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1. Abbreviations 

"Nothing in life is to be feared, it is only to be 

understood. Now is the time to understand more, so that 

we may fear less." 

- Marie Curie 
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a Apical 

A1 Auditory primary cortical area 

AIPs Apical Intermediate Progenitors 

Ap Apical process 

aPCs Apical Progenitor Cells 

aPKC Atypical Protein Kinase C 

aRGCs Apical Radial Glia Cells 

Arl13b ADP-ribosylation factor-like protein 13B  
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BrdU Bromodeoxyuridine 

bRGCs Basal Radial Glia Cells 

Cas9 CRISPR associated protein 9 

Casp3 Caspase 3 

C. elegans Caenorhabditis elegans 

CC Cortico-cortical Connection 

Cdh1 Cadherin 1 
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CNS Central Nervous System 

COUP-TF1 COUP Transcription Factor 1 

CP Cortical Plate 

CRISPR Clustered Regularly Interspaced Short Palindromic Repeats 

CSF Cerebrospinal Fluid 

cSv2b CRISPR guides against Sv2b gene 

Cux1 Cut Like Homeobox 1 

d Days 
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2. Abstract/Resumen 

2. Abstract/Resumen 

"Buenas noticias chicos" 

- Dr. Farnsworth, Futurama 



 
36 ABSTRACT 

  



 
37 ABSTRACT 

The mammalian cerebral cortex experienced an extraordinary expansion during 

evolution, concomitant with an increase in complexity and cognitive capacities. The 

increase in cortical surface area appeared along with folding, which allowed including a 

large cortical surface within a limited cranial volume. This evolutionary process is 

recapitulated during embryonic development, where the activity of progenitor cells 

determines the final brain conformation. Apical Radial Glia Cells (aRGCs) are the main 

type of progenitor cells in the cerebral cortex, forming the Ventricular Zone (VZ). 

aRGCs give rise to Intermediate Progenitor Cells (IPCs) and basal Radial Glia Cells 

(bRGCs), that populate the Subventricular Zone (SVZ). In gyrencephalic species, with a 

folded cortex as ferrets or humans, the SVZ is dramatically enlarged and subdivided 

into inner and outer domains (ISVZ and OSVZ), densely populated by bRGCs and 

playing critical roles in cortex expansion and folding. In ferret, aRGCs switch from 

amplificative divisions to produce massive amounts of bRGCs during a brief period, 

which will establish the OSVZ. Disruptions in bRGC production profoundly impair 

OSVZ formation, altering normal folding. In the ferret VZ several genes change their 

expression levels during development, in parallel with the dynamics of aRGCs forming 

bRGCs and the emergence of the OSVZ. These genes are promising candidates to 

regulate this process and, therefore, cortical folding. One of these candidates is Sv2b, 

which encodes for the Synaptic Vesicle Glycoprotein 2B, with not known function in 

progenitor cells or cerebral cortex development. In this thesis, we show that in the small 

and smooth mouse cortex, with very few bRGCs, Sv2b is not expressed in germinal 

layers. In contrast, in the big and folded ferret brain Sv2b is highly expressed in 

germinal layers, dynamically changing its expression before, during and after the 

critical period for bRGCs generation. Sv2b is downregulated during the critical period 

and later on upregulated. Moreover, when bRGCs are being massively produced, Sv2b 

is more expressed in the SVZ than the VZ. We have found that SV2B accumulates in 

subcellular compartments of aRGCs, including varicosities of the processes and the 

end-feet. By gain- and loss-of-function experiments in mouse and ferret, we have found 

that SV2B is involved in the laminar organization of the VZ, the delamination of 

aRGCs to basal positions, and their proliferation. At mid-term, these alterations lead to 

folding of the cortex. Experimental overexpression of SV2B in ferret during the critical 

period, when endogenous Sv2b expression is low, causes a reduction in proliferation 

and neurogenesis. Conversely, Sv2b removal from aRGCs induces an increase in 

proliferation and basal mitoses. Thus, levels of Sv2b expression regulate the 
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proliferative activity of aRGCs and the production of bRGCs during cerebral cortex 

development.
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La corteza cerebral de los mamíferos experimentó una expansión extraordinaria a lo 

largo de la evolución, paralelamente a un aumento de la complejidad y las capacidades 

cognitivas. Este aumento en el área de la superficie cortical surgió de la mano del 

plegamiento cerebral, lo que permitió incluir una gran superficie cortical dentro de un 

volumen craneal limitado. Este proceso evolutivo se recapitula durante el desarrollo 

embrionario, donde la actividad de las células progenitoras determina la conformación 

cerebral final. Las células gliales radiales apicales (aRGCs) son el principal tipo de 

células progenitoras en la corteza cerebral, formando la zona ventricular (VZ). Las 

aRGC dan lugar a las células progenitoras intermedias (IPC) y a las células gliales 

radiales basales (bRGC), alojadas en la zona subventricular (SVZ). En especies 

girencefálicas, con una corteza plegada como la de los hurones o los humanos, la SVZ 

se amplía y subdivide en dominios interno y externo (ISVZ y OSVZ). Éstas están 

densamente pobladas por bRGCs y desempeñan papeles críticos en la expansión y 

plegamiento de la corteza. En hurón, las aRGC cambian de divisiones amplificativas a 

automermantes para producir cantidades masivas de bRGC durante un breve período de 

tiempo estableciendo la OSVZ. Las alteraciones en la producción de bRGC deterioran 

profundamente la formación de la OSVZ, alterando el plegamiento cortical normal. Se 

han identificado varios genes en la VZ de hurón cuyos niveles de expresión cambian 

durante el desarrollo, de forma paralela a la dinámica de aRGC para formar bRGC y la 

aparición de OSVZ. Por lo tanto, estos genes son prometedores candidatos para regular 

este proceso y, de este modo, el plegamiento cortical. Uno de estos genes candidatos es 

Sv2b, el cual codifica la Synaptic Vesicle Glycoprotein 2B, sin función conocida en las 

células progenitoras o en el desarrollo de la corteza cerebral. En esta tesis, mostramos 

que en la pequeña y lisa corteza de ratón, con muy pocos bRGCs, Sv2b no se expresa en 

capas germinales. En contraste, en cerebros de hurón grandes y plegados, Sv2b se 

expresa mucho en las capas germinales y cambia dinámicamente su expresión antes, 

durante y después del período crítico para la generación de bRGC. El mentado gen se 

regula negativamente durante el período crítico y luego aumenta de nuevo su expresión. 

Además, en este momento crucial para la producción masiva de bRGC, Sv2b se expresa 

más en la SVZ respecto a la VZ. Hemos descrito que SV2B se acumula en varios 

compartimentos subcelulares de las aRGCs, incluidas las varicosidades del proceso 

basal y los pies. Mediante experimentos de ganancia y pérdida de función en ratón y 

hurón, hemos descubierto que Sv2b está involucrado en la organización laminar de la 

VZ, la delaminación de las aRGC a posiciones basales y su proliferación. A medio 
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plazo, estas alteraciones conducen al plegamiento de la corteza en el área electroporada. 

La sobreexpresión de SV2B en hurón durante el período crítico, cuando la expresión 

endógena de Sv2b es baja, provoca una reducción de la proliferación y la neurogénesis. 

Por el contrario, la eliminación de Sv2b en las aRGCs induce un aumento en la 

proliferación y mitosis basales. Por lo tanto, los niveles de Sv2b regulan la actividad de 

las aRGC y la producción de bRGC durante el desarrollo de la corteza cerebral.  
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3.Introduction 

  

3. Introduction 

"No temas empezar de nuevo. No empezarás de cero, 

esta vez vas a empezar desde la experiencia" 

- El principito, Antoine de Saint-Exupéry 
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In the course of development, one of the first systems initiating its formation is the 

complex nervous system. Interestingly, this ensemble of organs is also the last in being 

completely formed after birth. The nervous system is divided into two major parts: the 

central (CNS) and the peripheral nervous system (PNS). The latter receives all the 

information from the peripheral organs and sends it to the CNS. It is composed of spinal 

and cranial nerves, while the CNS is mainly formed by the brain and spinal cord.  

In particular, the nervous system reaches its maximum in terms of complexity 

with the brain. Although it has always been an important subject of interest, there are 

still features that remain obscure. The brain acts as the central controller of the body. 

This organ is in charge of collecting the information from our surroundings, processing, 

combining and storing it to respond accordingly, controlling all the organs, including 

itself. Vast knowledge about the brain is continuously generated at different levels and, 

integrating it, would derive in a coherent understanding about its formation, 

organization, function and alteration in disorders.  

Within the animal kingdom, the mammalian brain is considered the pinnacle of 

the nervous system ever developed. Immense interconnected numbers of cells in an 

incredibly intricate wire form the brain. As an example of a highly complex structure, it 

has been predicted that in the human brain around 100 billion neurons form over 100 

trillion estimated connections, called synapses (Purves, 2011). When facing this 

fascinating achievement of brain evolution, it is unavoidable to wonder how this 

complexity is formed during development and how the disruption of this process can 

lead to significant abnormalities. 

 

3.1 Development of the mammalian nervous system  

3.1.1 Ontogeny of the CNS 

To understand how this incredibly complex structure functions, it is essential to know 

how it forms. The entire nervous system arises from one germ layer, the neuroectoderm, 

that folds inwards forming a closed tube. The neural tube is formed by neural stem cells 

able to give rise to all different kinds of neural cells. It is filled with liquid, and the 

walls thicken and expand during development to form the different brain structures, 
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while leaving cavities in the interior called ventricles (Fig. 1A). The prosomeric model 

attempts to compile the developmental brain structures with evolutionary conserved 

genetic boundaries and adult neuroanatomy (Puelles et al., 2013; Purves, 2011).  

 

Figure 1. Early development of the nervous system. (A) The neuroectoderm folds 

inwards to form the neural tube. Below lies the ectoderm. The brain will rise from the 

anterior part of the neural tube while the posterior part will become the spinal cord. (B) 

Regionalization of the mouse embryonic central nervous system from E8.5 to E12.5. 

We can observed the enlargement and increase in complexity of the embryonic neural 

tube. Adapted from(Gordon Betts, 2017.) 

 

According to this model, the neural primordium tube is subdivided in forebrain, 

midbrain, hindbrain and the spinal cord. The forebrain gives rise to the prosencephalon 

and diencephalon. Subsequently, these are subdivided in caudal secondary 

prosencephalon and rostral secondary prosencephalon and prosomeres 1-3. The 

midbrain is further differentiated in mesomeres 1-3. Then, in the hindbrain, we can 

recognize the prepontine hindbrain, the pontine hindbrain, the pontomedullary hindbrain 

and the medullary hindbrain, that will further generate the isthmus and rhombomeres 1-

11. Together with the first rhombomere, the dorsal isthmus forms the cerebellum 

(Puelles et al., 2013; Purves, 2011) (Fig. 1B). 
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As complementary divisions, the alar-basal boundary further differentiates the 

central nervous system. Mainly, the alar lamina belongs to the dorsal part of the neural 

tube and the basal to the ventral part. Particular gene expression profiles precisely draw 

the subdivisions across the whole brain as Sonic hedgehog (Shh), Netrin1 (Ntn1), Pax6, 

Pax3, Pax7, NK2 homeobox 1 (Nkx2.1), among others. In this scenario, we can further 

delimit the forebrain into the telencephalon and the preoptic telencephalon as alar 

formations; and the terminal hypothalamus and the peduncular hypothalamus as basal 

formations. Besides, the prosomeres form respectively the pretectum, thalamus and 

prethalamus. They are further subdivided in the ventral part into prethalamic 

tegmentum, thalamic tegmentum, pretectal tegmentum, the midbrain tegmentum and 

preisthmic tegmentum. The alar lamina of the midbrain generates the main midbrain 

tectum and the preisthmic tectum. In the spinal cord, the first one is conformed of 

mainly sensory neurons, while the second one would be composed of motor neurons 

(Puelles et al., 2013; Purves, 2011) (Fig. 1B).  

As the next level of hierarchical subdivisions, within the telencephalon we can 

distinguish the pallium and subpallium (dorsal and ventral area respectively). The 

pallium gives rise to the cerebral cortex, the hippocampus and the olfactory bulb. The 

subpallium gives rise to the pallidum, the striatum, the preoptic area and the basal 

forebrain area (Puelles et al., 2013; Purves, 2011). 

  

3.1.2 Phylogenic classification of cortical regions 

Within the forebrain, the mammalian cerebral cortex is generally divided into three 

differentiated parts: the lateral paleocortex, the medial archicortex and, in between 

them, the isocortex or neocortex (Fig. 2). 

 

3.1.2.1 Archicortex 

In mammals, around 10% of the cortex corresponds to the allocortex which encompass 

the archicortex and the paleocortex. archicortex (from archi, early) is the 

phylogenetically older cortex. It corresponds to the hippocampal formation, composed 

of three layers. The archicortex belongs to the limbic system, so it is mainly involved in 

memory formation and retrieval (Insausti, 1993; Purves, 2011). 
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3.1.2.2 Paleocortex 

Phylogenetically, the paleocortex or olfactory piriform cortex would emerge during 

evolution in a mid-time between archicortex and neocortex. It is composed by four or 

five layers, depending on the information processing capabilities and proportionally to 

the phylogenetic age (Caroline Crosby and Humphrey, 1939; Insausti, 1993; Purves, 

2011).  

 

Figure 2. Schematic coronal section of a embryonic mouse brain phylogenic areas 

of the cortex. It is distinguishable: Archicortex (dark orange), Paleocortex (purple) and 

Neocortex (light orange). The Ganglionic Eminences (GE) are also shown, both medial 

(green) and lateral (blue). Modified from(Hebert and Fishell, 2008.) 

 

3.1.2.3 Neocortex 

As its name suggests, the neocortex is the evolutionary newest region. It is considered 

the pinnacle of nervous system evolution and the responsible for the evolution of 

cognitive abilities in higher mammals, such as the human mental capacities. The 

evolution in complexity of the neocortex has been achieved thanks to a considerable 

enlargement of the cortex primarily. Indeed, the surface of the neocortex in the macaque 

monkey and human is 100 and 1000 times bigger than the mouse cortex, while the ratio 

in thickness is around two. It is thought that this enlargement is mainly due to an 

expansion of the basal surface without being accompanied by a comparable increase in 

thickness. In detail, the neocortex is a cellular sheet that shows some differences 

between mammalian groups, such as the presence or absence of convolutions 

(gyrencephalic or lissencephalic brains, respectively). However, the cerebral cortex of 

all mammals shares a common radial and tangential organization (Rakic, 1995, 2009).  
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3.2 Organization of the cerebral cortex 

As it has been explained until this point, the embryonic telencephalon is derived from 

the most anterior part of the forebrain. From furthered subdivisions, the dorsal part or 

pallium gives rise to what we know as the cerebral cortex. Next, I will focus on the 

organization of the neocortex (hereon referred to as “cortex”).  

 

3.2.1 Radial organization 

The cerebral cortex is a sheet of tissue mainly composed of excitatory or projection 

neurons (namely pyramidal neurons), local circuit neurons (interneurons) and glial cells 

(further explained below). These cells showed an arrangement in vertical columns 

stereotypically interconnected in the vertical dimension and share extrinsic connectivity. 

In general, dividing cells are placed lining the ventricular cavities, attached apically to 

the ventricular surface and basally to the pial surface. Cortical excitatory neurons are 

generated near to the ventricle surface during the first half of gestation, and from there 

they migrate along the basal radial processes of the progenitors through the developing 

cortex, to their final position in the vicinity of the cortical surface. The radial-unit 

hypothesis states that cortical expansion during evolution was made possible as a result 

of changes in proliferation that would increase the number of radial columnar units. 

These are cells that share the same birthplace, the migration pathway and the 

ontogenetic column. In that way, cortical surface size would be determined by the 

number of ontogenetic columns, whereas cortical thickness would be determined by the 

number of cells within each column. Even in a large and convoluted cerebral cortex like 

primates, the radial alignment seems to be largely respected (Rakic, 1972, 1988, 1995, 

2009) (Fig. 3).  
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Figure 3. Columnar distribution and radial-unit hypothesis. Schematic 

representation of migrating neurons (MN) born from RGCs following the columnar 

organization through radial glia fibers (RG) in embryonic monkey cerebral cortex. 

Connections from other parts of the brain are shown as: cortico-cortical connection (CP 

- green); thalamic radiation (TR - red); monoamine nucleus basalis (MA, NB - blue). 

Layers of the cortex are also labeled with brackets: ventricular zone (VZ), intermediate 

zone (IZ), subplate (SP), cortical plate (CP) and marginal zone (MZ). Modified 

from(Rakic, 2009.)  
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Tangential final position of each neuron is defined by its birth time. Neurons will 

migrate towards the cortex traversing previous neuronal generations, and finally will be 

arranged in an inside-out pattern (Angevine and Sidman, 1961; Rakic, 1974). The 

differentiation of neurons takes place also in an inside-out manner, from deep to 

superficial layers. As a consequence, the neocortex is divided into six horizontal layers 

(Fig. 4), numbered from the pia mater to the white matter within different features 

(Fatterpekar et al., 2002; Kandel et al., 2012; Mountcastle, 1997; Purves, 2011): 

 Layer I: also called the molecular or plexiform layer due to the absence of cell 

bodies. Instead, it is full of dendrites and axons from deeper layers.  

