796-16808. 

Leone DP, Srinivasan K, Brakebusch C, McConnell SK (2010) The rho GTPase Rac1 
is required for proliferation and survival of progenitors in the developing 
forebrain. Dev Neurobiol 70:659-678. 

Letinic K, Zoncu R, Rakic P (2002) Origin of GABAergic neurons in the human 
neocortex. Nature 417:645-649. 

Levitt P, Eagleson KL, Powell EM (2004) Regulation of neocortical interneuron 
development and the implications for neurodevelopmental disorders. 
Trends Neurosci 27:400-406. 

Li B, DiCicco-Bloom E (2004) Basic fibroblast growth factor exhibits dual and rapid 
regulation of cyclin D1 and p27 to stimulate proliferation of rat cerebral 
cortical precursors. Dev Neurosci 26:197-207. 

Li H, Chou SJ, Hamasaki T, Perez-Garcia CG, O'Leary DD (2012) Neuregulin 
repellent signaling via ErbB4 restricts GABAergic interneurons to 
migratory paths from ganglionic eminence to cortical destinations. Neural 
Dev 7:10. 

Li H, Khirug S, Cai C, Ludwig A, Blaesse P, Kolikova J, Afzalov R, Coleman SK, Lauri 
S, Airaksinen MS, Keinanen K, Khiroug L, Saarma M, Kaila K, Rivera C 
(2007) KCC2 interacts with the dendritic cytoskeleton to promote spine 
development. Neuron 56:1019-1033. 

Liodis P, Denaxa M, Grigoriou M, Akufo-Addo C, Yanagawa Y, Pachnis V (2007) 
Lhx6 activity is required for the normal migration and specification of 
cortical interneuron subtypes. J Neurosci 27:3078-3089. 

Liu X, Wang Q, Haydar TF, Bordey A (2005) Nonsynaptic GABA signaling in 
postnatal subventricular zone controls proliferation of GFAP-expressing 
progenitors. Nat Neurosci 8:1179-1187. 

Llanos MN, Ronco AM, Aguirre MC, Meizel S (2001) Hamster sperm glycine 
receptor: evidence for its presence and involvement in the acrosome 
reaction. Molecular reproduction and development 58:205-215. 

Lo Turco JJ, Kriegstein AR (1991) Clusters of coupled neuroblasts in embryonic 
neocortex. Science 252:563-566. 

Long JE, Cobos I, Potter GB, Rubenstein JL (2009) Dlx1&2 and Mash1 transcription 
factors control MGE and CGE patterning and differentiation through 
parallel and overlapping pathways. Cereb Cortex 19 Suppl 1:i96-106. 

Long JE, Garel S, Alvarez-Dolado M, Yoshikawa K, Osumi N, Alvarez-Buylla A, 
Rubenstein JL (2007) Dlx-dependent and -independent regulation of 
olfactory bulb interneuron differentiation. J Neurosci 27:3230-3243. 



Bibliography 

126 
 

Lopez-Bendito G, Lujan R, Shigemoto R, Ganter P, Paulsen O, Molnar Z (2003) 
Blockade of GABA(B) receptors alters the tangential migration of cortical 
neurons. Cereb Cortex 13:932-942. 

Lopez-Bendito G, Sanchez-Alcaniz JA, Pla R, Borrell V, Pico E, Valdeolmillos M, 
Marin O (2008) Chemokine signaling controls intracortical migration and 
final distribution of GABAergic interneurons. J Neurosci 28:1613-1624. 

Lopez-Bendito G, Sturgess K, Erdelyi F, Szabo G, Molnar Z, Paulsen O (2004) 
Preferential origin and layer destination of GAD65-GFP cortical 
interneurons. Cerebral cortex 14:1122-1133. 

LoTurco JJ, Blanton MG, Kriegstein AR (1991) Initial expression and endogenous 
activation of NMDA channels in early neocortical development. J Neurosci 
11:792-799. 

LoTurco JJ, Mody I, Kriegstein AR (1990) Differential activation of glutamate 
receptors by spontaneously released transmitter in slices of neocortex. 
Neuroscience Letters 114:265-271. 

LoTurco JJ, Owens DF, Heath MJ, Davis MB, Kriegstein AR (1995) GABA and 
glutamate depolarize cortical progenitor cells and inhibit DNA synthesis. 
Neuron 15:1287-1298. 

Lowery LA, Van Vactor D (2009) The trip of the tip: understanding the growth 
cone machinery. Nat Rev Mol Cell Biol 10:332-343. 

Lui JH, Hansen DV, Kriegstein AR (2011) Development and evolution of the human 
neocortex. Cell 146:18-36. 

Lukaszewicz A, Savatier P, Cortay V, Kennedy H, Dehay C (2002) Contrasting 
effects of basic fibroblast growth factor and neurotrophin 3 on cell cycle 
kinetics of mouse cortical stem cells. J Neurosci 22:6610-6622. 

Lupo G, Harris WA, Lewis KE (2006) Mechanisms of ventral patterning in the 
vertebrate nervous system. Nat Rev Neurosci 7:103-114. 

Lynch JW (2009) Native glycine receptor subtypes and their physiological roles. 
Neuropharmacology 56:303-309. 

Lynch JW, Callister RJ (2006) Glycine receptors: a new therapeutic target in pain 
pathways. Curr Opin Investig Drugs 7:48-53. 

Lynch JW, Rajendra S, Barry PH, Schofield PR (1995) Mutations affecting the 
glycine receptor agonist transduction mechanism convert the competitive 
antagonist, picrotoxin, into an allosteric potentiator. J Biol Chem 
270:13799-13806. 

Lysko DE, Putt M, Golden JA (2011) SDF1 regulates leading process branching and 
speed of migrating interneurons. J Neurosci 31:1739-1745. 

Mairet-Coello G, Tury A, DiCicco-Bloom E (2009) Insulin-like growth factor-1 
promotes G(1)/S cell cycle progression through bidirectional regulation of 
cyclins and cyclin-dependent kinase inhibitors via the phosphatidylinositol 
3-kinase/Akt pathway in developing rat cerebral cortex. J Neurosci 
29:775-788. 