 Layer II: named the external granule cell layer, it contains small packed 

spherical cells, the granule cells.  

 Layer III: external pyramidal cell layer, it is composed of a variety of cell 

types. The majority of them display a pyramidal morphology, where deep cells 

are bigger than more superficial ones within the same layer. It also contains 

scattered non-pyramidal cells. 

 Layer IV: usually the narrowest, it is called the internal granule cell layer. 

Similar to layer II, it is mainly populated by granule cells but also densely 

packed stellate cells. 

 Layer V: also named the internal pyramidal cell layer, it is mainly occupied by 

pyramidal cells that are larger than those in layer III.  

 Layer VI: known as the polymorphic or multiform layer, it is quite 

heterogeneous and it integrates with the white matter forming the inner border 

of the neocortex. It contains axons to and from the cortex, and spindle-shaped 

cells. In contrast, neurons in layers V and VI project their apical dendritic 

arbors to layers I and III, respectively.  

 

This formation allows efficient distribution of the inputs that a neuron receives and 

sends, determining the function that each area will have. Interestingly, this basic 

layering schema is mostly preserved in different areas of the neocortex, but the 

thickness of each layer may vary. It is hypothesized that an increase in specific layers 

involved in intracortical information processing may have contributed to the 

amplification of cognitive abilities in higher mammals (Kandel et al., 2012; 
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Mountcastle, 1997). On the section Cellular composition of the Neocortex we will 

widely focused on neuronal types. 

 

Figure 4. Radial organization and cellular composition of the cortex. Schema of the 

six layered cortex and the interconnections between neural cells in the coronal plane. 

Pyramid cells and interneurons are arranged in their final position. Scheme adapted 

from(Krames et al., 2018.) 

 

3.2.2 Tangential organization 

Functionally speaking, the cerebral cortex can be tangentially divided into several 

cytoarchitectonic areas. The first studies regarding the borders between cortical areas 

were based on distinctive cell size and packing characteristics (Brodmann, 1909). Going 

further, if we take into account also information about functional experiments, more 

distinct areas can be accurately defined (Arai and Pierani, 2014; Kandel et al., 2012; 

O'Leary et al., 2007).  

The mammalian cerebral cortex is functionally organized around four primary 

areas: visual (V1), auditory (A1), somatosensory (S1) and motor (Fig. 5). These cortical 
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areas receive sensory inputs from the periphery and control motor output. Primary areas 

are connected to other areas specialized as integrating or processing centers, likely 

evolved later. Those centers are furthered connected with the multimodal associative 

cortex, where higher-order information is combined, processed and integrated. At this 

level, the inputs can even induce a response of conscious thinking. Along evolution not 

all areas expanded equally. For example, associative areas and prefrontal territories, 

mainly in charge of information integration, are notably expanded in the primate lineage 

(including humans). Interestingly, primates and carnivores with big and highly folded 

brains show relatively smaller areas for primary processing than for higher-order brain 

functions, when compared to species with small and smooth brains. These changes were 

accompanied by region-specific expression of gene programs (Arai and Pierani, 2014; 

Krubitzer, 2007). 

 

 

Figure 5. Arealization of the embryonic cerebral cortex. Primary area identity 

specification in embryonic mouse cerebral cortex: visual (red), auditory (purple), 

somatosensory (light blue) and motor (green). Modified from(Greig et al., 2013.) 

 

Area identity starts to be specified early in development (around E12,5 in mice), 

when cortical progenitor cells may respond to different gradients of morphogens (such 

as Fgfs, Wnt, Bmps and Shh) secreted from organizing centers, that lead to differential 

expression of transcription factors and effectors like PAX6, EMX2, COUP-TF1 and 

SP8. Consequently, the dorsal telencephalon is regionalized along the anteroposterior 

and dorsoventral axes (Arai and Pierani, 2014; Kandel et al., 2012). In addition to the 

importance of the radial organization previously mentioned, external cues brought by 

peripheral axons arboring into cortical areas codified the ultimate determination. 
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3.3 Cellular composition of the neocortex 

The mammalian neocortex is populated by a large number of cells and thanks to the 

considerable variability among them a high level of complexity can be achieved.  

 

3.3.1 Excitatory neurons 

Excitatory neurons are characterized by a pyramidal-like morphology and by containing 

the glutamate neurotransmitter, gaining the name of glutamatergic neurons. During 

development, they are mainly generated from progenitors placed in a neocortical 

germinal zone at the dorsolateral wall of the telencephalon, the ventricular zone (VZ), 

while at later stages, they are produced at the subventricular zone (SVZ), a layer at the 

lateral walls of the lateral ventricles. Neuronal production will be addressed in detail on 

section 3.4. Glutamatergic neurons are specialized in transmitting information between 

distant regions for what they extend axons to their intracortical, subcortical and 

subcerebral targets; a reason why they also deserve to be called projection neurons 

(Molyneaux et al., 2007; Rakic, 1974). 

Attending to their morphologic features, electrophysiological properties, functions 

and gene expression patterns, is possible to classify them into diverse groups. They are 

so variable that their subdivision is complicated, but this also allows the creation of a 

very complex system (Migliore and Shepherd, 2005; Molyneaux et al., 2007). 

 

3.3.2 Inhibitory neurons 

Inhibitory neurons, also named cortical interneurons, are GABAergic, containing γ-

aminobutyric-acid (GABA) and are locally projecting cells. The amount of these cells 

vary depending on the species, and less evolved cortices as in rodents contain fewer 

GABAergic interneurons compared to primates cortices. An excitatory-inhibitory 

balance is established from their interactions with glutamatergic neurons and the 

disruption of this equilibrium leads to severe and variable neurological disorders like 

schizophrenia or autism (Gelman and Marin, 2010; Jones, 2009).  
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These inhibitory cells are generated far from the neocortex, mainly at the medial 

(~60%) and caudal (~30%) ganglionic eminences of the ventral telencephalon and the 

preoptic area (~10%). Small populations are generated from lateral ganglionic eminence 

and septal area too. Interneurons migrate tangential pathways in the marginal zone and 

intermediate zone. To reach its final position at the cortex, they turn its pathway and 

migrate radially into the cortical plate. Curiously, in the human cortex, there is a 

subpopulation derived from progenitors that undergo, at least, its final division in the 

dorsal telencephalon and then migrate radially into the cortex like the glutamatergic 

neuronal pathway (Gelman and Marin, 2010; Jones, 2009; Molyneaux et al., 2007; 

Wonders and Anderson, 2006).  

Each type of progenitor at the different localizations generate a distinct set of 

interneurons. Depending on the subset of neuropeptides that they also expressed, their 

morphology and their electrophysiological characteristics, we can define four main 

subclasses: fast-spiking Basket and Chandelier cells (parvalbumin containing); burst 

spiking or non-fast-spiking Somatostatin interneurons (somatostatin containing); bipolar 

rapidly adapting interneurons (calretinin and/or vasointestinal peptide containing) and 

multipolar rapidly adapting interneurons (neuropeptide Y and/or reelin containing) 

(Gelman and Marin, 2010). 

  

3.3.3 Cajal-Retzius cells 

This is a relatively reduced population of cortical neurons that are distributed along the 

marginal zone. They are required to establish the proper layering and radial migration of 

the neurons through the radial glia processes, and regulate progenitor cell behavior. 

These processes are regulated by the secretion of Reelin. Cajal-Retzius cells are born 

very early in development to assess such essential roles in the formation of the cortex 

and its organization. Cajal-Retzius cells are mainly generated at the cortical hem, from 

where they migrate tangentially to their final position right below the meninges. A small 

proportion of these cells come from other sites of the embryonic telencephalon, in the 

subpallium and septum (Molyneaux et al., 2007; O'Leary et al., 2007; Taverna et al., 

2014). 
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3.3.4 Glial cells 

These cells sustain a crucial role in the maintenance of the proper functioning of 

excitatory-inhibitory circuits. To assess such vital tasks, they are present in the brain at 

high numbers, achieving a 3 to 1 ratio with neurons. They also show complex processes 

but less prominent than glutamatergic neurons and for other purposes (Purves, 2011; 

Reemst et al., 2016). There are three types of glial cells in the nervous system: 

− Astrocytes: restricted to the central nervous system and with a star-like 

morphology. These cells are principally in charge of maintaining the proper 

environment for circuitry transmission. In addition, several studies show a 

retaining of stem cell features in adult brains (Molyneaux et al., 2007; Purves, 

2011).  

− Oligodendrocytes: extend their membranes around some axons forming a lipid-

rich wrap called myelin that allows high-speed transmission of electrical 

signals. Cells performing the same function but in the peripheral nervous 

system are named Schwann cells. Both retain mitotic capacity in response to 

neural injury, generating oligodendroglia or Schwann cells (Molyneaux et al., 

2007; Purves, 2011). 

− Microglia: mainly derived from hematopoietic precursors, fulfill a role in the 

CNS similar to macrophages in the rest of the body. They are mainly 

responsible for removing the cellular debris, resulting from injury or normal 

cell turnover. Moreover, microglia secrete factors to modulate inflammation 

and determine the cell decision between survival or death (Molyneaux et al., 

2007; Purves, 2011). Lately, some studies have shown that microglia performs 

a much more critical role in neurogenesis regulation than what was before 

established in the field (Ueno and Yamashita, 2014). 

 

3.4  Development of the mammalian cerebral cortex 

Many features of the cerebral cortex are common to all mammals (i.e., organization in 

six layers), but the shape and surface area may differ quite dramatically. One easily 

identified difference is the presence or absence of convolutions within the neocortex. In 

that way, we can differentiate between gyrencephalic species (with a folded cerebral 
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cortex, like primates, ferrets and humans) and lissencephalic species (with a smooth 

cerebral cortex, like mice and rats). During embryonic development, neural progenitors 

and their derivatives are organized to produce the great variety of cortical cells that 

constitute the complex structure of the brain (Fig. 6). To understand the mechanisms by 

which the mature neocortex is built, we must study its germinal compartments. 

 

3.4.1 Germinal layers 

3.4.1.1 Ventricular Zone 

In the first steps of cortical development, the neural plate and the neural tube are 

composed of a single layer, the neuroepithelium (NE). Primary progenitor cells are 

distributed lining the telencephalic ventricle surface in a false appearance of lamination 

(pseudostratified epithelium) due to the distribution of the cell nuclei. This monolayer 

of progenitor cells is later transformed into the Ventricular Zone (VZ), a primary 

germinal layer from which all neurons of the mature neocortex are generated (Borrell 

and Reillo, 2012; De Juan Romero and Borrell, 2015; Smart et al., 2002).  

 

3.4.1.2 Subventricular Zone: Outer and Inner subdivisions 

Around embryonic day 10.5 in mice, neurons start being generated and accumulate 

giving rise to distinct layers. Following, right basal to VZ, a secondary germinal layer 

forms, the subventricular zone (SVZ). This layer contains radially and tangentially 

migrating neurons, radial fibers and axons. It also contains basal progenitor cells, which 

have a central role in cortex formation (Fig. 6). The population of basal progenitors is 

quite heterogeneous and a major focus of this Thesis, so it will be described in further 

detail in the following sections.  

The number of progenitor cells in SVZ increases rapidly during development in 

gyrencephalic compared to lissencephalic species. Indeed, the vast majority of cortical 

progenitor cells in human embryos are found in the SVZ, while in rodents it only 

contains about one third of cortical progenitor cells. The size of the SVZ correlates with 

the degree of folding, in agreement with its crucial role in cortical expansion during 
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development and evolution (Fig. 6). Moreover, a higher accumulation of mitosis is 

found at the SVZ of the most pronounced gyration compared to less convolved adjacent 

areas (Borrell and Reillo, 2012; Reillo et al., 2011; Smart et al., 2002).  

In fact, in these large brains, SVZ can be divided into inner (ISVZ) and outer SVZ 

(OSVZ), where the first one stays apically to the second (Fig. 6). Both sublayers are 

distinguishable, due to the lower cell density of the OSVZ and the axonal processes that 

separate them (the inner fiber layer, IFL). The ISVZ is also thinner, and the OSVZ is 

further subdivided into inner and outer (iOSVZ and oOSVZ) (Borrell and Reillo, 2012; 

Smart et al., 2002). 

 

Figure 6. Tangential versus radial expansion of the cerebral cortex. (A) In 

lissencephalic species as mouse, radial glia fibers from RGCs (green) are parallel and 

migrating neurons (blue) follow those processes with parallel trajectories. (B) In 

gyrencephalic species, radial fibers may be parallel or divergent. These variability 

allows radial migration and tangential dispersion at the same time, thus, increasing the 

surface area and folding on cerebral cortex. Radial fibers from bRGCs intercalate 

between aRGCs favoring also this tangential expansion. Differentiated neurons appear 

in purple at the final position on the cortical plate (CP). VZ, Ventricular Zone; SVZ, 

Subventricular Zone; IZ, Intermediate Zone; SP, Subplate; CP: Cortical plate. Adapted 

from(Borrell and Reillo, 2012.) 
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3.4.2 Neural progenitors: features and dynamics 

Several types of progenitor cells participate and are crucial for the formation of the 

cerebral cortex. As it has being reiteratively described, the neocortex displays a high 

degree of polarization, with an apical and a basal side  (Fig. 6 and 7). According to the 

location of mitosis, cortical progenitor cells are classified as apical or basal (Gotz and 

Huttner, 2005).  

 

3.4.2.1 Apical progenitors 

This type of progenitors undergoes mitosis at the apical or ventricular surface, and their 

soma is located within the NE or VZ. Four different types of apical progenitor cells 

have been identified: Neuroepithelial Cells (NECs), apical Radial Glia Cells (aRGCs), 

apical Intermediate Progenitors (aIPs) and Subapical Progenitors (SAPs) (Fig. 7). 

 

Neuroepithelial cells 

In early cortical development, the neuroepithelium is formed by NECs organized 

in a pseudostratified manner, which retain an attachment to both apical and basal 

lamina. These cells are self-amplifying progenitors that expand the surface area of the 

telencephalic walls. Although NECs are committed to the neural lineage, they show 

typical epithelial features such as polarization, a belt of tight and adherent junctions at 

the apical site, and integrin receptors at the basal lamina (De Juan Romero and Borrell, 

2015; Gotz and Huttner, 2005).  

 

Apical Radial Glia Cells 

At mid-corticogenesis, concomitantly with the formation of a layered sheet, NECs 

begin to downregulate some epithelial features. NECs show astroglial ultrastructural 

characteristics like glycogen granules and initiate the expression of astroglial molecules; 

like Astrocyte-Specific Glutamate Transporter (GLAST), Ca
2+

-binding protein S100β, 

Vimentin, GFAP or Brain Lipid Binding Protein (BLBP). These changes sustain the 
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transition of NECs to another type of progenitor cells, the apical Radial Glia Cells 

(aRGCs) (Borrell and Reillo, 2012; De Juan Romero and Borrell, 2015; Gotz and 

Huttner, 2005).  

aRGCs display their own specific features, showing an accumulation of Prominin-

1, PAR3, PAR6, aPKC, β-catenin, N-cadherin and PAX6 (Gotz and Huttner, 2005). In 

spite of this transformation, aRGCs still retain neuroepithelial hallmarks as the Nestin 

expression, an adherent junction belt or the highly polarized morphology with the 

attachment to both apical and basal limits of the developing cortex. Indeed, mutations 

inducing detachment from the apical junction organization promote delamination of 

neurons and basal progenitors born from aRGCs (Kawaue et al., 2019). At the apical 

surface, a single cilium emerges from these progenitor cells into the cerebrospinal fluid 

at the ventricle. With regard the basal process, this is branched at the marginal zone 

where the tips formed growth cones much simpler than axonal ones and with a bulb-like 

structure. These endings are attached to the basal lamina, which is composed of 

integrins, extracellular matrix proteins and G-protein coupled receptors (De Juan 

Romero and Borrell, 2015; Gotz and Huttner, 2005; Takahashi et al., 1990).  

In regard to subcellular compartments of aRGCs, there are still not many studies. 

It has been shown that the polarization of these cells is also a reflex of their distribution 

of mRNA, proteins and organelles, such as Golgi apparatus or centrosomes. 

Interestingly, some compounds change their subcellular localization depending on the 

cell cycle phase or progenitor type (Arai and Taverna, 2017; Taverna et al., 2016). 

As development progresses and more cells are being produced, the cerebral cortex 

increases in thickness. Because aRGCs remain in contact with the basal lamina, their 

basal process increases in length, now referred to as radial fiber. Newly formed neurons 

need to travel through the thickness of the developing cortex to their final position near 

the basal surface, and use these radial fibers as a guide and scaffold. Hence, aRGCs are 

both generators of cortical cells and guides for radially migrating neurons (Borrell and 

Reillo, 2012; Rakic, 1972). Compared to NECs, aRGCs are more committed to a neural 

fate, and settle as the primary progenitor cells of the neocortex, giving rise to all 

subsequent progenitor cells and all excitatory neurons (De Juan Romero and Borrell, 

2015; Gotz and Huttner, 2005).  
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Apical Intermediate Progenitors and Subapical Progenitors 

Recent studies have described two more progenitor types similar to aRGCs. 

Apical Intermediate Progenitors (aIPs), also called Short neural precursors, are a small 

population of progenitors that, like aRGCs, present an apical-basal polarity and divide 

apically (Gal et al., 2006). They are also anchored to the ventricular surface, but their 

basal process is short and confined to the VZ. Normally, aIPs experience self-

consuming divisions, generating basal progenitors or neurons (De Juan Romero and 

Borrell, 2015; Pilz et al., 2013). 

Last but not least, Subapical progenitors (SAPs) also extend apical and basal 

processes but undergo mitosis at the basal half of the VZ. SAPs are included in the 

adherent junctions belt near the ventricular surface. Both aIPs and SAPs are capable of 

undergoing several rounds of division, but, at least in the mouse cortex, their relative 

abundance is low (De Juan Romero and Borrell, 2015; Pilz et al., 2013).  

 

3.4.2.2 Basal progenitors 

As indicated by their name, basal progenitors undergo mitosis at an abventricular 

localization (basal positions), principally in the SVZ. Two main classes of basal 

progenitors are distinguished in the embryonic cerebral cortex: basal Intermediate 

Progenitors (bIPs) and basal Radial Glia Cells (bRGCs) (Fig. 7). 

 

Basal Intermediate Progenitors 

Basal Intermediate Progenitors (bIPs), or Intermediate Progenitor Cells (IPCs), 

directly derive from aRGCs. After being born, they migrate from VZ to populate the 

SVZ. They retain an apical process anchored to the apical lamina by adherent junctions 

until their first cell cycle progression, when this is entirely detached from the apical 

surface. During this transition from aRGCs, IPCs begin to downregulate the aRGC 

marker paired-box transcription factor 6 (PAX6) and proceed to express the T-box 

transcription factor 2 (TBR2) (de Juan Romero et al., 2015; Gotz and Huttner, 2005). 
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Typically, IPCs only divide once to produce two neurons, hence duplicating the 

neurogenic output of each single aRGC. As a result, IPCs are the major source of 

glutamatergic neurons in the mouse cortical plate. Although the focus of this description 

is the neocortex, IPCs are also present in other parts of the developing forebrain, where 

they have been observed to undergo multiple rounds of self-amplifying divisions 

(Borrell et al., 2012; De Juan Romero and Borrell, 2015; Pilz et al., 2013).  

 

Basal Radial Glia Cells 

Basal Radial Glia Cells (bRGCs) have their soma placed in the SVZ, and thus 

they undergo mitosis at basal positions. bRGCs share multiple structural and molecular 

characteristics with aRGCs, including the expression of PAX6 and intermediate 

filament Vimentin, but not of TBR2. Similarly, classical bRGCs extend a long basal 

process attached to the basal lamina, like aRGCs, but then do not have an apical process 

contacting the ventricular surface, and hence they lack the expression of apical 

membrane proteins such as PAR3, PROM1 or aPKC. Videomicroscopy of living brain 

slices demonstrate a wide range of bRGCs morphologies with high degree of plasticity 

to dynamically change to other bRGC shape. While in aRGCs the Golgi apparatus is 

confined to the apical process and far from the centrosome, in bRGCs the Golgi 

apparatus is placed in the basal process and becomes pericentrosomal. Moreover, one of 

the first detectable differences in nascent bRGCs is the relocation of the cilium to an 

abventricular position (Arai and Taverna, 2017; Betizeau et al., 2013; De Juan Romero 

and Borrell, 2015; Fietz et al., 2010; Hansen et al., 2010; Taverna et al., 2016; Toda et 

al., 2016).  

bRGCs are very scarce in the mouse cortex but extremely abundant in large 

cortices like ferret, macaque and human. In mice, they usually divide only once to 

generate two neurons in a self-consuming manner, similar to IPCs, contributing to 

neuron production at late stages of development. In larger and folded cortices, however, 

bRGCs self-amplify multiple times before producing neurons, thus massively increasing 

neuron production (Betizeau et al., 2013; De Juan Romero and Borrell, 2015; Gotz and 

Huttner, 2005; Hansen et al., 2010; Reillo and Borrell, 2012; Reillo et al., 2011). 

Furthermore, several previous studies reveal that the number of basal progenitors can 
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vary due to loss of apical adherent junctions, ultimately inducing delamination of the 

progenitors and early neuronal differentiation (Cappello et al., 2006; Chenn and Walsh, 

2002). Interestingly, bRGCs are crucial in driving cortex folding and further details will 

be addressed at section Cerebral cortex: underlying neurogenesis and cortical folding.  

 

Figure 7. NPC types in the developing neocortex. NPC are classified according to the 

localization of their mitosis, cell polarity and the presence of apical contact. Apical 

progenitor cells include apical Radial Glia Cells (aRGCs), apical intermediate 

progenitor (aIPs) and Subapical Progenitor (SAPs). All of them undergo their mitosis on 

the VZ but the later one show an adventricular localization. aRGCs and SAPs present a 

basal contact, while aIPs show a ventricular contact. Basal progenitor cells, which 

mitoses take place at basal positions, comprise basal Radial Glia Cells (bRGCs) and 

basal Intermediate Progenitors (bIPs). Both types lack of an apical attachment but 

bRGCs may present a basal contact. Adapted from(Florio and Huttner, 2014.)  

 

Single cell transcriptomic analyses subdivided the already presented progenitor 

types based on their different levels of expression of determined genes. However it is 

not clear enough with this data if the additional subclasses belong to progenitor cell 

types or different transcriptional transitional states. As an example, some studies 

classified as distinct groups progenitor cells and dividing progenitor cells, although the 

transcriptional differences just reflect two cell states of the same progenitor cell. This 
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variability remains relatively simple in lissencephalic species, although a broader 

amount of populations can be differentiated in gyrencephalic species as ferret or human 

(Betizeau et al., 2013; Johnson et al., 2015; Pollen et al., 2015). Thus, molecular 

cascades developed a critical role in formation and maintenance of stem cells and so, in 

cortical expansion too (Betizeau et al., 2013; De Juan Romero and Borrell, 2015; Reillo 

and Borrell, 2012). 

 

3.4.3 Cell cycle and Interkinetic Nuclear Migration 

As mentioned previously, neural progenitor cells in the NE and the VZ are set along the 

apical-basal axis in a bipolar morphology, extending two processes to each surface of 

the cortex (apical or basal) and the soma placed in the NE showing a pseudostratified 

structure with several layers of nuclei. This distribution of cell nuclei is due to their 

continuous apical-basal movements in a cell cycle-dependent manner (Fig. 8A and 8B), 

known as interkinetic nuclear migration (INM). During the G1 phase, the cell grows and 

the nucleus travels from the apical to the basal surface, where the synthesis of DNA (S 

phase) takes place. Next, during G2, the nucleus moves apically, to finally undergo 

mitosis (M phase) at the ventricular surface. After mitosis, if the cell re-enters the cell 

cycle proceeds into G1, again with the movement of the nucleus from the apical to the 

basal surface. This INM spans the entire thickness of the NE, but as the cortex grows in 

thickness this movement becomes restricted inside the boundaries of the VZ, while 

neurons accumulate basally between VZ and the pial surface. As development 

progresses, the cortex becomes thicker and the basal process of aRGCs elongates, 

maintaining INM within the VZ which, hence, it defines the VZ thickness (De Juan 

Romero and Borrell, 2015; Gotz and Huttner, 2005; Miyata et al., 2015; Reiner et al., 

2012; Taverna and Huttner, 2010; Watanabe et al., 2018). Intriguingly, although INM is 

evolutionary conserved, the migration flow from the apical to basal surface seems to 

vary between species, in the same way as VZ thickness and cell density differs. For 

example, the straightness of the nuclear movement is higher in mice G2 phase compared 

to ferret, unlike G1 phase in these species (Miyata et al., 2015; Okamoto et al., 2014).  
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Figure 8. Cell cycle and INM. (A) Cell cycle and its checkpoints. During G1 (green), 

cells grow. Then, progenitors replicate their DNA along with S phase (blue). After the 

G2 phase, cells undergo mitosis (M phase; yellow), where the sister chromatids are 

separated into two daughter cells. In red, checkpoints for DNA damage are labeled. In 

G2 phase, DNA replication (blue) and proper anaphase (green) is controlled. A final 

checkpoint has been suggested where the correct spindle assembly is assessed. (B) 

Interkinetic Nuclear Migration is represented, showing the soma dynamics along the 

cell cycle. In green, the progenitor cell and in blue, the newborn neuron. Modified 

from(Chin and Yeong, 2010.) 

 

Deregulation of INM has been related to severe cortical malformations, as in 

human mutations for LIS1, where abnormal neuron migration and defects in INM 

produce Lissencephaly (smooth brain) (Gotz and Huttner, 2005). INM dysfunction is a 

consequence of several factors. Watanabe et al., showed that a basal physical limitation 

is necessary for progenitors to undergo regular movements (Watanabe et al., 2018). 

Interestingly, blocking INM and uncoupling it from the cell cycle does not prevent cell 

division. However, INM can be disrupted due to an alteration in the cell cycle (Taverna 

and Huttner, 2010). The cell cycle is regulated by several checkpoints to assess a proper 

division, where the growth of the cell, the DNA integrity and the correct segregation at 

mitosis are verified (Fig. 8A). When damage is identified, the response varies greatly, 

from cell cycle reprogramming to cell death. Classically, three checkpoints are 

distinguished: 1) G1 checkpoint; 2) intra-S phase checkpoint; and 3) G2/M checkpoint. 

The first and the third prevent cells from progressing into S phase or G2 to M phase, 

respectively, with damage DNA from previous stages. Both can delay during hours or 

even arrest cell cycle as a result of post-translational modifications of effectors that 

drive alterations of transcriptional programs. On the other hand, the intra-S phase 

checkpoint causes only transient delays when sensing genotoxic insults. It inhibits the 
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initiation of a new replicon lagging DNA replication. Additionally, some authors 

include a DNA replication checkpoint close to G2/M phase, where the cell may detect 

unpaired DNA lesions from S phase due to inappropriate replication (Barnum and 

O'Connell, 2014; Chin and Yeong, 2010; Lukas et al., 2004).  

Interestingly, somal movements during cell cycle seem not a unique characteristic 

of NECs and aRGCs. A similar process takes place in basal proliferative regions of 

large cortex like ferret, macaque or human, where basal progenitors (both bRGCs and 

SAPs) undergo nuclear translocation linked to cell division. This process has been 

called mitotic somal translocation, and its frequency of appearance varies between 

species (De Juan Romero and Borrell, 2015; Hansen et al., 2010; Taverna et al., 2014). 

Just prior to mitosis, and contrary to what happens with aRGCs, basal progenitor somas 

undergo a fast movement in the basal direction. And before nucleus movement, the 

cellular centrosome shifts into the basal process. Nuclear migration during the cell cycle 

seems to be an essential feature for proper division and in evolution. However, its 

functional significance remains currently unknown (Hansen et al., 2010). 

 

3.4.4 Types of division 

After presenting the variability in progenitor types and the process by which they 

divide, I will focus on the possible outputs of cell division. Depending on the daughter 

cell identity, cortical stem and progenitor cells divide symmetrically or asymmetrically. 

In the first case, the progeny will show the same identity, while from asymmetric 

division two different cells arise. Each division can either self-renew the progenitor cell 

or consume it, independently of the division symmetry. In self-renewing divisions, one 

daughter cell has the same identity of the progenitor cell but the other is different. In 

consumptive divisions, both cells are distinct from the mother cell. Consequently, four 

possible combinations of cell division may occur: asymmetric self-renewing, 

asymmetric consumptive, symmetric proliferative or symmetric consumptive 

(Fernandez et al., 2016; Gotz and Huttner, 2005; Llinares-Benadero and Borrell, 2019; 

Taverna et al., 2014) (Fig. 9).  

The mechanisms underlying the decisions among the types of divisions are still 

under study, but asymmetry is shown to be related to the asymmetric physical 
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inheritance of specific molecules. This is highly correlated with the division plane, a 

cleavage plane parallel to the ventricular surface usually produce an asymmetric 

division because of the marked apico-basal polarity of the progenitor cells. However, a 

perpendicular cleavage plane derives more probably in symmetric divisions where both 

daughter cells inherit the same type of components (Taverna et al., 2014).  

 

 

Figure 9. Types of divisions at cerebral cortex. Schematic representation of the types 

of  progenitor divisions during cortical development. (A) Direct divisions would early 

deplete neural progenitors giving rise to few neurons. (B) Indirect divisions would give 

rise to higher amounts of neurons by IP generation and division. NE (yellow), RGCs 

(green), IP (blue) and neurons (purple). Adapted from Fernandez et al., 2016. 

 

Changes on cell division modes at early developmental stages generate profound 

abnormalities in the mature neocortex, commonly dealing with microcephaly and 

macrocephaly (neurodevelopmental disorders characterized by aberrant reduction or 

enlarged cortex, respectively) (Sun and Hevner, 2014). As an example, some studies 

have reported that premature switching from asymmetric aRGCs division to symmetric 

proliferative division are related with microcephaly phenotypes (Fish et al., 2006; 
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Johnson et al., 2018). Evolutionary changes in cell division mode would also affect 

basal progenitor production, and then, cortical expansion (Cardenas et al., 2018). Thus, 

the proper number and type of cell divisions have to be carefully regulated to produce 

the proper populations of cells generating a well formed brain (Sun and Hevner, 2014) 

(Fig. 9). 

 

3.5 Cerebral cortex: factors underlying neurogenesis and cortical folding 

Humans have a very large brain-to-body weight ratio, mainly consequence of an 

increase in brain cell number. This increment is largely due to a high abundance of basal 

progenitor cells and entails primarily an increase in cortical surface rather than in 

thickness. However, cortical expansion and folding is not just a matter of an increased 

proliferation, as has been widely shown by human malformations and mouse mutations 

which, while forcing a massive overgrowth of the cerebral cortex (such as WDR6, 

ASPM, FGFR3, FLN1A and GPR56), are not accompanied of bona fide folding. 

Conversely, human mutations causing microcephaly, a significant reduction in cortical 

neuron abundance, may nonetheless display normal folding patterns. Interestingly, it has 

been reported that modifications in Cdk4 expression leads to a massive production of 

basal progenitors in lissencephalic (mouse) and gyrencephalic (ferret) cortices, but 

folding was increased only in ferret. Hence, such a complicated process depends on 

many different features that have to be tightly coordinated and regulated (Borrell, 2018; 

Borrell and Reillo, 2012; Nonaka-Kinoshita et al., 2013; Smart et al., 2002). Next, I 

detail how proliferation and other important factors seem to underlie folding and 

cortical expansion.  

 

3.5.1 Primary factors 

We refer to primary factors as those that directly influence cortical folding, either by 

increasing progenitor cell numbers, neuronal dispersion or tissue plasticity (Fig. 10). 
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3.5.1.1 Regulation of apical progenitor cell proliferation 

The abundance of NECs is greater in gyrencephalic species compared to lissencephalic 

species. The NE, and later the VZ, are larger and have a greater ventricular surface 

compared to lissencephalic species. Consequently, the telencephalic vesicles are much 

greater in size, suggesting a direct relationship between NECs abundance and expanded 

cortex (Fernandez et al., 2016; Reillo et al., 2011; Sauerland et al., 2018; Smart et al., 

2002). 

In addition, progenitor lineage dynamics is also critical in the final neuron 

production. Progenitor cells continuously have to decide whether directly producing 

neurons or intermediate progenitor cells, which amplify their neuronal output. 

Interestingly, the genetic mechanisms that control this choice seem to be well 

evolutionary conserved, and changes in expression levels of these genes modify the 

balance of basal progenitor production (Cardenas et al., 2018). The proliferative 

potential of progenitor cells is also related to cell cycle length. While shorter cell cycles 

are related to the generation of more stem cells, longer cell cycle promotes the 

production of differentiated cells. This seems to be largely due to the shortening of S-

phase in neurogenic aRGCs and bIP, thus reducing DNA repairing time (Betizeau et al., 

2013; Borrell and Calegari, 2014; Pilz et al., 2013; Taverna et al., 2014; Turrero Garcia 

et al., 2016). Hence, evolutionary alterations on cell cycle length influence the 

proliferative potential. Moreover, even while the cell cycle is longer in species like 

macaque, ferret and human, their period of neurogenesis is also much longer, allowing 

for more time to undergo several additional rounds of division compared to rodents, 

thus allowing an increase in neuronal production (Borrell and Calegari, 2014; 

Fernandez et al., 2016; Reillo and Borrell, 2012). 

An additional level of proliferation regulation and fate determination is related to 

calcium. In the VZ, spontaneous calcium waves during cortical development regulate 

neuronal production. These calcium waves seem to be in charge of orchestrating the 

progenitors' proliferation in a coordinated manner, such that disruption of calcium 

waves reduces proliferation. This mechanism seems to depend on ATP receptors and 

IP3-mediated calcium release. Calcium diffuses through connexin hemichannels 

between cells (Weissman et al., 2004). Lately, another type of proliferation regulation 

via calcium has been reported. Along cortical development, apical progenitors decrease 
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their membrane resting potential concomitantly with the transition to generate late 

neurons and IPs. Hyperpolarization induces a shift to precocious late neuron production, 

changing the neurogenic potential of progenitors (Vitali et al., 2018). Radial 

communication within RGCs has been also suggested to take place by calcium 

bidirectional propagation. RGC fibers provides a link between proliferative and 

postmitotic zones allowing long distance communication. This mechanism for 

information transmission is induced by Notch signaling and growth factors (Rash et al., 

2016). 