Bibliography 

127 
 

Mairet-Coello G, Tury A, Van Buskirk E, Robinson K, Genestine M, DiCicco-Bloom E 
(2012) p57(KIP2) regulates radial glia and intermediate precursor cell 
cycle dynamics and lower layer neurogenesis in developing cerebral 
cortex. Development 139:475-487. 

Malatesta P, Hack MA, Hartfuss E, Kettenmann H, Klinkert W, Kirchhoff F, Gotz M 
(2003) Neuronal or glial progeny: regional differences in radial glia fate. 
Neuron 37:751-764. 

Malosio ML, Marqueze-Pouey B, Kuhse J, Betz H (1991) Widespread expression of 
glycine receptor subunit mRNAs in the adult and developing rat brain. 
Embo J 10:2401-2409. 

Manent JB, Demarque M, Jorquera I, Pellegrino C, Ben-Ari Y, Aniksztejn L, Represa 
A (2005) A noncanonical release of GABA and glutamate modulates 
neuronal migration. J Neurosci 25:4755-4765. 

Manent JB, Jorquera I, Ben-Ari Y, Aniksztejn L, Represa A (2006) Glutamate acting 
on AMPA but not NMDA receptors modulates the migration of 
hippocampal interneurons. J Neurosci 26:5901-5909. 

Mangin JM, Nguyen L, Gougnard C, Hans G, Rogister B, Belachew S, Moonen G, 
Legendre P, Rigo JM (2005) Developmental regulation of beta-carboline-
induced inhibition of glycine-evoked responses depends on glycine 
receptor beta subunit expression. Mol Pharmacol 67:1783-1796. 

Mantamadiotis T, Lemberger T, Bleckmann SC, Kern H, Kretz O, Martin Villalba A, 
Tronche F, Kellendonk C, Gau D, Kapfhammer J, Otto C, Schmid W, Schutz 
G (2002) Disruption of CREB function in brain leads to neurodegeneration. 
Nat Genet 31:47-54. 

Manzke T, Niebert M, Koch UR, Caley A, Vogelgesang S, Hulsmann S, Ponimaskin 
E, Muller U, Smart TG, Harvey RJ, Richter DW (2010) Serotonin receptor 
1A-modulated phosphorylation of glycine receptor alpha3 controls 
breathing in mice. J Clin Invest 120:4118-4128. 

Maric D, Liu QY, Maric I, Chaudry S, Chang YH, Smith SV, Sieghart W, Fritschy JM, 
Barker JL (2001) GABA expression dominates neuronal lineage 
progression in the embryonic rat neocortex and facilitates neurite 
outgrowth via GABA(A) autoreceptor/Cl- channels. J Neurosci 21:2343-
2360. 

Marin O (2012) Interneuron dysfunction in psychiatric disorders. Nat Rev Neurosci 
13:107-120. 

Marin O (2013) Cellular and molecular mechanisms controlling the migration of 
neocortical interneurons. Eur J Neurosci. 

Marin O, Anderson SA, Rubenstein JL (2000) Origin and molecular specification of 
striatal interneurons. J Neurosci 20:6063-6076. 

Marin O, Plump AS, Flames N, Sanchez-Camacho C, Tessier-Lavigne M, Rubenstein 
JL (2003) Directional guidance of interneuron migration to the cerebral 



Bibliography 

128 
 

cortex relies on subcortical Slit1/2-independent repulsion and cortical 
attraction. Development 130:1889-1901. 

Marin O, Rubenstein JL (2001) A long, remarkable journey: tangential migration in 
the telencephalon. Nat Rev Neurosci 2:780-790. 

Marin O, Rubenstein JL (2003) Cell migration in the forebrain. Annu Rev Neurosci 
26:441-483. 

Marin O, Valiente M, Ge X, Tsai LH (2010) Guiding neuronal cell migrations. Cold 
Spring Harb Perspect Biol 2:a001834. 

Marin O, Yaron A, Bagri A, Tessier-Lavigne M, Rubenstein JL (2001) Sorting of 
striatal and cortical interneurons regulated by semaphorin-neuropilin 
interactions. Science 293:872-875. 

Marklund M, Sjodal M, Beehler BC, Jessell TM, Edlund T, Gunhaga L (2004) 
Retinoic acid signalling specifies intermediate character in the developing 
telencephalon. Development 131:4323-4332. 

Martini FJ, Valdeolmillos M (2010) Actomyosin contraction at the cell rear drives 
nuclear translocation in migrating cortical interneurons. J Neurosci 
30:8660-8670. 

Martini FJ, Valiente M, Lopez Bendito G, Szabo G, Moya F, Valdeolmillos M, Marin 
O (2009) Biased selection of leading process branches mediates 
chemotaxis during tangential neuronal migration. Development 136:41-
50. 

Martins GJ, Shahrokh M, Powell EM (2011) Genetic disruption of Met signaling 
impairs GABAergic striatal development and cognition. Neuroscience 
176:199-209. 

McGahon MK, Zhang X, Scholfield CN, Curtis TM, McGeown JG (2007) Selective 
downregulation of the BKbeta1 subunit in diabetic arteriolar myocytes. 
Channels (Austin) 1:141-143. 

Meijering E, Dzyubachyk O, Smal I (2012) Methods for cell and particle tracking. 
Methods Enzymol 504:183-200. 

Meizel S, Son JH (2005) Studies of sperm from mutant mice suggesting that two 
neurotransmitter receptors are important to the zona pellucida-initiated 
acrosome reaction. Molecular reproduction and development 72:250-
258. 

Merot Y, Retaux S, Heng JI (2009) Molecular mechanisms of projection neuron 
production and maturation in the developing cerebral cortex. Seminars in 
cell & developmental biology 20:726-734. 

Merz K, Herold S, Lie DC (2011) CREB in adult neurogenesis--master and partner in 
the development of adult-born neurons? Eur J Neurosci 33:1078-1086. 