 

3.5.1.2 Basal progenitor abundance 

In addition to a larger VZ, gyrencephalic species also present a dramatically thickened 

SVZ. This is subdivided in inner and outer domains (ISVZ and OSVZ, respectively) and 

populated by an outstanding number of basal progenitors, particularly within the OSVZ. 

I previously mentioned that the SVZ has an essential role in the outstanding 

enlargement of the cerebral cortex, and in particular the OSVZ and its constituent basal 

progenitors are key in cortex folding. Contrary to the scarce amount of bRGCs in mice, 

in gyrated animals these are in much greater quantity and have a greater self-

amplificative potential, and exert a profound impact on cortical development (Borrell 

and Reillo, 2012; De Juan Romero and Borrell, 2015; Martinez-Martinez et al., 2016; 

Nonaka-Kinoshita et al., 2013; Reillo et al., 2011; Sauerland et al., 2018; Smart et al., 

2002; Taverna et al., 2014; Toda et al., 2016). Intriguingly, the massive production of 

basal progenitors in gyrencephalic cerebral cortices is remarkably higher in prospective 

gyri than sulci, producing a larger final number of cortical neurons. Studies using ferret 

as a model of gyrification demonstrate that bRGCs forming the OSVZ are generated at 

a specific critical time period during embryogenesis (E34-E36), in which aRGCs 

undergo self-consuming divisions to massively produce bRGCs. After this brief time 

window, progenitor cells in the OSVZ follow an independent lineage, and VZ aRGCs 

go back to their normal self-renewal regime (Martinez-Martinez et al., 2016).  
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3.5.1.3 Regulation of neuronal migration 

One crucial and characteristic factor of cortical development is radial migration. Its 

disruption leads to an altered neuronal positioning and cortical layering, and several 

proteins that participate in this process have shown to have an impact in cortical folding. 

One particular example are the Leucine-rich repeat transmembrane proteins 1 and 3 

(FLRT1/3). These cell-adhesion molecules have a role in radial migration of cortical 

neurons and their genetic ablation in mice induces the formation of cortical folds (Del 

Toro et al., 2017). Similarly, Cajal-Retzius cells secrete, among others, Reelin, a crucial 

factor for neuronal radial migration (Taverna et al., 2014). In humans, mutations in 

Reelin signaling severely impair cortical folding (Hong et al., 2000; Rice and Curran, 

2001). Another key regulator of radial migration and cortical lamination that impairs 

gyrification is doublecortin (DCX). Human mutations on this gene, as well as Dcx-KO 

ferrets, display alterations of cortical folding (Gleeson et al., 1999; Kou et al., 2015; Pilz 

et al., 1998).  

On the other hand, in gyrencephalic species, radially-migrating neurons disperse 

tangentially within the developing cerebral cortex, thus increasing cortical surface area 

and, ultimately, folding (Borrell and Reillo, 2012). It has been suggested that an 

evolutionary increase in branching of the leading process favors this tangential 

dispersion of radial migrating neurons, and thus cortical folding. Accordingly, loss-of-

function for CDK5, a protein important for neuronal migration and leading process 

branching, severely impairs upper-layer neuron migration and cortical folding in ferrets 

(Martinez-Martinez et al., 2018; Shinmyo et al., 2017).   

 

3.5.1.4 Extracellular matrix integrity 

Whereas so far we have only considered factors intrinsic to cortical progenitor cells, 

these are not isolated but embedded in a complex extracellular matrix (ECM) that 

surrounds them within the tissue. This ECM largely defines tissue consistency and, it 

has been shown that specific ECM components directly regulate cortical expansion and 

folding. In particular, folding is induced in human fetal tissue cultures treated with 

HAPLN1, Collagen 1 and lumican (Long and Huttner, 2019; Long et al., 2018). 

Remarkably, recent studies reported an increase in ECM components expression in 
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gyrencephalic (humans) compared to lissencephalic species (mice), suggesting that 

changes in ECM exert a crucial influence on cortical expansion and folding (Fietz et al., 

2012; Florio et al., 2015; Pollen et al., 2015).  

 

Figure 10. Primary factors underlying cortical folding. (A) Apical progenitors (red 

cell) abundance highly affects cortical folding, but their division decisions and their cell 

cycle length are crucial for the further output. aRGCs are also regulated by calcium. (B) 

Basal progenitor cells (orange cells) and SVZ (orange and yellow layers) size directly 

influence cortical folding. (C) The migration of the newly formed neurons affect folding 

by their migration velocity (specified by Flrt1/3 molecules), Reelin signaling and DCX 

expression. Adapted from(Borrell and Gotz, 2014)(D) The high structural complexity of 

the ECM leads to its integrity and allowing cortical folding. Adapted from(Freeman and 

Hamilton, 2005)(E) The different theories about physical biomechanics that induce 

cortical expansion and folding. Modified from(Garcia et al., 2018.) 
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3.5.1.5 Physical biomechanics 

Beyond these biological factors, there is a clear biomechanical aspect to the cortical 

folding process. The specific role of physical constraints on cortical folding has been 

target of controversial arguments during decades. Many models have been proposed to 

explain and unravel gyrification. Classically, folding was presumed to be the direct 

consequence of the cerebral tissue growing within a limited cranial volume. However, 

folding of the cerebral cortex occurs before skull ossification and even in the absence of 

other non-cortical brain structures (Fernandez et al., 2016; Le Gros Clark, 1945). Later 

on, the "Axon tension hypothesis" speculated that cortex folding is a consequence of 

axonal connectivity between cortical areas (Van Essen, 1997). However, ex vivo 

experiments cutting axon tracts in ferret cortical slices refuted this hypothesis (Xu et al., 

2010). Alternatively, the "tangential growth hypothesis" proposes that the different 

velocities in tangential growth between early and late cortical neuronal layers drive 

folding of the cortical mantle. This hypothesis is particularly interesting because it takes 

into account the biology of the tissue (Tallinen et al., 2014).  

 

 

3.5.2 Secondary factors 

Primary factors are influenced by other, secondary factors the alteration of which leads 

to cortical folding impairment. These secondary factors are listed below and mainly 

affect the tangential dispersion of migrating neurons and the generation of bRGCs. 

 

3.5.2.1 RGCs 

The importance and variability of cortical progenitor cell proliferation and lineage has 

already been mentioned above. However, other features of RGCs also affect cortical 

development and the ability to produce an expanded cortex. In addition to their 

proliferative role, RGCs serve as scaffold for the migration of newly generated neurons. 

In species with lissencephalic brains, the basal fibers of aRGCs are arranged radially in 

the developing cortex, perpendicular to the ventricular surface, and neurons migrate 

parallel to them. Accordingly, the final position of these neurons is directly in register 

with the position of their progenitor cells. In gyrencephalic species, in contrast, neuronal 
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migration has two essential components: radial and tangential. Given that neurons are 

produced in higher numbers, the presence of only parallel radial fibers would lead to a 

thicker cerebral cortex without folds. Concomitantly, radial fibers present a divergent 

conformation that allows the tangential dispersion of radially migrating neurons, thus 

increasing surface area and folding of the cerebral cortex (Borrell and Reillo, 2012; 

Nonaka-Kinoshita et al., 2013).  

 

3.5.2.2 Neurons 

Several studies have reported that neurons regulate cortical development both directly 

by their migration and indirectly by feedback signaling onto progenitor cells. For 

instance, migrating neurons have been shown to release neurotransmitters that activate 

or inhibit the proliferation of progenitor cells in the developing cerebral cortex by 

changes in intracellular calcium (Joo et al., 2007; LoTurco et al., 1995; Wang and 

Kriegstein, 2009).  Another great example of the influence of neurons on the behavior 

of progenitor cells are Cajal-Retzius cells. As previously mentioned, these cells secrete 

Reelin, an essential factor for neuronal radial migration that also enhances Notch 

activation in aRGCs indirectly, regulating bIPs generation (Taverna et al., 2014).  

Additionally, the axonal projections of neurons profoundly influence cortical 

development and folding in gyrencephalic species (like monkeys, ferret, dogs, 

raccoons...). Eye enucleation in fetal monkeys, before axonal connections are 

established, cause a reorientation of sulci and a reduction of cortical area size. These 

alterations take place around the primary visual cortex (influenced  by eye removal), but 

also at distant areas including the contralateral hemisphere. Thalamic axons also 

regulate neurogenesis via direct signaling to cortical progenitor cells (Dehay et al., 

1996; Dehay et al., 1989; Sun and Hevner, 2014). Thus, afferent innervation can modify 

cortical progenitor cells proliferation, possibly by the secretion of growth-promoting 

factors. 
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3.5.2.3 Extracellular matrix 

Classically, the extracellular matrix was considered purely as a scaffold network of 

proteins. However, it has been lately shown that ECM directly signals to influence cell 

proliferation, differentiation and migration, among others (Long and Huttner, 2019). 

Thus, it is being increasingly suggested that extracellular matrix components shape 

brain development and cortex folding.  

One of the main types of ECM molecules identified as being involved in cortex 

development are proteoglycans. Their glycosylated chains are typically related to 

structural support, but their disruption can induce cell detachment, overmigration, 

increase in G1 lengthening or regulation of the proliferation. How proteoglycans affect 

cellular dynamics is still under study, but hypothetically the network alters molecules 

moving and distribution within the tissue. Thereby this network generates a gradient of 

factors capable of reaching the progenitors' membrane receptors (Long and Huttner, 

2019). 

 Another one of the main characters in this play are laminins and their counterpart, 

integrins. Each laminin contains one alpha, one beta and one gamma subunit, and until 

now, 15 different chains have been identified. Each integrin includes one alpha and one 

beta subunit (in mammals 18 and 8 different subunits, respectively). This variability 

confers a wide variety of options to specifically regulate different processes within the 

developmental cortex (Long and Huttner, 2019). Among all the reported studies, a few 

of them are underlined bellow: 

- In cell cultures, laminin enhances survival, proliferation and differentiation of 

neural stem cells by modulating growth factors and directly binding integrins (Drago et 

al., 1991).  

- Integrin α5β3 activation in mouse neocortex increased proliferation by 

inducing cell cycle re-entry and regulating proliferative divisions of bRGCs at ferret 

OSVZ (Fietz et al., 2010; Long and Huttner, 2019). 

- Overexpression of integrin β1 activates proliferation and the production of 

basal progenitor cells. Also, this glycoprotein activation promoted differentiation of 

non-expressing neighboring cells. Disruptions on integrin β1 cause progenitor cell death 

after the detachment of the basal processes. Moreover, its loss produces microcephaly in 
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the mouse developing cortex. In addition, it is involved in the basal contact of aRGCs to 

maintain the bipolar morphology. Integrin β1 regulate end-feet regeneration after 

mitosis independently of the division angle at early neurogenic states. Although the 

regeneration capability declines at late neurogenic stages and oblique divisions induce 

the translocation of the RGCs to basal positions (Fujita et al., 2020; Long and Huttner, 

2019; Radakovits et al., 2009).  

- Lacking laminin γ1 alters INM inducing divisions of the aRGCs at basal 

positions in zebrafish neural tube (Tsuda et al., 2010). 

- Another player of this ECM network is hyaluronic acid (HA). This non-

sulfated glycosaminoglycan necessary for extracellular matrix structure is involved in 

neurite movement, neural migration and tissue consistency (Long and Huttner, 2019; 

Long et al., 2018).  

The formation and maintenance of adherent junctions require a dynamic transport 

and recycling of adherent molecules and membrane. Thus, alterations in the dynamic 

remodeling could derive also in the modification of RGCs activity (Arai and Taverna, 

2017; Taverna et al., 2016). 

 

3.5.2.4 Cerebrospinal fluid 

Progenitor cells of the cerebral cortex receive not just local cues but also signaling from 

remote locations, in particular from the choroid plexus. This vascularized secretory 

epithelium produces and regulates the composition of the cerebrospinal fluid (CSF), 

which fills the cavities of the ventricles. The molecular composition of CSF is very 

complex, quite conserved during evolution and dynamically regulated during 

development. The CSF in the developing brain contains several factors, ions, lipids, 

hormones, molecules and membrane-bound particles that may affect progenitor 

dynamics (Johansson et al., 2013). Thanks to the continuous attachment to the apical 

surface, NECs and aRGCs are regulated by CSF during development. The receptors for 

many of the CSF molecules are placed in the apical membrane and the primary cilium 

of aRGCs. By this mechanism, and taking advantage of the highly polarized structure of 

the cortex, progenitor cells are locally regulated during neocortex development. 

Moreover, when a progenitor cell delaminates from the VZ surface to basal positions, it 
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also stops sensing all these signals and may begin activating other regulatory pathways. 

CSF molecules and pathways regulating cortical progenitor proliferation include Otx2, 

Shh, IGFs, FGFs, BMPs and Wnt signaling (De Juan Romero and Borrell, 2015; 

Taverna et al., 2014). 

 

3.5.2.5 Signaling from the meninges and basal lamina 

In addition to the apical signals from the ventricle, some evidences show that signals 

from the meninges at the basal lamina also regulate neuronal migration and cortical 

progenitor dynamics. The meninges secrete molecules creating a gradient within the 

cortex, including factors like chemokines, necessary for the proper tangential migration 

of Cajal-Retzius cells to their final position (Borrell and Marin, 2006). The meninges 

are also the primary source of retinoic acid, which has been implicated in the reduction 

of glia self-renewal, bIP generation, neuronal differentiation and tangential expansion of 

the neocortex (Siegenthaler et al., 2009).  

Immediately below the meninges, the basal lamina anchors the end-feet of RGCs 

and acts as a physical barrier for migrating neurons. A disruption in the RGCs contact to 

the basal lamina induces a displacement of Cajal-Retzius cells (Kwon et al., 2011). The 

migration speed of these cells also regulates the size of high order areas (Barber et al., 

2015). All these features suggest that an active crosstalk exists between the basal lamina 

and RGCs, and that it affects cortical cell behavior. Laminins are the main glycoproteins 

at the basal lamina and, as mentioned above, have been related to proliferation, 

differentiation, migration and cell adhesion. Loss of function mutations in laminin β1 

(LAMB1) cause cobblestone lissencephaly, a type of human cortical malformation 

where neurons overmigrate past their termination zone and generate an irregular and 

bumped cortical surface (Radmanesh et al., 2013). 

  

3.5.2.6 Genetic regulation of bRGC generation 

The size and pattern of cortical folds are seemingly conserved between individuals and, 

to some extent, between species within individual clades. This strongly suggests that 

patterning of cortex folds is under strong genetic regulation (Borrell and Reillo, 2012). 
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However, the genetic mechanisms by which the production of bRGCs by aRGCs is 

controlled remains poorly understood. Some laboratories have focused on unveiling key 

genes for cortical expansion and folding that are specific to higher mammals, namely 

human and non-human primates. Transcriptomic analyses of progenitor cells have been 

especially important for these questions. In this context, several human-specific 

candidates for expansion regulation have been identified, such as ARHGAP11B and 

NOTCH2NL. Changes in the aRGCs expression of any of these genes promotes basal 

progenitor cells generation affecting their proliferation (Fietz et al., 2012; Florio et al., 

2015; Florio et al., 2018; Johnson et al., 2015; Pollen et al., 2015). However, taking into 

account the highly regionalized brain of gyrencephalic species, both the expression of 

specific genes and differences in gene expression within the cerebral cortex could be in 

charge of defining cortical regions and folding patterns. Accordingly, De Juan Romero 

et al. identified differences in gene expression between sulci and gyri within germinal 

layers of the developing ferret cortex. Differently expressed genes along the OSVZ 

showed a remarkable correlation with the eventual pattern of cortex folding, a 

regionalization of gene expression not occurring in the lissencephalic mouse cortex (de 

Juan Romero et al., 2015). 

Several studies have addressed the implication of genes expressed on aRGCs 

regulating basal progenitor cells production, like Shh (Wang et al., 2016); Hopx (Vaid et 

al., 2018); EOMES (de Juan Romero et al., 2015; Toda et al., 2016) and Pax6 (Wong et 

al., 2015), among others. An extraordinary example of a gene able to modulate 

migration and proliferation is Trnp1. In mouse model, overexpression of Trnp1 induce 

progenitor cell self-renewal and neuronal tangential expansion, while low levels of this 

gene on apical progenitors promote an increase in basal progenitor cells and cortex 

folding (Stahl et al., 2013). 

In addition, tight genetic regulation at the critical period for bRGCs production is 

necessary to coordinate all the proliferative changes that would give rise to the unique 

germinal layer OSVZ. Previous studies from our laboratory analyzed the changes in 

expression of the aRGCs at the gyri VZ in charge of bRGCs generation. In fact, the 

study showed that a coordinated downregulation of Trnp1 and Cdh1 at this time 

window defined the OSVZ bRGCs production. Thus, overexpression of these two genes 

reduces bRGCs production preventing OSVZ setting (Fig. 11).  
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Figure 11. Model of developmental formation of OSVZ. At early ferret embryonic 

development aRGCs self-renew coinciding with high levels of Cdh1. During the critical 

period for bRGCs generation at E34-E26, Cdh1 is downregulated and combined with 

low levels of Trnp1, driving aRGCs to self-consuming divisions that massively produce 

bRGCs. The formed bRGCs become founders of the OSVZ. After birth (E42/P0), Trnp1 

is upregulated blocking the generation of bRGCs to the OSVZ. At this point, the critical 

period finishes and the OSVZ follows an independent lineage sustained by bRGC self-

amplification. Modified from(Martinez-Martinez et al., 2016.) 