Metin C, Baudoin JP, Rakic S, Parnavelas JG (2006) Cell and molecular mechanisms 
involved in the migration of cortical interneurons. Eur J Neurosci 23:894-
900. 



Bibliography 

129 
 

Metin C, Denizot JP, Ropert N (2000) Intermediate zone cells express calcium-
permeable AMPA receptors and establish close contact with growing 
axons. J Neurosci 20:696-708. 

Miller MW (1985) Cogeneration of retrogradely labeled corticocortical projection 
and GABA-immunoreactive local circuit neurons in cerebral cortex. Brain 
research 355:187-192. 

Mo Z, Moore AR, Filipovic R, Ogawa Y, Kazuhiro I, Antic SD, Zecevic N (2007) 
Human cortical neurons originate from radial glia and neuron-restricted 
progenitors. J Neurosci 27:4132-4145. 

Mo Z, Zecevic N (2008) Is Pax6 critical for neurogenesis in the human fetal brain? 
Cereb Cortex 18:1455-1465. 

Molnar Z, Hoerder-Suabedissen A, Wang WZ, DeProto J, Davies K, Lee S, Jacobs 
EC, Campagnoni AT, Paulsen O, Pinon MC, Cheung AF (2007) Genes 
involved in the formation of the earliest cortical circuits. Novartis 
Foundation symposium 288:212-224; discussion 224-219, 276-281. 

Molnar Z, Metin C, Stoykova A, Tarabykin V, Price DJ, Francis F, Meyer G, Dehay C, 
Kennedy H (2006) Comparative aspects of cerebral cortical development. 
Eur J Neurosci 23:921-934. 

Morris HM, Hashimoto T, Lewis DA (2008) Alterations in somatostatin mRNA 
expression in the dorsolateral prefrontal cortex of subjects with 
schizophrenia or schizoaffective disorder. Cereb Cortex 18:1575-1587. 

Moss SJ, Smart TG (2001) Constructing inhibitory synapses. Nat Rev Neurosci 
2:240-250. 

Mountcastle VB (1997) The columnar organization of the neocortex. Brain : a 
journal of neurology 120 ( Pt 4):701-722. 

Mutch CA, Schulte JD, Olson E, Chenn A (2010) Beta-catenin signaling negatively 
regulates intermediate progenitor population numbers in the developing 
cortex. PLoS One 5:e12376. 

Nadarajah B, Alifragis P, Wong RO, Parnavelas JG (2002) Ventricle-directed 
migration in the developing cerebral cortex. Nat Neurosci 5:218-224. 

Nadarajah B, Brunstrom JE, Grutzendler J, Wong RO, Pearlman AL (2001) Two 
modes of radial migration in early development of the cerebral cortex. 
Nat Neurosci 4:143-150. 

Nadarajah B, Parnavelas JG (2002) Modes of neuronal migration in the developing 
cerebral cortex. Nat Rev Neurosci 3:423-432. 

Nery S, Corbin JG, Fishell G (2003) Dlx2 progenitor migration in wild type and 
Nkx2.1 mutant telencephalon. Cerebral cortex 13:895-903. 

Nery S, Fishell G, Corbin JG (2002) The caudal ganglionic eminence is a source of 
distinct cortical and subcortical cell populations. Nat Neurosci 5:1279-
1287. 



Bibliography 

130 
 

Nguyen L, Malgrange B, Belachew S, Rogister B, Rocher V, Moonen G, Rigo JM 
(2002) Functional glycine receptors are expressed by postnatal nestin-
positive neural stem/progenitor cells. Eur J Neurosci 15:1299-1305. 

Nguyen L, Malgrange B, Breuskin I, Bettendorff L, Moonen G, Belachew S, Rigo JM 
(2003) Autocrine/paracrine activation of the GABA(A) receptor inhibits 
the proliferation of neurogenic polysialylated neural cell adhesion 
molecule-positive (PSA-NCAM+) precursor cells from postnatal striatum. J 
Neurosci 23:3278-3294. 

Nguyen L, Rigo JM, Rocher V, Belachew S, Malgrange B, Rogister B, Leprince P, 
Moonen G (2001) Neurotransmitters as early signals for central nervous 
system development. Cell Tissue Res 305:187-202. 

Nimmervoll B, Denter DG, Sava I, Kilb W, Luhmann HJ (2011) Glycine receptors 
influence radial migration in the embryonic mouse neocortex. 
Neuroreport 22:509-513. 

Noctor SC, Flint AC, Weissman TA, Dammerman RS, Kriegstein AR (2001) Neurons 
derived from radial glial cells establish radial units in neocortex. Nature 
409:714-720. 

Noctor SC, Martinez-Cerdeno V, Ivic L, Kriegstein AR (2004) Cortical neurons arise 
in symmetric and asymmetric division zones and migrate through specific 
phases. Nat Neurosci 7:136-144. 

Noctor SC, Martinez-Cerdeno V, Kriegstein AR (2008) Distinct behaviors of neural 
stem and progenitor cells underlie cortical neurogenesis. The Journal of 
Comparative Neurology 508:28-44. 

O'Gorman S, Dagenais NA, Qian M, Marchuk Y (1997) Protamine-Cre recombinase 
transgenes efficiently recombine target sequences in the male germ line 
of mice, but not in embryonic stem cells. Proc Natl Acad Sci U S A 
94:14602-14607. 

Okabe A, Kilb W, Shimizu-Okabe C, Hanganu IL, Fukuda A, Luhmann HJ (2004) 
Homogenous glycine receptor expression in cortical plate neurons and 
Cajal-Retzius cells of neonatal rat cerebral cortex. Neuroscience 123:715-
724. 

Owens DF, Boyce LH, Davis MB, Kriegstein AR (1996) Excitatory GABA responses in 
embryonic and neonatal cortical slices demonstrated by gramicidin 
perforated-patch recordings and calcium imaging. J Neurosci 16:6414-
6423. 

Owens DF, Liu X, Kriegstein AR (1999) Changing properties of GABA(A) receptor-
mediated signaling during early neocortical development. Journal of 
Neurophysiology 82:570-583. 

Paina S, Garzotto D, DeMarchis S, Marino M, Moiana A, Conti L, Cattaneo E, 
Perera M, Corte G, Calautti E, Merlo GR (2011) Wnt5a is a transcriptional 
target of Dlx homeogenes and promotes differentiation of interneuron 
progenitors in vitro and in vivo. J Neurosci 31:2675-2687. 



Bibliography 

131 
 

Parnavelas JG (2000) The origin and migration of cortical neurones: new vistas. 
Trends Neurosci 23:126-131. 

Peduzzi JD (1988) Genesis of GABA-immunoreactive neurons in the ferret visual 
cortex. J Neurosci 8:920-931. 

Peifer M, Polakis P (2000) Wnt signaling in oncogenesis and embryogenesis--a 
look outside the nucleus. Science 287:1606-1609. 

Penagarikano O, Abrahams BS, Herman EI, Winden KD, Gdalyahu A, Dong H, 
Sonnenblick LI, Gruver R, Almajano J, Bragin A, Golshani P, Trachtenberg 
JT, Peles E, Geschwind DH (2011) Absence of CNTNAP2 leads to epilepsy, 
neuronal migration abnormalities, and core autism-related deficits. Cell 
147:235-246. 

Petanjek Z, Berger B, Esclapez M (2009) Origins of cortical GABAergic neurons in 
the cynomolgus monkey. Cereb Cortex 19:249-262. 

Petryniak MA, Potter GB, Rowitch DH, Rubenstein JL (2007) Dlx1 and Dlx2 control 
neuronal versus oligodendroglial cell fate acquisition in the developing 
forebrain. Neuron 55:417-433. 

Pfeiffer F, Graham D, Betz H (1982) Purification by affinity chromatography of the 
glycine receptor of rat spinal cord. J Biol Chem 257:9389-9393. 

Pilaz LJ, Patti D, Marcy G, Ollier E, Pfister S, Douglas RJ, Betizeau M, Gautier E, 
Cortay V, Doerflinger N, Kennedy H, Dehay C (2009) Forced G1-phase 
reduction alters mode of division, neuron number, and laminar 
phenotype in the cerebral cortex. Proc Natl Acad Sci U S A 106:21924-
21929. 

Piton A, Gauthier J, Hamdan FF, Lafreniere RG, Yang Y, Henrion E, Laurent S, 
Noreau A, Thibodeau P, Karemera L, Spiegelman D, Kuku F, Duguay J, 
Destroismaisons L, Jolivet P, Cote M, Lachapelle K, Diallo O, Raymond A, 
Marineau C, Champagne N, Xiong L, Gaspar C, Riviere JB, Tarabeux J, 
Cossette P, Krebs MO, Rapoport JL, Addington A, Delisi LE, Mottron L, 
Joober R, Fombonne E, Drapeau P, Rouleau GA (2011) Systematic 
resequencing of X-chromosome synaptic genes in autism spectrum 
disorder and schizophrenia. Mol Psychiatry 16:867-880. 

Pla R, Borrell V, Flames N, Marin O (2006) Layer acquisition by cortical GABAergic 
interneurons is independent of Reelin signaling. J Neurosci 26:6924-6934. 

Platel JC, Boisseau S, Dupuis A, Brocard J, Poupard A, Savasta M, Villaz M, Albrieux 
M (2005) Na+ channel-mediated Ca2+ entry leads to glutamate secretion 
in mouse neocortical preplate. Proc Natl Acad Sci U S A 102:19174-19179. 

Pleasure SJ, Anderson S, Hevner R, Bagri A, Marin O, Lowenstein DH, Rubenstein 
JL (2000) Cell migration from the ganglionic eminences is required for the 
development of hippocampal GABAergic interneurons. Neuron 28:727-
740. 



Bibliography 

132 
 

Polleux F, Whitford KL, Dijkhuizen PA, Vitalis T, Ghosh A (2002) Control of cortical 
interneuron migration by neurotrophins and PI3-kinase signaling. 
Development 129:3147-3160. 

Poluch S, Drian MJ, Durand M, Astier C, Benyamin Y, Konig N (2001) AMPA 
receptor activation leads to neurite retraction in tangentially migrating 
neurons in the intermediate zone of the embryonic rat neocortex. J 
Neurosci Res 63:35-44. 

Powell EM, Mars WM, Levitt P (2001) Hepatocyte growth factor/scatter factor is a 
motogen for interneurons migrating from the ventral to dorsal 
telencephalon. Neuron 30:79-89. 

Pozas E, Ibanez CF (2005) GDNF and GFRalpha1 promote differentiation and 
tangential migration of cortical GABAergic neurons. Neuron 45:701-713. 

Pribilla I, Takagi T, Langosch D, Bormann J, Betz H (1992) The atypical M2 segment 
of the beta subunit confers picrotoxinin resistance to inhibitory glycine 
receptor channels. Embo J 11:4305-4311. 

Probst A, Cortes R, Palacios JM (1986) The distribution of glycine receptors in the 
human brain. A light microscopic autoradiographic study using 
[3H]strychnine. Neuroscience 17:11-35. 

Qiu R, Wang X, Davy A, Wu C, Murai K, Zhang H, Flanagan JG, Soriano P, Lu Q 
(2008) Regulation of neural progenitor cell state by ephrin-B. J Cell Biol 
181:973-983. 

Rakic P (2003) Developmental and evolutionary adaptations of cortical radial glia. 
Cereb Cortex 13:541-549. 

Rakic P (2008) Confusing cortical columns. Proc Natl Acad Sci U S A 105:12099-
12100. 

Rallu M, Machold R, Gaiano N, Corbin JG, McMahon AP, Fishell G (2002) 
Dorsoventral patterning is established in the telencephalon of mutants 
lacking both Gli3 and Hedgehog signaling. Development 129:4963-4974. 