 

Intriguingly, from this analysis of the expression dynamics at the aRGCs on the 

VZ during the critical period for bRGCs, only one gene expression appeared to mimic 

the aRGCs dynamics, the Synaptic Vesicle Glycoprotein 2B (Sv2b) (Martinez-Martinez 

et al., 2016). This suggest that Sv2b could be an interesting candidate for regulate 

bRGCs generation and hence, cortical expansion and cortical folding. 

 

3.6 Synaptic Vesicle proteins 2 (SV2) 

3.6.1 General features 

Synaptic vesicle proteins 2 (SV2) were identified in the mid-'80s and have been widely 

used as synaptic vesicle and endocrine granules marker since then (Buckley and Kelly, 

1985). Although they have been highly studied (especially in rodents or cell cultures), 

their exact function remains unknown. The SV2 family is composed of three members 

encoded by different genes: Sv2a, Sv2b and Sv2c, which share 65% identical amino 

acids and 80% structural homology (Bajjalieh et al., 1994; Bajjalieh et al., 1992; Janz 
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and Sudhof, 1999). SV2 paralogs maintain similar structure between different 

mammalian species as mouse/rat, ferret and human proteins. In particular, they present a 

90% identity in protein alignment. Between ferret protein and mouse or human protein 

sequence, significant differences accumulate in the N-terminal and the extracellular 

loop (Fig 12 . Uniprot data). 

No closed orthologs of SV2 proteins have been discovered in non-vertebrate 

species. On the contrary, these three isoforms are postulated to be related with SVOP 

(SVtwO-related Protein) and SVOP-like protein (SVOPL), two paralogous ancient and 

evolutionary well-conserved synaptic proteins already present in invertebrates like 

Drosophila melanogaster and Caenorhabditis elegans. Both present a sequence 

homology of 20-22% but a very similar structure (Janz et al., 1998). No clear function 

has been discovered for either SVOP/SVOPL proteins. 
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Figure 12. Mouse SV2A, SV2B and SV2C predicted structure. High homology 

between SV2 proteins can be observed. The N-termini is the most variable part. Each 

circle correspond to one amino-acid of the protein. In purple, the phosphorylated sites; 

in green, the synaptotagmin 1 (SYT1) binding sites; in yellow, the glycosylation sites, 

in blue, predicted nucleotide binding sites and in pink, Levetiracetam binding sites. 

Reported mutations on important sites are highlighted with a red edge. Images were 

created using Protter tool, http://wlab.ethz.ch/protter/start/). 

http://wlab.ethz.ch/protter/start/
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3.6.2 SV2 structure 

The three isoforms present 12 transmembrane regions (TMRs), two highly conserved 

large loops (one cytoplasmic and another luminal), a cytosolic N-terminal and a luminal 

C-terminal. In general, the loops connecting TMRs are short, except for the loop 

between 6º and 7º TMR in the cytoplasm and the other big loop in the luminal face 

between 7º and 8º TMRs. These large loops and the N-termini present less homology 

(Janz and Sudhof, 1999) (Fig. 12). In contrast, SVOP and SVOPL lack these large 

loops.  

SV2 protein sequence and general structure present high homology to 

neurotransmitter transporters, and due to these features, they were classified into the 

major facilitator superfamily (MFS) (Feany et al., 1992). By protein tomography, two 

major conformations have been described for SV2A: one like a compact pore with a 

funnel structure, and a second one with an open cleft towards the lumen, further 

supporting its classification into the MFS (Löscher et al., 2016; Lynch et al., 2008) (Fig. 

12 and 13).   

 

Figure 13. Schematic model of SV2A with 12 α-helix traversing the plasma 

membrane. In this image is represented the two possible pore conformations opened to 

the cytoplasm or the lumen. Adapted from(Löscher et al., 2016.) 

 

Each member of the SV2 family also has several splicing variants and known 

single nucleotide polymorphisms. SV2B N-termini is substantially shorter (around 50 

amino acid less). The N-termini of the SV2 family proteins shows high N-glycosylation, 

in contrast to SVOP/SVOPL which are not, though suggesting a more complex function 

of the SV2 proteins (Janz et al., 1998). In particular, SV2 proteins are glycosylated by 
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keratan sulfate (Scranton et al., 1993). SV2A and SV2B show three glycosylation sites 

into the large luminal loop, while SV2C stands up to five sites. Even if its exact role is 

not clear, N-glycosylation sites seem necessary for a proper function of the SV2 

proteins as the amino acidic mutations are enough to induce a phenotype (Kwon and 

Chapman, 2012). They also present sensitive sites for phosphorylation. In fact, it has 

been shown that in SV2A and SV2C Thr84 site is phosphorylated by casein kinase 

family 1 protein (Fig. 12) (Zhang et al., 2015).  

Mutations in glycosylation or into the TM regions of SV2A produce disruptions in 

the correct folding of the protein (Fig. 12 and 13). As a consequence, SV2 normal 

localization and trafficking is impaired forming cytoplasmic aggregations, therefore 

suggesting importance of the proper folding of SV2A to developed its usual function 

(Chang and Sudhof, 2009; Kwon and Chapman, 2012; Nowack et al., 2010; Yao et al., 

2016; Yao et al., 2010).  

 

3.6.3 SV2 expression patterns 

Interestingly, besides their structural similarities, the three isoforms present different 

mRNA expression profiles in rodents. Both Sv2a and Sv2b start being expressed at early 

stages of development when the earliest neurons are first generated (E12 as the earliest 

time examined). While Sv2a expression is stabilized after birth and no variations on 

expression are furthered detected, the Sv2b distribution changes as development 

progresses. Sv2b is widely expressed in the immature brain where newly produced cells 

have not yet induced stable synaptic contacts. Indeed, at the cerebral cortex, its 

expression is limited to the superficial layers (E17) and it is also expressed in regions 

where it no longer appears in the adult brain as the globus pallidus and the dentate gyrus 

of the hippocampus (P5-16). Sv2b is also expressed at P15 in the proliferating external 

germinal layer of the cerebellum. This layer contains cells on their final round of cell 

division before migrating to their final destination in the granule cell layer and making 

their first synaptic contacts (Bajjalieh et al., 1994; Crevecoeur et al., 2013). The 

expression pattern of Sv2c during mouse development has not been described. 

In adult murine central nervous system (CNS), the expression patterns of Sv2a 

and Sv2b exhibit a broader expression, but Sv2c is confined to phylogenetically old 
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brain areas. While Sv2a is ubiquitously expressed in the adult brain, Sv2b is more 

restricted than Sv2a and its expression is excluded from the dentate gyrus of the 

hippocampus, the globus pallidus, the cerebellum (but granule cells), the reticular 

nucleus of the thalamus and the reticular part of the substantia nigra. On the other hand, 

Sv2c mRNA is observed in the olfactory bulb, olfactory tubercle, nucleus accumbens, 

dorsal striatum, ventral pallidum and the ventral tegmental area. The protein is found, in 

addition, in the globus pallidus and the substantia nigra. Sv2c isoform remains utterly 

absent from cerebral cortex or hippocampus (Dardou et al., 2011; Janz and Sudhof, 

1999).  

According to immunolabeling of SV2 proteins, SV2A and SV2B remain almost 

absent from cellular layers, such as the pyramidal cell layer of the hippocampus, and is 

highly present in synapse-rich molecular layers as in the cerebellum. On the other hand, 

SV2C is expressed in the cell bodies of TH-positive midbrain dopamine neurons and 

striatal GABAergic medium spiny neurons. SV2A is expressed in all cortical cerebellar 

neurons, GABAergic and glutamatergic. However, SV2B is limited to glutamatergic 

granule cells of the cerebellum. SV2B expression is not linked to glutamate presence 

and is not expressed in other types of glutamatergic neurons (Bajjalieh et al., 1994; 

Crevecoeur et al., 2013). SV2 proteins are distributed with high precision through the 

individual's vesicles, containing an average of five copies of SV2 proteins per unit with 

low variability between vesicles (Mutch et al., 2011).  

Thus, it has been shown that the expression patterns of SV2A and SV2B have a 

widespread overlap. Furthermore it has been reported that at some cases, both isoforms 

are expressed in the same cell at different relative levels (as in hippocampal CA2 

neurons). By immunoprecipitation assays, previous studies show that both isoforms can 

coexist in the same vesicle overlapping with other synaptic vesicle proteins as 

synaptotagmin or synaptophysin, although one of the isoforms is usually predominant. 

The expression of SV2 proteins seems not to correlate with any other synaptic vesicle 

isoforms as Synaptotagmin, VAMP or Synaptophysin, rejecting a possible correlation in 

terms of function (Bajjalieh et al., 1994). Regarding SV2C protein, it is densely 

expressed in around 45% of cholinergic interneurons, in GABAergic striatal projection 

neurons and in most dopaminergic neurons (more than 70%) in the substantia nigra and 

the ventral tegmental area (Dardou et al., 2011). SV2A and SV2B are coexpressed not 



 
85 INTRODUCTION 

only in several types of neurons but also in the very same vesicle. Colocalization of 

other SV2s and SV2C has not been assessed.  

SV2 proteins are also expressed in the peripheral nervous system. SV2A appears 

to be present in peripheral sympathetic synapses. SV2B is the main isoform expressed 

in the retina. In all motoneurons, SV2B and SV2C have been detected, but SV2A is 

only present in slow motoneurons. Also, neuroendocrine cells express SV2 in the 

human gastrointestinal tract, adrenal medulla, pancreas, thyroid/parathyroid and 

pancreas. In this latest organ, SV2A and SV2C were explicitly found in insulin 

containing granules. SV2B is also highly expressed in the cortical layer of the 

embryonic kidney, not in adults (Bajjalieh et al., 1994). Finally, SV2A is expressed in 

platelets. 

Surprisingly, Stockburger et al., demonstrate that SV2A is not just restricted to 

vesicles but is also present in mitochondria (Stockburger et al., 2016). 

 

3.6.4 Sv2 Knockout mice 

At the end of the 90s, knockout (KO) mice were generated to unravel the role of SV2 

proteins (Janz et al., 1999). Mutant Sv2a mice present a reduction in body size and a 

small brain in proportion to their reduced body (Fig. 14). Apparently, Sv2a KO rodents 

developed normally until one or two postnatal weeks when they begin to suffer severe 

seizures and die. The epileptic phenotype increased in severity and frequency over time. 

Indeed, compared to other strains with resemblant responses, the observed seizures are 

more exhausting, stronger and longer lasting (Crowder et al., 1999; Janz and Sudhof, 

1999). Moreover, behavioral analysis in conditional KO mice with ablated expression 

specifically in the hippocampal glutamatergic neurons, show an increase in anxiety-like 

features and spatial memory deficit compared to wild type mice (Serrano et al., 2019). 

On the contrary, Sv2b single KO mice is a viable strain that shows no apparent 

phenotype neither in development nor in adulthood. Indeed, Sv2b KO neurons form 

normal ultrastructural synapses on in vitro assays (Crowder et al., 1999; Janz and 

Sudhof, 1999).  
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Figure 14. P14 coronal sections with Nissl staining from wild type and Sv2a 

knockout mice. It is easily observed the difference in size, although no noticeable 

structural changes are detected. Adapted from(Crowder et al., 1999.) 

 

Sv2b KO and heterozygous Sv2a mice are fertile and show a standard mortality 

rate. Double Sv2a/Sv2b KO show similar phenotypes to those observed in Sv2a KO 

mice. Unlike other epileptic models that present anatomic malformations, each of these 

single or double mutants present typical Nissl stained brain structures. In addition, 

SV2A or SV2B lacking hippocampal neurons do not show appreciable ultrastructural 

differences to wild type on in vitro assays. In order to determine alterations in synaptic 

vesicles amount or composition, other synaptic proteins quantity has been checked in 

those mutants. However, no variation has been detected in other synaptic vesicle protein 

expressions like synaptotagmin or syntaxin. SV2B levels were increased in Sv2a KO 

mice, but not the total amount of SV2. These quantifications suggest that the synaptic 

vesicles components, morphology and abundance in neurons remain barely invariable. 

In the adrenal medulla, SV2C is 4 times more expressed in SV2A lacking mice than in 

wild type animals. Although this compensatory effect, the phenotype is not entirely 

rescued and a reduction in the number of vesicles fused to the membrane is still 

detected. So, a complete redundant function for the three isoforms is not probable 

(Crowder et al., 1999; Xu and Bajjalieh, 2001).  

Experiments measuring the frequency and amplitude of Miniature Inhibitory 

Postsynaptic Currents (mIPSCs) in CA3 neurons show no differences in Sv2a KO 

animals compared to wild type, suggesting that SV2A is not required either for vesicle 

fusion or postsynaptic receptor action or expression. Nevertheless, after preventing 
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glutamatergic neurotransmission in CA3 pyramidal neurons, Spontaneous Inhibitory 

Postsynaptic Currents (sIPSCs) frequency and amplitude were reduced in Sv2a KO. An 

increase in inhibitory events and its amplitude suggests abnormal inhibitory 

neurotransmission in the hippocampus (Crowder et al., 1999). Furthermore, double 

knockout cells exhibit an increase in intracellular Ca
2+

 after consecutive action 

potentials. Calcium deregulation may be causing the abnormal release of 

neurotransmitter and, thus, epilepsy (Janz et al., 1999).  

Although less studied, there is also an Sv2c knockout mouse. Interestingly, Sv2c 

KO mice do not present compensatory changes in the expression of SV2A or SV2B. It 

presents normal levels of dopamine synapses and synapse density. However, Sv2c 

genetic ablation induces a reduction in dopamine release at the dorsal striatum (Dardou 

et al., 2011; Dunn et al., 2017).  

 

3.6.5 SV2 functions 

SV2 proteins are found in almost every mammalian neurosecretory vesicle, suggesting 

its essential role in vesicular function. Some studies propose that the three isoforms may 

be performing the same function. In fact, the genetic deletion of Sv2a or Sv2c induces a 

compensatory upregulation of the other isoform maintaining the total SV2 levels. 

However, despite the upregulation of the other isoform, the neurotransmission remains 

disrupted and, for example, the SV2B loss in the retina does not alter SV2A levels, 

reducing the total SV2 expression by 50%. In Sv2a knockout mice, SV2B expression is 

increased, but they still present a severe phenotype (Crowder et al., 1999). If we also 

take into account the variability in the specific expression patterns of each SV2 

previously explained, once again, a completely redundant role seem unlikely. 

Through to the variability on previous studies in the field, it has been suggested 

that they would be related with several functions, such as transport of ions or 

neurotransmitters, priming of synaptic vesicles or Ca
2+

 regulation levels. However, its 

particular role remains mainly unidentified.  
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3.6.5.1 Vesicular transporter 

Initially, as seen in the SV2 structure section, due to its sequence and structural 

similarities to previously known transporters, a similar function was assumed. 

Furthermore, SV2 proteins contain several conserved charged residues that bring to 

mind the possible transport of a positively charged molecule (Janz et al., 1999). In spite 

of it, no such activity has been directly demonstrated for any of these proteins in 

vertebrate models (Janz et al., 1999; Yao et al., 2013).  

A role as a specific neurotransmitter transporter seems unlikely due to SV2A 

being expressed independently in GABA and glutamatergic neurons (Bajjalieh et al., 

1994). In addition, vesicle size and number are similar in Sv2a KO mice compare to 

wild types (Xu and Bajjalieh, 2001), and the morphology of the synapse remain normal, 

supporting an improbable role in neurotransmitter transport into the vesicle. 

Previous studies have underlined the importance of carbohydrates to the proper 

function of the nervous system. In this regard, it has been proposed a hexose transporter 

role for SV2 proteins. As a first sign, Iezzi et al., determined that silencing Sv2a or Sv2c 

in INS-1E cells results in a reduction of insulin release (Iezzi et al., 2005). Later, by 

overexpressing the human isoform of SV2A in mutant Saccharomyces cerevisiae 

lacking all hexose transporters, a study has shown a growth increment in galactose 

supplemented media. This uptake is blocked by the addition of levetiracetam (Madeo et 

al., 2014). Even so, this has not been assessed in higher order organisms and studies 

addressing the uptake of substrates from the synaptic cleft into the neuron did not detect 

traditional vesicular transport. 