Rees MI, Harvey K, Ward H, White JH, Evans L, Duguid IC, Hsu CC, Coleman SL, 
Miller J, Baer K, Waldvogel HJ, Gibbon F, Smart TG, Owen MJ, Harvey RJ, 
Snell RG (2003) Isoform heterogeneity of the human gephyrin gene 
(GPHN), binding domains to the glycine receptor, and mutation analysis in 
hyperekplexia. J Biol Chem 278:24688-24696. 

Represa A, Ben-Ari Y (2005) Trophic actions of GABA on neuronal development. 
Trends Neurosci 28:278-283. 

Rheims S, Minlebaev M, Ivanov A, Represa A, Khazipov R, Holmes GL, Ben-Ari Y, 
Zilberter Y (2008) Excitatory GABA in rodent developing neocortex in 
vitro. Journal of Neurophysiology 100:609-619. 

Riccio O, Potter G, Walzer C, Vallet P, Szabo G, Vutskits L, Kiss JZ, Dayer AG (2009) 
Excess of serotonin affects embryonic interneuron migration through 
activation of the serotonin receptor 6. Mol Psychiatry 14:280-290. 



Bibliography 

133 
 

Rudolph J, Zimmer G, Steinecke A, Barchmann S, Bolz J (2010) Ephrins guide 
migrating cortical interneurons in the basal telencephalon. Cell Adh Migr 
4:400-408. 

Sahara S, Yanagawa Y, O'Leary DD, Stevens CF (2012) The fraction of cortical 
GABAergic neurons is constant from near the start of cortical 
neurogenesis to adulthood. J Neurosci 32:4755-4761. 

Sanada K, Tsai LH (2005) G protein betagamma subunits and AGS3 control spindle 
orientation and asymmetric cell fate of cerebral cortical progenitors. Cell 
122:119-131. 

Sansom SN, Livesey FJ (2009) Gradients in the brain: the control of the 
development of form and function in the cerebral cortex. Cold Spring 
Harb Perspect Biol 1:a002519. 

Sato Y, Son JH, Meizel S (2000) The mouse sperm glycine receptor/chloride 
channel: cellular localization and involvement in the acrosome reaction 
initiated by glycine. Journal of andrology 21:99-106. 

Scain AL, Le Corronc H, Allain AE, Muller E, Rigo JM, Meyrand P, Branchereau P, 
Legendre P (2010) Glycine release from radial cells modulates the 
spontaneous activity and its propagation during early spinal cord 
development. J Neurosci 30:390-403. 

Schaar BT, McConnell SK (2005) Cytoskeletal coordination during neuronal 
migration. Proc Natl Acad Sci U S A 102:13652-13657. 

Schenk J, Wilsch-Brauninger M, Calegari F, Huttner WB (2009) Myosin II is 
required for interkinetic nuclear migration of neural progenitors. Proc 
Natl Acad Sci U S A 106:16487-16492. 

Schmieden V, Kuhse J, Betz H (1992) Agonist pharmacology of neonatal and adult 
glycine receptor alpha subunits: identification of amino acid residues 
involved in taurine activation. Embo J 11:2025-2032. 

Sessa A, Mao CA, Hadjantonakis AK, Klein WH, Broccoli V (2008) Tbr2 directs 
conversion of radial glia into basal precursors and guides neuronal 
amplification by indirect neurogenesis in the developing neocortex. 
Neuron 60:56-69. 

Seybold BA, Stanco A, Cho KK, Potter GB, Kim C, Sohal VS, Rubenstein JL, Schreiner 
CE (2012) Chronic reduction in inhibition reduces receptive field size in 
mouse auditory cortex. Proc Natl Acad Sci U S A 109:13829-13834. 

Shaywitz AJ, Greenberg ME (1999) CREB: a stimulus-induced transcription factor 
activated by a diverse array of extracellular signals. Annu Rev Biochem 
68:821-861. 

Shen JM, Huguenard JR, Kriegstein AR (1988) Development of GABA 
responsiveness in embryonic turtle cortical neurons. Neurosci Lett 89:335-
341. 

Shimojo H, Ohtsuka T, Kageyama R (2008) Oscillations in notch signaling regulate 
maintenance of neural progenitors. Neuron 58:52-64. 



Bibliography 

134 
 

Shitamukai A, Konno D, Matsuzaki F (2011) Oblique radial glial divisions in the 
developing mouse neocortex induce self-renewing progenitors outside 
the germinal zone that resemble primate outer subventricular zone 
progenitors. J Neurosci 31:3683-3695. 

Siegenthaler JA, Miller MW (2005) Transforming growth factor beta 1 promotes 
cell cycle exit through the cyclin-dependent kinase inhibitor p21 in the 
developing cerebral cortex. J Neurosci 25:8627-8636. 

Simon J, Wakimoto H, Fujita N, Lalande M, Barnard EA (2004) Analysis of the set 
of GABA(A) receptor genes in the human genome. J Biol Chem 279:41422-
41435. 

Song W, Chattipakorn SC, McMahon LL (2006) Glycine-gated chloride channels 
depress synaptic transmission in rat hippocampus. Journal of 
Neurophysiology 95:2366-2379. 

Soria JM, Valdeolmillos M (2002) Receptor-activated calcium signals in 
tangentially migrating cortical cells. Cereb Cortex 12:831-839. 

Spitzer NC (2006) Electrical activity in early neuronal development. Nature 
444:707-712. 

Stancik EK, Navarro-Quiroga I, Sellke R, Haydar TF (2010) Heterogeneity in 
ventricular zone neural precursors contributes to neuronal fate diversity 
in the postnatal neocortex. J Neurosci 30:7028-7036. 

Stenman J, Toresson H, Campbell K (2003) Identification of two distinct progenitor 
populations in the lateral ganglionic eminence: implications for striatal 
and olfactory bulb neurogenesis. J Neurosci 23:167-174. 

Storm EE, Garel S, Borello U, Hebert JM, Martinez S, McConnell SK, Martin GR, 
Rubenstein JL (2006) Dose-dependent functions of Fgf8 in regulating 
telencephalic patterning centers. Development 133:1831-1844. 

Stuhmer T, Anderson SA, Ekker M, Rubenstein JL (2002) Ectopic expression of the 
Dlx genes induces glutamic acid decarboxylase and Dlx expression. 
Development 129:245-252. 

Stumm RK, Zhou C, Ara T, Lazarini F, Dubois-Dalcq M, Nagasawa T, Hollt V, Schulz 
S (2003) CXCR4 regulates interneuron migration in the developing 
neocortex. J Neurosci 23:5123-5130. 

Sturman JA (1988) Taurine in development. J Nutr 118:1169-1176. 
Sturman JA (1991) Dietary taurine and feline reproduction and development. The 

Journal of nutrition 121:S166-170. 
Sussel L, Marin O, Kimura S, Rubenstein JL (1999) Loss of Nkx2.1 homeobox gene 

function results in a ventral to dorsal molecular respecification within the 
basal telencephalon: evidence for a transformation of the pallidum into 
the striatum. Development 126:3359-3370. 

Tabata H, Kanatani S, Nakajima K (2009) Differences of migratory behavior 
between direct progeny of apical progenitors and basal progenitors in the 
developing cerebral cortex. Cereb Cortex 19:2092-2105. 



Bibliography 

135 
 

Takahashi T, Nowakowski RS, Caviness VS, Jr. (1995a) The cell cycle of the 
pseudostratified ventricular epithelium of the embryonic murine cerebral 
wall. J Neurosci 15:6046-6057. 

Takahashi T, Nowakowski RS, Caviness VS, Jr. (1995b) Early ontogeny of the 
secondary proliferative population of the embryonic murine cerebral wall. 
J Neurosci 15:6058-6068. 

Tamamaki N, Fujimori KE, Takauji R (1997) Origin and route of tangentially 
migrating neurons in the developing neocortical intermediate zone. J 
Neurosci 17:8313-8323. 

Tanaka DH, Maekawa K, Yanagawa Y, Obata K, Murakami F (2006) Multidirectional 
and multizonal tangential migration of GABAergic interneurons in the 
developing cerebral cortex. Development 133:2167-2176. 

Tanaka DH, Oiwa R, Sasaki E, Nakajima K (2011) Changes in cortical interneuron 
migration contribute to the evolution of the neocortex. Proc Natl Acad Sci 
U S A 108:8015-8020. 

Tanaka DH, Yanagida M, Zhu Y, Mikami S, Nagasawa T, Miyazaki J, Yanagawa Y, 
Obata K, Murakami F (2009) Random walk behavior of migrating cortical 
interneurons in the marginal zone: time-lapse analysis in flat-mount 
cortex. J Neurosci 29:1300-1311. 

Taniguchi H, He M, Wu P, Kim S, Paik R, Sugino K, Kvitsiani D, Fu Y, Lu J, Lin Y, 
Miyoshi G, Shima Y, Fishell G, Nelson SB, Huang ZJ (2011) A resource of 
Cre driver lines for genetic targeting of GABAergic neurons in cerebral 
cortex. Neuron 71:995-1013. 

Tashiro A, Zhao C, Gage FH (2006) Retrovirus-mediated single-cell gene knockout 
technique in adult newborn neurons in vivo. Nature protocols 1:3049-
3055. 

Temple S (2001) The development of neural stem cells. Nature 414:112-117. 
Tiveron MC, Rossel M, Moepps B, Zhang YL, Seidenfaden R, Favor J, Konig N, 

Cremer H (2006) Molecular interaction between projection neuron 
precursors and invading interneurons via stromal-derived factor 1 
(CXCL12)/CXCR4 signaling in the cortical subventricular zone/intermediate 
zone. J Neurosci 26:13273-13278. 

Tyzio R, Ivanov A, Bernard C, Holmes GL, Ben-Ari Y, Khazipov R (2003) Membrane 
potential of CA3 hippocampal pyramidal cells during postnatal 
development. J Neurophysiol 90:2964-2972. 

Unwin N (2005) Refined structure of the nicotinic acetylcholine receptor at 4A 
resolution. J Mol Biol 346:967-989. 

Valcanis H, Tan SS (2003) Layer specification of transplanted interneurons in 
developing mouse neocortex. J Neurosci 23:5113-5122. 

Valiente M, Martini FJ (2009) Migration of cortical interneurons relies on 
branched leading process dynamics. Cell Adh Migr 3:278-280. 



Bibliography 

136 
 

van den Pol AN, Gorcs T (1988) Glycine and glycine receptor immunoreactivity in 
brain and spinal cord. J Neurosci 8:472-492. 

Vogel T, Ahrens S, Buttner N, Krieglstein K (2010) Transforming growth factor beta 
promotes neuronal cell fate of mouse cortical and hippocampal 
progenitors in vitro and in vivo: identification of Nedd9 as an essential 
signaling component. Cereb Cortex 20:661-671. 

Vucurovic K, Gallopin T, Ferezou I, Rancillac A, Chameau P, van Hooft JA, Geoffroy 
H, Monyer H, Rossier J, Vitalis T (2010) Serotonin 3A receptor subtype as 
an early and protracted marker of cortical interneuron subpopulations. 
Cereb Cortex 20:2333-2347. 

Wang DD, Kriegstein AR (2009) Defining the role of GABA in cortical development. 
J Physiol 587:1873-1879. 

Wang DS, Buckinx R, Lecorronc H, Mangin JM, Rigo JM, Legendre P (2007) 
Mechanisms for picrotoxinin and picrotin blocks of alpha2 homomeric 
glycine receptors. J Biol Chem 282:16016-16035. 

Wang F, Xiao C, Ye JH (2005) Taurine activates excitatory non-synaptic glycine 
receptors on dopamine neurones in ventral tegmental area of young rats. 
J Physiol 565:503-516. 

Watanabe E, Akagi H (1995) Distribution patterns of mRNAs encoding glycine 
receptor channels in the developing rat spinal cord. Neurosci Res 23:377-
382. 