However, several studies have demonstrated that botulinum and tetanus 

neurotoxins (BoNT and TeNT) use SV2 to enter into the cells and translocate to the 

cytoplasm where its particular targets are placed. The toxins interact with the luminal 

domain of SV2 proteins when they are exposed after the vesicle fusion to get into the 

neurons. The three isoforms can internalize BoNT/A into the cell taking advantage of 

the endosomal recycling pathway (Fig. 15). But, in detail, BoNT/A and E bind in a 

different way than BoNT/D. SV2A and B, but not SV2C, mediate the entrance of 

BoNT/E through the fourth luminal domain into cultured hippocampal neurons. In 

particular, it seems that N-glycosylation site N573Q is necessary to BoNT/E and 
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facilitates BoNT/A binding. The interaction of other molecules as gangliosides of the 

lipid membrane is also needed to SV2A and B mediated internalization of BoNT/E and 

D (Dong et al., 2008; Dong et al., 2006; Peng et al., 2011). On its side, TeNT can be 

introduced into the central neurons through two different pathways depending on 

SV2A/B (Yeh et al., 2010). 

 

 
Figure 15. Botulinum neurotoxin A and B entry into the synapse. Botulinum 

neurotoxin A and B bind to SV2 and SYT1 respectively. Then, both are translocated 

from where the active part of the toxins cleavage their targets disrupting the proper 

synapse functioning. Adapted from(Jahn, 2006.) 

 

3.6.5.2 Vesicular backbone 

It has been hypothesized that the transmembrane domain of SV2 proteins could be 

acting as scaffold to maintain vesicle curvature and morphology (Janz et al., 1998). 

Although genetic ablation of SV2 proteins does not alter vesicle morphology or 

formations (Wan et al., 2010). In addition, the luminal part of the vesicle is formed by a 

complex matrix necessary to, for example, modulation of the neurotransmitter release 

after vesicular fusion or possibly for the proper orientation of other proteins to enable 

correct neurotransmission. SV2, Synaptobrevin and SYT1 are transmembrane proteins 

candidates to contribute to the stability of this luminal density. This structure opens a 
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world of possibilities regarding the anchor of other molecules. Indeed, an assembly of 

SV2 proteins to form a multimeric complex has already been identified in rat brain 

homogenates, where SV2s seem to interact with SYT1, Synaptophysin and/or RAB3A 

(Bennett et al., 1992). Moreover, as mentioned in a previous section, SV2s include a 

large luminal loop with several glycosylation sites. In acidic environments, as in the 

interior of the vesicle, proteoglycans become negatively charged and could stabilize 

positive neurotransmitters or other molecules. This balance of charges would also allow 

the package of higher concentrations of molecules (Fig. 16).  

 

 

Figure 16. SV2B as a vesicular backbone protein. Vesicles typically show by average 

five copies of SV2. The intraluminal loops (dark blue) are highly glycosylated (brown). 

In acidic environment (left), proteoglycans become negatively charged and this allows 

the stabilization of positively charged or zwitterionic neurotransmitters (light green). By 

this strategy, the vesicles are able to carry neurotransmitter higher concentrations. 

Moreover, in this acidic environment, positive charged proteins likely interact with SV2 

negative charges (right). This protein interaction with the vesicular backbone would 

allow the correct location of each protein to enable rapid neurotransmission. Adapted 

from(Stout et al., 2019.) 

 

3.6.5.3 Calcium regulator 

From experiments with Sv2a/b KO mice, several studies have shown a close link 

between impaired neurotransmission and SV2 modification. As neurotransmission can 

be calcium dependent, a possible SV2 role in calcium regulation as a calcium sensor, 

transporter or linker to calcium sensor proteins has been suggested. One fact that 
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supports this correlation is that Sv2a KO animals and mice lacking both isoforms 

present a reduction in calcium-induced neurotransmission in excitatory and inhibitory 

neurons. In contrast, Sv2a/b double knockout hippocampal neurons exhibit reduced 

synaptic release but an increase in calcium dependent synaptic transmission as a paired-

pulse response and synaptic facilitation during stimulus trains (Chang and Sudhof, 

2009; Custer et al., 2006; Janz et al., 1999; Vogl et al., 2015). For these studies, Sv2b 

knockout neurons were used as controls after showing not significant neurotransmission 

differences with wildtype neurons.  

In SV2B deleted rod bipolar neurons calcium concentration raised two times in 

resting and stimulus-induced conditions. In parallel, readily releasable vesicle pool and 

calcium sensitivity during exocytosis were reduced. In addition, these cells needed more 

time to recover their membrane capacitance and show early facilitation during initial 

pulses of stimulation trains. This phenotype is calcium dependent since elevating 

calcium concentration in wildtype neurons mimic similar impairments in 

neurotransmission while, reducing calcium concentration in Sv2b KO animals rescue 

the normal neurotransmission (Vogl et al., 2015; Wan et al., 2010).  

However, changes in synaptic calcium affinity or relative inhibitory postsynaptic 

current amplitudes at escalating calcium dose after Sv2a/b ablation was not detected, 

which challenges the possible calcium transporter role of SV2 proteins (Chang and 

Sudhof, 2009; Iezzi et al., 2005). Thus, direct evidence of calcium transport has still not 

been demonstrated.  

As previously mentioned, SV2 is present in mitochondrias, well known cellular 

calcium sinks. Therefore, the observed calcium effects may be a consequence of 

disruption in mitochondria function rather than directly vesicular (Stockburger et al., 

2016).  

 

3.6.5.4 Vesicle dynamics 

An appropriate vesicle trafficking function is also crucial to ensure neurotransmission. 

Several steps occur in this process like the vesicle transport to the active zone, 

anchoring, fusion and recycle. Some studies hypothesized that SV2 might be involved 

in any of these processes (Fig. 17).  
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Genetic ablation of Sv2a in neurosecretory adrenal chromaffin cells causes a 

reduction in the readily releasable pool size to its half (Xu and Bajjalieh, 2001). This 

dysregulation is tied to a decrease in SNARE complex molecular weight, a needed 

complex that acts prior to fusion. Thus, this suggests that SV2 could be related 

somehow with vesicle brought to the active zone or vesicle rendering. This initial 

decrease has been shown in several other cell types (Chang and Sudhof, 2009; Custer et 

al., 2006). For instance, the earlier explained delay in the readily releasable pool after 

stimulus-induce depletion induces to think about an SV2 role in vesicle dynamics too 

(Wan et al., 2010). 

Currently, just one SV2 direct endogenous interactor is known at the vesicular 

level, SYT1, a vesicular protein involved in vesicle docking and fusion. SYT1 and 

SV2A are cotrafficked in the same vesicles. All three isoforms are able to bind SYT1, 

but SV2B presents a reduced affinity for it (Schivell et al., 1996; Schivell et al., 2005). 

The interaction is direct so that proteins immunoprecipitated together. SV2A and SV2C 

paralogs, but not SV2B, bind SYTs through a C2B domain in the cytoplasmic N-

terminus (Schivell et al., 1996). This site is unique and necessary to the proper 

neurotransmission as evoked postsynaptic potentials remain disturbed when N-terminal 

peptides are expressed (Schivell et al., 2005). To regulate the interaction, SV2 recruits 

SYT1 by phosphorylated Thr84 (Schivell et al., 2005; Zhang et al., 2015). 

Sv2a deletion or mutation reduces SYTs vesicular localization (Yao et al., 2010). 

Interestingly, less SYT is detected in Sv2b KO rod receptor cells, where this isoform is 

the only one expressed (Lazzell et al., 2004). This reduction suggests that SV2 regulates 

SYTs at two different levels: modulating its expression and its internalization from the 

plasma membrane. In fact, this latest feature of SV2 depends on a tyrosine-based 

endocytosis motif predicted to bind clathrin adaptor AP2, a central component of the 

recycling machinery (Yao et al., 2010).  
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Figure 17. Schematic illustration of the vesicular dynamics in neurotransmitter 

release on a presynaptic terminal. At the presynaptic terminal neurotransmitter (blue 

dots) is accumulated in synaptic vesicles, membranous spheroids with a wide variety of 

transmembrane proteins. The high-magnification on the left shows some of the main 

proteins at synaptic vesicles (except for the proton pump) and their basic structure. 

Docking: Synaptic vesicles are positioned close to the plasma membrane and the 

SNARE complex (formed by syntaxin 1, SNAP25, VAMP and the effectors MUNCs). 

Priming: after a change in calcium concentration, proteins from the complex change 

their conformation and both membranes fuse. Fusion: the vesicle lumen is open to the 

extracellular space and later, the neurotransmitter is release being accessible to the 

postsynaptic receptors. Fision: the empty synaptic vesicle is coated by clathrin, and the 

membrane proteins are recycled. The recycled membrane and proteins can be charged 

with neurotransmitters again or derived to early endosomes what can lead to further 

degrading. It is still unknown if SV2 may be involved in any of these steps. 

From(Loscher et al., 2016.) 

 

There is still some controversy about SYT need to SV2s proper function (Chang 

and Sudhof, 2009). As far as it is known, the neurotransmission phenotype of Sv2 KO 

cells is not identical to neurons lacking SYT, so that probably SV2 may have additional 

functions to SYT regulation (Geppert et al., 1994; Nishiki and Augustine, 2004). On the 
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other hand, SYT1 acts as a calcium sensor and the interaction with SV2s is sensitive to 

calcium too, for what it could be that SV2 would be inducing the vesicles to a calcium-

synaptotagmin sensitive state (Schivell et al., 1996). Its interaction is also regulated by 

phosphorylation (Zhang et al., 2015). Interactions involving SV2s and the other 14 

SYTs has not been studied yet. 

 

3.6.5.5 Attachment to the extracellular matrix 

SV2 proteins could also be acting as an extracellular matrix component receptor. As 

previously mentioned, SV2 forms a large keratan sulfate proteoglycan in the luminal 

part of the vesicle (Scranton et al., 1993). After vesicle fusion to the plasma membrane, 

the interior of the vesicle becomes exposed to the synaptic cleft, also exposing the 

luminal part of the proteins. As a highly glycosylated protein, SV2 could be interacting 

with the extracellular matrix proteins, like forming part of the synaptomatrix to stabilize 

the synapse, modulating neurotransmitter availability or receiving extracellular signals.  

Furthermore, it has been reported in electric organ synapses (homologous to 

neuromuscular junctions) that SV2 is complexed with α5β1γ4 laminin on synaptosomes 

but not in synaptic vesicles. It also binds to purified laminin1 (Son et al., 2000). In 

addition, Knight et., al 2003 showed that β2-laminin deficient terminals present fewer 

SV2 positive vesicles. Finally, Sv2b KO mice show defects in CD2AP, nephrin, NEPH1 

and the maintaining of slit diaphragm by the SV2B-Neurexin complex (Fukusumi et al., 

2015). 

 

3.6.5.6 Nucleotide binding 

Several photoaffinity labelling experiments have revealed that SVOP and SV2 bind 

nucleotides. Indeed, SVOP presents a single region in between membrane domain 9 and 

12 (position 411-518 amino acid) with high affinity for NAD, while SV2A presents two 

different binding sites with high affinity for adenine nucleotides (ATP and NAD). These 

two nucleotide binding domains extend from 59 to 162 residues (located in the N-

terminal) and from 385 to 439 amino acid (at the loop between 6 and 7 TM) (Fig.12 

SV2 structure). SV2B also binds ATP and NAD with high affinity, and some 
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experiments suggest that SV2C is also able to, but particular sites have not been studied 

yet (Yao and Bajjalieh, 2008, 2009). 

Given these features, the SV2 family could be acting as an ATP transporter or 

performing other function, related to transport or not, that is regulated by ATP binding. 

As a related example, the human Glucose Transporter 1 (GLUT1) that belongs to MF 

family too, binds ATP inversely to its activity, inhibiting Glut1 function in high energy 

conditions. Similarly, SV2 family could be acting as a link between cellular energy 

levels and vesicular secretion (Stout et al., 2019). 

However, the binding sites in these MF family proteins are different among them. 

Some previous studies suggest that SV2, GLUT1 and SVOP nucleotide binding sites are 

not evolutionary conserved and thus, they arose separately. If that has been the case, 

SV2 ATP binding ability could be not related to the modulation of its function like 

Glut1 (Yao and Bajjalieh, 2008, 2009). 

 

3.6.6 SV2 and pathology 

Firstly, human mutations in SV2s have been rarely described. Nevertheless, it has been 

reported a homozygous mutation in Sv2a gene that results in severe symptoms early in 

development as untreatable epilepsy, involuntary movements, microcephaly and 

developmental and growth retardation. This particular case was due to a mutation 

R383Q, altering the second nucleotide binding site (Serajee and Huq, 2015).  

On the other side, even previous to the SV2 finding, a novel antiepileptic drug 

was discovered in 1977, the Levetiracetam (LEV). However, it was not until 2004 that 

SV2A was identified as its molecular target (Lynch et al., 2004). LEV and its 

derivatives are the only anti-epileptic drugs that target synaptic vesicles. From that 

moment, SV2 proteins became a possible druggable target for epilepsy treatment and 

other neurodegenerative disorders (Stout et al., 2019).  

SV2A protein expression is reduced in animal epilepsy models and epilepsy 

patients. Taking into account the phenotypic severe seizures that Sv2a KO mice suffer, 

it is suggested that a reduction in SV2A facilitates epileptogenesis. In fact, a direct 

correlation exists between the levels of SV2A expression and the ability to respond to 
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LEV doses in human glioma-associated tumors (de Groot et al., 2011). Even phenotypic 

alterations due to overexpression of SV2A are reversed by LEV (Nowack et al., 2011). 

Furthermore, it seems that there is a positive regulation of SV2A expression during 

seizures events. In this way, it has been demonstrated that SV2A expression is increased 

after low frequency stimulation of the hippocampus in pharmacoresistant rats with 

spontaneous epilepsy (Wang et al., 2014). The modification of this expression results in 

a reduction of seizure frequency. In the same context, SV2A expression increases at 

status epilepticus and during seizures in several other models (Contreras-Garcia et al., 

2018; Ohno et al., 2009). 

LEV seems to impair the readily releasable pool of vesicles (Garcia-Perez et al., 

2015). However, how the interaction of SV2 and LEV reduces the seizure phenotype 

remains unknown. Besides, LEV has shown to be effective in the treatment of other 

neurologic alterations such as neuropathic pain, anxiety disorders, dyskinesias, 

posttraumatic stress disorder and for other particular clinical cases (Kaufman, 2011). 

Interestingly, LEV administration to nonepileptic animals and humans do not show 

hyperexcitability. Therefore, LEV could be a candidate for a prophylactic drug to 

prevent sensitivity to seizures and other neurological disorders (Stout et al., 2019).  

Similarly, abnormal hyperexcitability in the hippocampus has been reported in 

Alzheimer's Disease cases and mouse models. Since seizures in the later stages of 

Alzheimer have been related with a significant decrease in cognitive function (Vossel et 

al., 2013), LEV has been used in Alzheimer treatments to reduce hippocampal 

hyperactivity, showing an improvement in cognitive deficits. This enhancement has also 

been reported in several Alzheimer's mouse models, in Alzheimer's non-epileptic mouse 

models and nondemented epilepsy patients. LEV meliorate memory performance in 

Alzheimer's Disease, but also neuritogenesis (Celikyurt et al., 2012; Chan et al., 2015; 

Cumbo and Ligori, 2010; Devi and Ohno, 2013; Löscher et al., 2016; Siwek et al., 

2015; Sola et al., 2015; Stockburger et al., 2016; Wu et al., 2009; Ziyatdinova et al., 

2016).  

LEV presents a high specificity to SV2A binding, and although it slightly 

interacts with SV2B or SV2C, these isoforms show to be also related to Alzheimer 

pathogenesis. In this way, a particular Sv2b transcript is upregulated after Alzheimer's 

Disease associated cytotoxic Aβ1-42 treatment in in vivo cells (Heese et al., 2001). The 
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results further support the observation that Sv2b knockout mice present protection 

against features produced by injected Aβ oligomers like oxidative stress, the cholinergic 

deficit in the hippocampus and cognitive impairments. So, these mice showed no 

impairments in recognition memory, working memory, spatial reference memory and 

long-term contextual memory (Detrait et al., 2014). Moreover, as previously mentioned, 

SV2 proteins are highly glycosylated, and it has been widely reported that β amyloid 

peptides heavily interact with proteoglycans to form the toxic plaque accumulations 

characteristic of Alzheimer disease, suggesting once again an involvement of SV2 

proteins in neurodegenerative disorders (Yanagisawa, 2007). 

Finally, Sv2c has been highly studied for its enriched expression at the basal 

ganglia in dopamine related diseases as Parkinson's disease, Huntington disease or 

psychiatric disorders. In Sv2c knockout mice, the motor function is compromised, and 

dopamine release reduced (Dunn et al., 2017). Moreover, SV2C expression was recently 

reported to be reduced in Parkinson's patients' tissue, and mutations in SV2C affects 

sensitivity to L-DOPA (Bereczki et al., 2018). It has been demonstrated that in 

dopaminergic cell lines, statins, a treatment for blood pressure that reduce Parkinson's 

disease risk, upregulates SV2C expression. All this data suggests that the proper 

vesicular function is essential for dopaminergic integrity and to prevent Parkinson's 

disease development, further supporting treatments through SV2C protein (Stout et al., 

2019). 

Curiously, in neuroblastoma cells and Huntington's disease mouse models, mutant 

huntingtin selectively reduces SV2C expression, probably leading to aberrant dopamine 

release (Stout et al., 2019).  