Webb TI, Lynch JW (2007) Molecular pharmacology of the glycine receptor 
chloride channel. Curr Pharm Des 13:2350-2367. 

Wegner F, Kraft R, Busse K, Hartig W, Ahrens J, Leffler A, Dengler R, Schwarz J 
(2012) Differentiated human midbrain-derived neural progenitor cells 
express excitatory strychnine-sensitive glycine receptors containing 
alpha2beta subunits. PLoS One 7:e36946. 

Weissman TA, Riquelme PA, Ivic L, Flint AC, Kriegstein AR (2004) Calcium waves 
propagate through radial glial cells and modulate proliferation in the 
developing neocortex. Neuron 43:647-661. 

Wichterle H, Garcia-Verdugo JM, Herrera DG, Alvarez-Buylla A (1999) Young 
neurons from medial ganglionic eminence disperse in adult and 
embryonic brain. Nature neuroscience 2:461-466. 

Wonders C, Anderson SA (2005) Cortical interneurons and their origins. 
Neuroscientist 11:199-205. 

Wonders CP, Anderson SA (2006) The origin and specification of cortical 
interneurons. Nat Rev Neurosci 7:687-696. 

Woodhead GJ, Mutch CA, Olson EC, Chenn A (2006) Cell-autonomous beta-
catenin signaling regulates cortical precursor proliferation. J Neurosci 
26:12620-12630. 



Bibliography 

137 
 

Wu C, Qiu R, Wang J, Zhang H, Murai K, Lu Q (2009) ZHX2 Interacts with Ephrin-B 
and regulates neural progenitor maintenance in the developing cerebral 
cortex. J Neurosci 29:7404-7412. 

Wu S, Esumi S, Watanabe K, Chen J, Nakamura KC, Nakamura K, Kometani K, 
Minato N, Yanagawa Y, Akashi K, Sakimura K, Kaneko T, Tamamaki N 
(2011) Tangential migration and proliferation of intermediate progenitors 
of GABAergic neurons in the mouse telencephalon. Development 
138:2499-2509. 

Xu Q, Cobos I, De La Cruz E, Rubenstein JL, Anderson SA (2004) Origins of cortical 
interneuron subtypes. J Neurosci 24:2612-2622. 

Xu Q, Guo L, Moore H, Waclaw RR, Campbell K, Anderson SA (2010) Sonic 
hedgehog signaling confers ventral telencephalic progenitors with distinct 
cortical interneuron fates. Neuron 65:328-340. 

Xu Q, Wonders CP, Anderson SA (2005) Sonic hedgehog maintains the identity of 
cortical interneuron progenitors in the ventral telencephalon. 
Development 132:4987-4998. 

Yang S, Huang XY (2005) Ca2+ influx through L-type Ca2+ channels controls the 
trailing tail contraction in growth factor-induced fibroblast cell migration. 
J Biol Chem 280:27130-27137. 

Yang Z, Cromer BA, Harvey RJ, Parker MW, Lynch JW (2007) A proposed structural 
basis for picrotoxinin and picrotin binding in the glycine receptor pore. J 
Neurochem 103:580-589. 

Yoshida M, Fukuda S, Tozuka Y, Miyamoto Y, Hisatsune T (2004) Developmental 
shift in bidirectional functions of taurine-sensitive chloride channels 
during cortical circuit formation in postnatal mouse brain. J Neurobiol 
60:166-175. 

Young-Pearse TL, Ivic L, Kriegstein AR, Cepko CL (2006) Characterization of mice 
with targeted deletion of glycine receptor alpha 2. Mol Cell Biol 26:5728-
5734. 

Young TL, Cepko CL (2004) A role for ligand-gated ion channels in rod 
photoreceptor development. Neuron 41:867-879. 

Yozu M, Tabata H, Nakajima K (2005) The caudal migratory stream: a novel 
migratory stream of interneurons derived from the caudal ganglionic 
eminence in the developing mouse forebrain. J Neurosci 25:7268-7277. 

Yu X, Zecevic N (2011) Dorsal radial glial cells have the potential to generate 
cortical interneurons in human but not in mouse brain. J Neurosci 
31:2413-2420. 

Yun K, Fischman S, Johnson J, Hrabe de Angelis M, Weinmaster G, Rubenstein JL 
(2002) Modulation of the notch signaling by Mash1 and Dlx1/2 regulates 
sequential specification and differentiation of progenitor cell types in the 
subcortical telencephalon. Development 129:5029-5040. 



Bibliography 

138 
 

Zanata SM, Hovatta I, Rohm B, Puschel AW (2002) Antagonistic effects of Rnd1 
and RhoD GTPases regulate receptor activity in Semaphorin 3A-induced 
cytoskeletal collapse. J Neurosci 22:471-477. 

Zecevic N, Chen Y, Filipovic R (2005) Contributions of cortical subventricular zone 
to the development of the human cerebral cortex. J Comp Neurol 
491:109-122. 

Zeilhofer HU (2005) The glycinergic control of spinal pain processing. Cell Mol Life 
Sci 62:2027-2035. 

Zerucha T, Stuhmer T, Hatch G, Park BK, Long Q, Yu G, Gambarotta A, Schultz JR, 
Rubenstein JL, Ekker M (2000) A highly conserved enhancer in the 
Dlx5/Dlx6 intergenic region is the site of cross-regulatory interactions 
between Dlx genes in the embryonic forebrain. J Neurosci 20:709-721. 

Zhang J, Woodhead GJ, Swaminathan SK, Noles SR, McQuinn ER, Pisarek AJ, 
Stocker AM, Mutch CA, Funatsu N, Chenn A (2010) Cortical neural 
precursors inhibit their own differentiation via N-cadherin maintenance of 
beta-catenin signaling. Dev Cell 18:472-479. 

Zhang XB, Sun GC, Liu LY, Yu F, Xu TL (2008) Alpha2 subunit specificity of 
cyclothiazide inhibition on glycine receptors. Mol Pharmacol 73:1195-
1202. 

Zhao Y, Flandin P, Long JE, Cuesta MD, Westphal H, Rubenstein JL (2008) Distinct 
molecular pathways for development of telencephalic interneuron 
subtypes revealed through analysis of Lhx6 mutants. J Comp Neurol 
510:79-99. 

Zhu L, Lovinger D, Delpire E (2005) Cortical neurons lacking KCC2 expression show 
impaired regulation of intracellular chloride. Journal of Neurophysiology 
93:1557-1568. 

Zimmer G, Garcez P, Rudolph J, Niehage R, Weth F, Lent R, Bolz J (2008) Ephrin-A5 
acts as a repulsive cue for migrating cortical interneurons. Eur J Neurosci 
28:62-73. 

 
 

 

 

 

 

 



Acknowledgments 

139 
 

Acknowledgments 
 
I would like to express my sincere gratitude to my advisors Prof. Dr. Jean Michel 
Rigo and Prof. Dr. Laurent Nguyen for the opportunity that they gave me. It has 
been an honor to be their PhD student. They gave me continuous support and 
more importantly, inspiration. I thank them for the freedom to develop our 
scientific project and for the interesting scientific discussions. I also thank them 
for the time invested in correcting my manuscripts and their valuable 
suggestions and guidance throughout my PhD.  
 
This thesis received founding from different institutions that provided support to 
the two main laboratories involved: 
 
a) This project at the lab of Prof. Dr. Jean-Michel Rigo was founded by the Inter 
University Attraction Pole (IAP) of the federal government of Belgium and special 
founds of the University of Hasselt    
 
b) Dr. Laurent Nguyen  is Research Associate from the Belgian National Funds 
for Scientific Research (F.R.S- F.N.R.S.) and his lab is funded by grants from the 
F.R.S.-F.N.R.S., the Fonds Léon Fredericq, the Fondation Médicale Reine 
Elisabeth, the Belgian Science Policy (IAP-VII network P7/20), and the Actions 
de Recherche Concertées (ARC11/16-01). Moreover, some scientific projects in 
the Nguyen laboratory are funded by the Walloon Excellence in Life Sciences and 
Biotechnology (WELBIO). 
 
Current and past members of the physiology and biophysics groups at Hasselt 
University have been a source of friendship and collaboration. I am especially 
grateful to Jimmy Van den Eynden who gave me support during my first year in 
the lab and invited me to take part on triathlons. I have the best memories of 
those days. I am also grateful to Jo Janssen for all the work he did at the lab to 
help my project to move on and for the many talks we had in Spanish. Gracias 
por su ayuda y consideracion. I would like to thank the other PhD students at 
the lab. Thanks to Sheen, Daniel, Marjolein, Nick, Kristof, Rick, Kathleen, Sarah 
and especially to Ann, Nina and Sophie for their collaboration and good spirit 
while working in the lab. I thank Bert for the interesting conversations about 
electrophysiology during my first years of PhD. Additionally; I thank Giovanni, 
the new PhD student of the lab, for the interesting discussions and the company 
in this interesting project where we have been working together for the last 6 
months.     
 
My gratitude goes also to other students at BIOMED institute. I would like to 
thanks Stelios, Anurag, Kaushik, Kurt, Derv and Ambily for their support and 
friendship. Our professional and personal lives have come together and I believe 
that this has been precious.     
 



Acknowledgments 

140 
 

I acknowledge the members of the developmental neurobiology unit from GIGA 
at University of Liege for their suggestions and help. I am especially grateful to 
former post docs Lina Malinouskaya and Noemie Tomas for their advices. I thank 
also the PhD students that helped me there, Marie Laure and Sophie Lagesse.  
 
Our project would not have been possible without the technical assistance at 
BIOMED. I would like to acknowledge Katrien, Igna, Christel, Rosette, Wilfried 
and Jo for their support. Additionally, I thank Agnes, Ilse Henkens, Veronique 
and Ranni for their help with the administrative work.        
 
I thank all members of the jury who critically read my manuscript and provided 
insightful comments.  
 
My time in Belgium was happy in large part due to many friends I shared my life 
with. I am especially grateful to the group of foreign students with whom I spent 
many especial moments.  

Lastly, I would like to thank my family for their love and support. I especially 
thank my parents who raised me with love for books, perseverance and hard 
work. This helped me to move on during my PhD. I thank Pia who is my soul 
mate and colleague. It has been a privilege to share every aspect of our lives 
these years. 

 

Thank you, 

Ariel        







 
 
    
   HistoryItem_V1
   InsertBlanks
        
     Where: after last page
     Number of pages: 2
     same as current
      

        
     2
     1
     1
     769
     263
            
       CurrentAVDoc
          

     SameAsCur
     AtEnd
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1c
     Quite Imposing Plus 2
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 6.693 x 9.449 inches / 170.0 x 240.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20111011140911
       680.3150
       doctoraat
       Blank
       481.8898
          

     Tall
     1
     0
     No
     635
     241
     None
     Up
     0.0000
     0.0000
            
                
         Both
         AllDoc
              

       PDDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1c
     Quite Imposing Plus 2
     1
      

        
     156
     155
     156
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: none
     Shift: move down by 5.67 points
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20130508102454
       841.8898
       a4
       Blank
       595.2756
          

     Tall
     1
     0
     No
     644
     281
     Fixed
     Down
     5.6693
     0.0000
            
                
         Both
         5
         AllDoc
         239
              

       CurrentAVDoc
          

     None
     28.3465
     Bottom
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1c
     Quite Imposing Plus 2
     1
      

        
     123
     156
     155
     156
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 8.268 x 11.693 inches / 210.0 x 297.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20130502124254
       841.8898
       a4
       Blank
       595.2756
          

     Tall
     1
     0
     No
     635
     241
     None
     Up
     0.0000
     0.0000
            
                
         Both
         AllDoc
              

      
       PDDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1c
     Quite Imposing Plus 2
     1
      

        
     156
     155
     156
      

   1
  

 HistoryList_V1
 qi2base