SV2 expression also appeared to be altered in other disrupted secretion related 

disorders. In particular, SV2 and SYT1 expression are reduced in spinal muscular 

atrophy of different animal models altering neurotransmitter release (Dale et al., 2011; 

Hao le et al., 2011). On the other hand, less has been assessed in neuroendocrine 

disorders, but it has been reported that gut carcinomas express SV2 (Jakobsen et al., 

2002). 

All these results suggest that SV2 proteins are in charge of not just one function 

but an intricate role in neurotransmission. 
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3.6.7 SV2 mutations 

To further explore the different possible functions of SV2 proteins, several studies 

focused their attempts on single amino acid mutations. It has been reported that SV2A-

R231Q affects normal levels of SYT expression and internalization. In contrast, SV2A 

tryptophans 300 and 666 are not able to restore normal synaptic depression in SV2A 

lacking cells (Fig. 12) (Nowack et al., 2010).  

Sv2a mutants for the glycosylation sites N498Q/N573Q (single or double) present 

SV2A localized diffusely on the cytoplasm, in a similar way to when SV2A has a 

disrupted folding (Kwon and Chapman, 2012). A single mutation in SV2A N573Q does 

not show a phenotype. In contrast, modification in one glycosylation site for SV2B 

(N516A) or SV2C (N559A) is enough to induce a reduction of expression (Fig. 12) 

(Yao et al., 2016). 

 

3.6.8 Regulation of Sv2 expression  

Little is known about Sv2 gene regulation. Some bioinformatics tools suggest potential 

targets for transcription factors binding, like the transcriptional factor Heat Shock 

transcription Factor Y-linked 1 (HSFY1) that may interact as an SV2B regulator (HuRI 

mapping project). However, none of them has been functionally demonstrated. 

Similarly, bioinformatics screenings have identified some possible motifs for miRNA 

regulation. Cohen and colleagues identified a miRNA that targets Sv2a, miR-458. 

Indeed, miR-485 overexpression or Sv2a silencing produce similar phenotype in terms 

of reduction of spontaneous synaptic responses and a reduction in dendritic spine 

density (Cohen et al., 2011).  



 
99 INTRODUCTION 

  



 
100 INTRODUCTION 

 

  



 
101 INTRODUCTION 

4-Objectives 

4. Objectives 

"Somewhere, something incredible is waiting  

to be known." 

- Carl Sagan 
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The main goal of this project was to unravel genetic mechanisms responsible for the 

expansion and folding of the cerebral cortex. Particularly, we were interested in 

determining the role of SV2B on the generation of bRGCs. To this end, and based on 

the knowledge available, we set to address the following specific aims: 

 

1. To characterize the endogenous expression of Sv2b in mouse cerebral cortex 

during embryonic development. 

 

2. To determine the impact of expressing SV2B in mouse cortical progenitor 

cells on their proliferation and delamination. 

 

3. To characterize the endogenous expression of Sv2b in ferret cerebral cortex 

during embryonic development. 

 

4. To study the potential role of SV2B in the generation of bRGCs during 

ferret cerebral cortex development. 

 

5. To investigate the distribution of SV2B and its influence on cortical 

progenitor cell proliferation in human. 
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4. Materials and Methods 

 

5. Materials and Methods 
4. Materials and Methods 

- Usa tu cabeza 

- ¡Pero yo no quiero usar mi cabeza! 

- Aaaaaaaaah 

- Toy Story 2 
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Experimental models 

All the animals used in this project were tested naive and no procedures were previously 

performed on them. The day of the vaginal plug (mice) or the day after mating (ferrets) 

was consider as embryonic day (E) 0.5. The developmental stage of the experimental 

model was determined by the requirements of each experiment. Animal were employed 

independently of their gender.  

Animals were kept at the Animal Facilities of the Instituto de Neurociencias de 

Alicante and Universidad Miguel Hernández on a 16:8h light:dark cycle in accordance 

with Spanish (RD 53/2013) and EU regulations. Experimental protocols were approved 

by the Universidad Miguel Hernández Institutional Animal Care and Use Committee 

(IACUC).  

 

Mice 

Homozygous Sv2b knockout strain was obtained crossing Sv2a
het

/Sv2b
het

. Mice 

carrying loss-of-function alleles for Sv2b gene were maintain in homozygosity in an 

C57BL/6 background (obtained from J. Wesseling laboratory) (Jackson Laboratory, 

Cat# JAX:006383, RRID:IMSR_JAX:006383). Sv2b KO mice were generated by 

homologous recombination to replace the exon 1 of the gene (Crowder et al., 1999). 

Wild type mice in an ICR background were used for the electroporation experiments 

further detail below.   

 

Ferrets 

Sable wild type ferrets (Mustela putorius furo) were obtain from Euroferret 

(Copenhaguen, Denmark).  

 

Human oganoids 

Male human fibroblast (ATCC® CRL-2522™) were used to induce pluripotent 

stem cells (iPSCs) (obtained from S. Capello laboratory). 
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IPSCs and human organoids were cultured at incubators set at 37ºC, 5% CO2 

and ambient oxygen level. Electroporations on the generated organoids were performed 

at 38 days after initial embryo body formation and fixed 4 or 10 days post 

electroporation. 

 

Primary P0 ferret cultures 

Ferret P0 brains were dissected in ice-cold ACSF freshly prepared (140mM NaCl, 5mM 

KCl, 10mM HEPES, 24mM D-glucose, 1mM CaCl2, 1mM MgCl2) to isolate the cortex. 

The tissue was passed to medium solution (MEM supplemented with 10% FBS, 1% 

Penicillin/Streptomycin, 1% Glutamax, 1% Na Pyruvate and 1% D-glucose) where 

DNase and trypsin was added. After a 10 minutes incubation at 37ºC the enzymes were 

blocked by the addition of serum and the tissue was dissociated. The cells were shortly 

centrifuge at 800 rpm during 2 minutes and resuspended in media. Around 40000 cells 

were plated per well into 12mm cover-slips. Two hours later the media was changed to 

a maintenance media (Neurobasal supplemented with 1% Penicillin/Streptomycin, 1% 

Glutamax, 2% B27 and 1% D-glucose). Cell cultures were maintained at 37°C, 5% CO2 

and ambient oxygen level. The cells were fixed in Paraformaldehyde/Sucrose 4% 

(Paraformaldehyde, PFA; Sigma, Ref #441244-1KG) solution during 10 minutes and 

PBS washed.  

 

Ferret cell line culture 

Mustela putorius furo brain cells (Mpf cells; ATCC® CRL-1656™) were cultured 

in growth medium (Basal medium (Eagle) in Earle's BSS, 86%; lamb serum, 14%) at 

37°C, 5% CO2 and ambient oxygen level for western blot experiments. To maintain 

them, every 2-3 days cells were detached by trypsin-EDTA during 2 minutes, centrifuge 

at 800 rpm 2 minutes and subcultured in a 1:5 dilution.  
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hTERT RPE-1 cells 

Homo sapiens sapiens retina pigmented epithelium cells (hTERT RPE-1, ATCC® 

CRL-4000™) were cultured on DMEM F12 supplemented with Glutamine, 1% 

Penicillin/Streptomycin and 10% FBS in a 24 well. Cell cultures were maintain at 37°C, 

5% CO2 and ambient oxygen level. 

 

PCR genotyping 

In order to genotype the different strains, the following primers were used:  

Sv2b wt: 5’- TCATCCAGATGATGTCAAGTCTAAGC -3’ 

Sv2b common: 5’- GGCACTCAGCCACTAACTCTCAGTACA -3’ 

Sv2b mut: 5’- GAGCGCGCGCGGCGGAGTTGTTGAC -3’ 

To performed the PCR reactions for genotyping we have used KAPA2G Fast 

HotStart ReadyMix PCR Kit (Ref. #KK5609). Thermocycling conditions were set as: 

previous double-strand DNA denaturing at 95ºC during 3min followed by 35 cycles of 

15s at 95ºC, 60s at 60ºC and 60s at 72ºC. The genotyping reactions contained Fast 

HotStart ReadyMix 1x, 0,5μM primers and approximately 200ng of DNA template. 

PCR products were analyzed by 2% agarose gel electrophoresis. The expected bands 

were: 

Sv2b KO: 220bp for mutants and 305bp for wild type samples. 

 

Constructs 

For overexpression assays, we designed a construct encoding human Sv2b gene under a 

CAG promoter and followed by a T2A-Gfp, allowing the same amount of expression for 

both genes (bought from Vector Builder company). For the control samples, we used a 

GFP encoding constructs downstream a CAG promoter into a MMLV retroviral 

packaging vector (generous gift of F.H. Gage). For the retroviral delivery we clone the 

overexpression cassette from the overexpression plasmid into the same MMLV 

retroviral packaging vector. We include two new restriction sites at the edges of the 

cassette to the directional cloning (AgeI and PmeI). The designed primers used were:  
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AgeI Sv2b Fw: 5' - CTAGTAACCGGTATGGATGACTACAAG - 3' 

Sv2b Rv PmeI: 5' - CCTAGTAGTTTAAACTTACTTGTACAGCTC - 3' 

For the time-lapse experiments, we designed a plasmid encoding the human SV2B 

gene fused with Gfp, also under CAG promoter, but it presents a 3 tandem Simian Virus 

40 polyadenylation signal (SV40) floxed cassette in between the promoter and SV2B 

gene (bougth from Vector Builder company). By the usage of this design, SV2B:GFP 

would only being express in a co-electroporation with CRE (pCAG-Cre, generous gift 

of M. Götz) that will remove the SV40 tandem allowing the expression. All the vesicles 

carrying overexpressed SV2B will be labeled with GFP. Moreover, the SV2B:GFP 

cassette is immediately followed by a T2A-mKate cassette to label the entire 

electroporated cell. As a control, we used a construct encoding mKO that integrates into 

the plasma membrane under the same promoter and floxed SV40 in between (generous 

gift of M. Götz). 

Regarding the ISH (in situ hybridization) probes, we subcloned them by PCR 

from mouse or ferret cDNA into pBS from pUC19ckDll1 (generous gift of J. Galcerán). 

Specific primers for both species were designed: 

Mouse Sv2a Fw: 5’- AACGTGGGGAGCATTTGA -3’ 

Mouse Sv2a Rv: 5’- CCAGGAAGCACAGCCAGT -3’ 

Mouse Sv2b Fw: 5’- CCACGTGCCATTTCCTTTAC -3’ 

Mouse Sv2b Rv: 5’- GAACTGGCCTGGCATCTAAG -3’ 

Ferret Sv2a Fw: 5’- GTCTTTGTGGTGGGCTTTGT -3’ 

Ferret Sv2a Rv: 5’- TCGATATTCGGGACCAAAAC -3’ 

Ferret Sv2b Fw: 5’- GCCCACCAGTACGAGAACAT -3’ 

Ferret Sv2b Rv: 5’- ACCAGACCACAGCCAGAATC -3’ 

CRISPR plasmids to downregulate the expression of Sv2b in ferret neural cells 

were generated by annealing the following oligomers into pSpCas9(BB)-2A-GFP 

plasmid (PX458, Addgene), after a BbsI digestion as described in Zhang Lab’s protocol. 

The newly designed guides used were:  

CRISPR ferret Sv2b 1.1: CACCGATATAGCTCGAGAGGCGAGC 

CRISPR ferret Sv2b 1.2: AAACGCTCGCCTCTCGAGCTATATC 
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CRISPR ferret Sv2b 2.1: CACCGGCCGGCAGTCCCGGACCCAA 

CRISPR ferret Sv2b 2.2: AAACTTGGGTCCGGGACTGCCGGCC 

 

iPSC culture 

hIPSCs were cultured at 37°C, 5% CO2 and ambient oxygen level on Geltrex coated 

plates in mTeSR1 medium (STEMCELL Technologies, Ref #05850) with daily medium 

change. For passaging, hiPSC colonies were incubated with StemPro Accutase Cell 

Dissociation Reagent diluted 1:4 in PBS for 4 minutes. Pieces of colonies were washed 

off with DMEM/F12, centrifuged for 5min at 300 x g and resuspended in mTeSR1 

supplemented with 10µM Rock inhibitor Y-27632(2HCl) for the first day. 

 

Generation of cerebral organoids  

Cerebral organoids were generated as previously described (Lancaster and Knoblich, 

2014). Briefly, iPSCs were dissociated into single cells using StemPro Accutase Cell 

Dissociation Reagent (Ref #A1110501, Life Technologies) and plated in the 

concentration of 9000 single iPSCs/well into low attachment 96-well tissue culture 

plates in hES medium (DMEM/F12GlutaMAX supplemented with 20% Knockout 

Serum Replacement, 3% ES grade FBS, 1% Non-essential amino acids, 0.1mM 2-

mercaptoethanol, 4ng/ml bFGF and 50µM Rock inhibitor Y27632) for 6 days in order 

to form embryoid bodies (EBs). Rock inhibitor Y27632 and bFGF were removed on the 

4
th

 day. On day 6 EBs were transferred into low attachment 24-well plates in NIM 

medium (DMEM/F12GlutaMAX supplemented with 1:100 N2 supplement, 1% Non-

essential amino acids and 5µg/ml Heparin) and cultured for additional 6 days. On day 

12 EBs were embedded in Matrigel drops and then they were transfered in 10cm tissue 

culture plates in NDM without A medium (DMEM/F12GlutaMAX and Neurobasal in 

ratio 1:1 supplemented with 1:100 N2 supplement; 1:100 B27 without Vitamin A, 0.5% 

Non-essential amino acids, insulin 2.5µg/ml and 50µM 2-mercaptoethanol) in order to 

form organoids. 4 days after Matrigel embedding, cerebral organoids were transfered 

into an orbital shaker and cultured until electroporation in NDM with A medium 

(DMEM/F12GlutaMAX and Neurobasal in ratio 1:1 supplemented with 1:100 N2 

supplement; 1:100 B27 with Vitamin A, 0.5% Non-essential amino acids, insulin 
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2.5µg/ml, 1:100 Antibiotic-Antimycotic and 50µM 2-mercaptoethanol). During the 

whole period of cerebral organoid generation, cells were kept at 37°C, 5% CO2 and 

ambient oxygen level with medium changes every other day. After transferring the 

cerebral organoids onto the shaker, medium was changed twice per week.  

Electroporation of cerebral organoids 

Cerebral organoids were kept in antibiotics-free conditions prior to electroporation. 

Electroporations were performed in cerebral organoids at 38 days after the initial plating 

of the embryo bodies and fixed 4 days post electroporation. During the electroporation 

cerebral organoids were placed in an electroporation chamber (Harvard Apparatus, 

Holliston, MA, USA) under a stereoscope and using a glass microcapillary 1-2μl of 

plasmid DNAs was injected together with Fast Green (0.1%, Sigma) into different 

ventricles of the organoids. The plasmid DNAs injected were 1μg/μL of Gfp in controls 

or 1μg/μL of SV2B-Gfp in experimental condition. Cerebral organoids were 

subsequently electroporated with 10 pulses applied at 80V for 50ms each at intervals of 

2000ms (Ref #ECM830, Harvard Apparatus). Following electroporation, cerebral 

organoids were kept for additional 24hr in antibiotics-free media, and then changed into 

the normal media until fixation. Cerebral organoids were fixed using 4% PFA-Sucrose 

for 20 minutes at 4ºC, cryopreserved with 30% sucrose and stored at -20ºC. For 

immunofluorescence, 16μm cryosections were prepared.  

 

Western Blot and validation of CRISPR/Cas-mediated gene editing  

For the endogenous SV2B protein quantification, ICR WT cortices were dissected at 

different stages and immediately freeze by liquid nitrogen. After collecting all the 

samples, the same day were defreezed and sonicate in  pH 7,4 sterile cold lysis buffer 

(20mM HEPES, 150mM KCl, 1mM EGTA, 1mM EDTA, 0,1mM DTT, 40mM NaF, 

1mM Na3VO4, 1% Triton-X and protease inhibitor). 

For the validation of the CRISPR guides we transfected 7
th

 passage Mpf cells by 

Lipofectamine 2000 (Thermo Fisher Scientific) with pSpCas9(BB)-2A-GFP plasmid 

containing guides and a condition with an empty one for controls. After 48 hours, cells 

were harvested, washed with cold PBS and lysate by sterile cold lysis buffer.  
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The amount of protein on each sample was quantified by western blot as follows. 

In brief, from the soluble fraction after 15 minutes 15000rpm centrifuge, the protein 

concentration was determined by Pierce BCA Protein Assay Kit (Thermo Fisher 

Scientific; Ref #23227). Samples were heat treated at 45ºC during 15 minutes in Laemi 

Sample Buffer 1x (LSB). 30μg of total protein per well and condition was run into a 8% 

SDS-PAGE gel during 2 hours at 120mV in Running Buffer 1x (Tris-Glicine 1X, SDS 

0,1%). The wet transfer to a 0.45μm nitrocellulose membrane (GE Healthcare Life 

Science, Ref #10600002) was done overnight at 4ºC 30mV in already cold transfer 

buffer (Tris-Glycine 1x, Methanol 1%, SDS 0,01%). After washing and fixing with 

Ponceau S, the membrane was blocked in 5% milk TBS-T buffer while shaking during 

one hour at room temperature. Antibodies were diluted on blocking solution in a 

concentration of 1:1000 anti-SV2B rabbit IgG (Synaptic systems, Cat# 119 102, 

RRID:AB_887803) and 1:2000 Goat Peroxidase anti-rabbit IgG (Thermo Fisher 

Scientific, Cat# 31462, RRID:AB_228338). Primary antibody was incubated overnight 

at 4ºC shaking and secondary antibody during 2 hours at room temperature. To detect 

the labeling, Chemiluminescent HRP substrate (Millipore, Ref #WBKLS0100) was 

applied and the membrane exposed in a Amersham Imager 680 Bioimager. The 

quantification was normalized to the tubulin amount using anti-Tub mouse primary 

antibody 1:1000 (Sigma, Cat# T5168, RRID:AB_477579) and 1:2000 Goat Peroxidase 

anti-mouse IgG (Thermo Fisher Scientific, Cat# 31444, RRID:AB_228321). Mean 

intensity was measured by ImageJ Fiji and statistically analyzed by umpaired t-student 

test. 

 

Brain electroporations  

Mouse and ferret embryos were electroporated in utero in the neocortex at needed 

embryonic day (E). Briefly, pregnant females were deeply anesthetized with 2% 

isoflurane and the uterine horns exposed. DNA solution (approximately 1µL) was 

injected into the lateral ventricle using pulled borosilicate glass micropipettes (Ref 

#WPI 1B150F-4), and square electric pulses (35-45V, 50ms on – 950ms off, 5 pulses 

for mice; 75V for ferrets) were applied with an electric stimulator (Cuy21EDIT Bex C., 

LTD) using round electrodes (CUY650P5, Nepa Gene or CUY650P7, Nepa Gene).  
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Postnatal ferrets were deeply anesthetized with 2% isoflurane and injected at the 

telencephalic ventricle following the stereotaxic coordinates set in previous studies of 

our laboratory (Martinez-Martinez et al., 2016): antero-posterior = -0.5mm, latero-

medial = 2.0mm, dorso-ventral = 2.0mm with an inclination of 22.5º. Approximately 

1µL of DNA solution was injected into the ventricle thanks to the same pulled 

borosilicate glass micropipettes. We used round paddles (CUY650P7, Nepa Gene) to 

pass the square electric pulses from the skull (75-80V, 50ms on - 950ms off, 5 pulses) 

with an electroporator (Cuy21EDIT Bex C., LTD).  

Plasmid concentrations were as follows: Gfp = 0.75µg/µl; hSV2B, hSV2B:GFP, 

cSv2b guides-Cas9, Cas9 = 1µg/µl. Combinations of these plasmids were done 

maintaining the same final individual concentrations. 

 

RPE-1 cells transfection 

For the overexpression of SV2B:GFP fusion protein on human cells, hTERT RPE-1 

(ATCC® CRL-4000™) were transfected by Lipofectamine 2000 (Thermo Fisher 

Scientific) in DMEM F12 during 4 hours. The concentration used was 200ng of 

SV2B:GFP fusion protein plasmid and 200ng of Cre plasmid. Then, the medium was 

removed and changed to 50% new and 50% old medium. After 36 hours from 

transfection, cells were fixed by 4% PFA during 15 minutes, washed with PBS and 

proceed with the immunostaining.  

 

Retroviral stocks preparation and concentration 

High-title Murine Moloney Leukemia Virus-based (MMLV-based) retrovirus encoding 

GFP or SV2B under the CAG promoter were prepared by transient transfection with 

Lipofectamine 2000 (Thermo Fisher Scientific) (together with CMV-vsvg and CMV-gp 

plasmids) of human embryonic kidney 293T (HEK293) cells as a package cell line, 

concentrated by ultracentrifugation and viral title estimated by clonal infection (Borrell 

et al., 2012). Viral solutions were injected using pulled glass micropipettes into ferret 

embryos. 
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Bromodeoxyuridine labeling experiments 

Bromodeoxyuridine (BrdU, Sigma, Ref #B5002-1G) was diluted at 10mg/ml in 0.9% 

NaCl and always administered at 50mg/kg body weight. For cell cycle exit calculation, 

24h after in utero electroporation at E14.5 with CAG-Gfp or CAG-SV2B, we injected 

intraperitoneally one dose of BrdU to the pregnant females (E15.5) and we fixed the 

embryos 24h after injection (E16.5). Then, the percentage of GFP+ BrdU+ Ki67- 

labeled cells was quantified. For interkinetic nuclear migration analysis, pregnant mice 

females were in utero electroporated at E14.5 with CAG-Gfp or CAG-SV2B and 

intraperitoneally injected with BrdU at E15.5 (24h before fixing) or at E16.5 (30 min 

before fixing). Following, the distribution of BrdU+ cells along VZ/SVZ was analyze in 

both conditions. 

 

Immunohistochemistry and ISH 

After the needed survival, mice pregnant females were sacrificed by cervical dislocation 

while ferret females were injected intraperitoneally with an overdose of sodium 

pentobarbital (Dolethal, Ref #570681.8). Animals were fixed with 4% PFA in 

phosphate buffer 0.1M (PB) pH 7.3 at 4ºC. Mice embryos until E15.5 were fixed in 4% 

PFA ice-cold 30 to 60 minutes. Embryos older than E16.5, postnatal mice and ferrets 

were perfused intracardially and postfixed 30 to 120 minutes with 4% PFA before 

histological processing. Brains for in situ hybridization were postfixed overnight.  

Brains were sequentially cryoprotected with 15% to 30% sucrose (Sigma, Ref 

#S7903-1KG), embedded in Cryo-medium Neg-50 (Thermo Scientific, Ref #6502), 

frozen and sectioned under a cryostat at 20µm; or cut under the cryotome at 50µm for 

ferret and postnatal mice tissue. For immunohistochemistry, sections were 

permeabilized in PB 0.1M containing 0.25% Triton X-100 (Sigma, Ref #T8787-

250ML) and blocked in 10% of Normal Horse Serum (GIBCO, Ref #16050-122) and 

2% Bovine Serum Albumin (BSA, Sigma, Ref #A9576-50ML) during 2 hours. Brain 

slices were incubated with primary antibodies overnight in blocking solution, followed 

by appropriate fluorophore-conjugated secondary antibodies and counterstained with 

DAPI (Sigma, Ref #D9542). Primary antibodies used were:  
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Primary 

antibody (anti-) 
Host Dilution Source Identifier 

BrdU Rat monoclonal 1:200 Abcam 
Cat# ab6326, 

RRID:AB_2313786 

Calbindin Rabbit 1:5000 Swant 
Cat# C9638, 

RRID:AB_2314070 

Ctip2 Rat monoclonal 1:500 Abcam 
Cat# ab18465, 

RRID:AB_2064130 

Cux1 
Rabbit 

polyclonal 
1:500 Santa Cruz 

Cat# sc-13024, 

RRID:AB_2261231 

EEA1 
Mouse 

monoclonal 
1:1000 

BD 

Biosciences 

Cat# 610457, 

RRID:AB_397830 

GFP 
Chicken 

polyclonal 
1:1000 Aves Lab 

Cat# GFP-1020, 

RRID:AB_10000240 

GFP 
Human 

monoclonal 
1:400 

Recombinant Antibody Platform 

Institut Curie (A-R-H#11) 

GRASP65 
Rabbit 

monoclonal 
1:2000 Abcam Cat# ab174834 

Ki67 
Rabbit 

polyclonal 
1:200 Abcam 

Cat# ab15580, 

RRID:AB_443209 

Laminin Rabbit 1:500 
Merk 

Millipore 

Cat# AB2034, 

RRID:AB_91209 

Lamp1 
Rabbit 

monoclonal 
1:200 

Cell Signaling 

Technology 

Cat# 9091, 

RRID:AB_2687579 

NeuroD2 Rabbit 1:400 Abcam 
Cat# ab104430, 

RRID:AB_10975628 

Par3 
Rabbit 

polyclonal 
1:500 

Merck 

Millipore 

Cat# 07-330, 

RRID:AB_2101325 

Pax6 
Rabbit 

polyclonal 
1:500 

Merck 

Millipore 

Cat# AB2237, 

RRID:AB_1587367 

Pax6 
Mouse 

monoclonal 
1:500 

Hybridoma 

Bank 

Cat# pax6, 

RRID:AB_528427 
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Phosphohistone 3 
Rabbit 

polyclonal 
1:500 Upstate 

Cat# 06-570, 

RRID:AB_310177 

Phosphovimentin 
Mouse 

monoclonal 
1:1000 Abcam 

Cat# ab22651, 

RRID:AB_447222 

Rab6 
Rabbit 

Monoclonal 
1:400 

Recombinant Antibody Platform 

Institut Curie 

Rab7 
Rabbit 

monoclonal 
1:100 

Cell Signaling 

Technology 

Cat# 9367, 

RRID:AB_1904103 

Sv2b 
Rabbit 

polyclonal 
1:200 

Synaptic 

Systems 

Cat# 119 102, 

RRID:AB_887803 

Tuj1 (bIII-

Tubulin) 

Mouse 

monoclonal 
1:1000 Covance 

Cat# MMS-435P, 

RRID:AB_2313773 

Vimentin Mouse 1:400 Chemicon 
Cat# MAB3400, 

RRID:AB_94843 

 

Secondary antibodies were the followed in a 1:200 concentration. 

Secondary 

antibody (anti-) 
Host Dilution Source Identifier 

Rabbit IgG Alexa 

555 
Donkey 1:200 

Jackson 

Immunoresearch 

Cat# A-31572, 

RRID:AB_162543 

Rabbit IgG Alexa 

647 
Goat 1:200 

Jackson 

Immunoresearch 

Cat# 111-605-144, 

RRID:AB_2338078 

Mouse IgG Alexa 

555 
Donkey 1:200 Invitrogen 

Cat# A-31570, 

RRID:AB_2536180 

Mouse IgG 

Alexa 647 Fab 

fragment 

Donkey 1:200 
Jackson 

Immunoresearch 

Cat# 715-605-150, 

RRID:AB_2340862 

Rat IgG Cy3 Fab 

fragment 
Donkey 1:200 

Jackson 

Immunoresearch 

Cat# 712-167-003, 

RRID:AB_2340670 

Chicken IgY 

Alexa 488 
Donkey 1:200 

Jackson 

Immunoresearch 

Cat# 703-545-155, 

RRID:AB_2340375 
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For ISH, sense and anti-sense cRNA probes were synthesized and labeled with 

digoxigenin (DIG; Roche Diagnostics, Ref #11175025910). Sections of 20µm-thick 

frozen mouse brain or 50µm ferret slices were pretreated during 2 hours at 62ºC in 

hybridization buffer [50% Formamide (Ambion, Ref #AM9342), 10% Dextran sulfate 

(Sigma, ref: D8906-100G), 0.2% tRNA (Invitrogen, Ref #15401-011), 1x Denhardt’s 

solution (from a 50x stock; Sigma, Ref #D2532), 1x salt solution (containing 0.2M 

NaCl (Sigma, Ref #S9888-2.5KG), 0.01M Tris-HCl (Sigma, Ref #T3254-1KG), 5mM 

NaH2PO4 (Sigma, Ref #71505-250G), 5mM Na2HPO4 (Sigma, Ref #S3264-500G), 

5mM EDTA, pH 7.5)]. DIG-labeled cRNA probes were applied in hybridization 

solution to the tissue at 62ºC for overnight hybridization. The sections were washed and 

then blocked during 2 hours at room temperature in MABT buffer solution 1x, 10% 

Sheep Serum, 10% Blocking reagent. Later, slides were incubated with alkaline 

phosphatase-coupled anti-digoxigenin Fab fragments (Roche, Ref #11093274916) in 

blocking solution overnight at 4ºC. To reveal the hybridize probes, 3.4µl/ml of nitroblue 

tetrazolium (NBT, Sigma, Ref #N6639-1G) and 3.5µl/ml of 5-bromo-4-chloro-3-indolyl 

phosphate (BCIP, Roche, Ref #11585002001) in reaction buffer was applied until the 

labeling shows. 

 

Time lapse recordings 

For live imaging of individual SV2B+ vesicles in mouse progenitor cells, embryos were 

electroporated in utero at E14.5 with CAG-SV2B:Gfp encoding the fusion protein or 

CAG-flox-EGfp as a control (0.75µg/µL) and pCAG-Cre (0.1µg/µL). The low 

concentration of Cre plasmid allowed a sparse labeling of progenitor cells upon 

recombination of the floxed cassette (Pilz et al., 2013), essential to identify single 

separated cells. The day after the electroporation (E15.5), the brains were dissected out, 

embedded in 4% low melting agarose and cut. The tissue was slide in a vibratome at 

250µm in ice-cold ACSF freshly prepared (140mM NaCl, 5mM KCl, 10mM HEPES, 

24mM D-glucose, 1mM CaCl2, 1mM MgCl2). Then, slices were embedded in medium 

(N2 100x, B27 50x, EGF 200μg/mL, FGF 20μg/mL, FBS, NHS, Glucose, Sodium 

bicarbonate, Penicillin/Streptomycin, DMEM/F-12) at 37ºC. Imaging was performed on 

an inverted spinning-disc microscope and Nikon 100x immersion. Stacks of frames 

separated 0.2µm were captured every approximately 1.2sec for 1-2min.  
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IMAGING, QUANTIFICATION AND STATISTICAL ANALYSES 

Electroporation analysis 

In mouse and ferret embryo experiments, to minimize the significant variability between 

animals and the possible methodological effects, counts in the electroporated 

hemisphere of each experimental animal were normalized with the electroporated 

controlled hemisphere at the same rostro-caudal and latero-medial level. All 

quantifications were made in at least 3 independent embryos.  

 

Cultures analysis 

In co-localization cell cultures experiments, individual cells from at least 3 different 

cover-slips were imaged using Olympus FV10 confocal microscope and analyze by 

JaCoP pluguin from ImageJ Fiji.  

 

Histological analysis 

For co-localization studies, images from a single confocal plane were obtained and 

analyzed using Olympus FV10 confocal microscope or Zeiss Apotome microscope. 

Proper expression of SV2B protein by the overexpression plasmids was observed by 

immunohistochemistry against SV2B protein and GFP expressed by the T2A linker.  

 

Western blot analysis 

For western blot analysis, images were processed to 8 bits and the mean signal intensity 

in the area of interest was measured using ImageJ sofware (n=3 independent samples 

for each group). 
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Bromodeoxyuridine labeling experiments 

To determine cell cycle exit, DAPI BrdU GFP positive Ki67 negative nuclei in VZ and 

SVZ were quantified. To include the nucleus as positive for BrdU staining, at least 25% 

of the nucleus should be labeled.  

For BrdU distribution analysis, projection images were plotted in ImageJ Fiji to 

its mean intensity histogram. After, each intensity value per pixel was normalized to 

neighbouring pixels to soften the signal and show the trend. Each sample was also 

normalized to its maximum value and for each all the samples were averaged together.  

 

Time lapse analysis 

Vesicles time-lapse image stacks were collapsed to maximum projection, contrast 

enhanced and analyzed with Imaris software's by Spots semiautomatic tracking. Each 

individual vesicle was followed until the end of the movie to determine its behavior. 

Vesicles were discarded if they were out of focus at some stack. 

 

Statistical analysis 

Statistical analysis was carried out with GraphPad Software. To assume statistical 

significance, p values were set below 0.05. All values represent mean ± standard error 

of the mean (SEM). Pair-wise t-test or independent samples t-test were used to compare 

statistical differences between two experimental groups. χ2-test was used to determine 

the equality of proportion between different groups. To compare the statistical 

differences between at least three experimental groups, One way-ANOVA was used. 

Similar variance across experimental distributions was assumed. Samples were obtained 

independently and the observations were sampled randomly and independently. For 

each experiment, embryos for at least two different females were used. In each figure 

legend, it is detailed the experimental n, the statistical test used and the statistical 

significance. 
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6.Results  

6. Results 

"Observar sin pensar es tan peligroso como 

pensar sin observar." 

- Carl Sagan 
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Part 1. Overexpression of SV2B in embryonic mouse telencephalon leads to 

alterations in progenitor cell adhesion, cell cycle and proliferation 
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Characterization of Sv2a and Sv2b endogenous expression in mice 

In order to understand the potential role of SV2B during embryonic development of the 

cerebral cortex, we firstly detected their endogenous expression on wild type mice. We 

designed and generated specific RNA probes against Sv2a and Sv2b. Figure 1 shows the 

in situ hybridization stains in coronal sections at different stages, demonstrating the 

evolution of their expression along development. 

Contrary to previous assumptions (Crevecoeur et al., 2013), Sv2b is already 

expressed at E12.5 in multiple parts of the developing telencephalon, including the 

retinal pigmented epithelium (Fig. 1A''), early post-migratory cortical neurons just 

below the marginal zone (Fig. 1A'), the most latero-ventral aspect of the intermediate 

zone of the lateral ganglionic eminence, and in the hippocampus (Fig. 1A). At this early 

stage (E12.5) Sv2a is also expressed, mainly at the intermediate zone of the medial and 

lateral ganglionic eminences (Fig. 1B), in newly formed neurons of the cortex (Fig. 1B') 

and at the retinal pigmented epithelium (Fig. 1B''). At E14.5 Sv2b expression is more 

confined to particular areas (Fig. 1C), whereas Sv2a has a more widespread expression 

(Fig. 1D). Sv2b is expressed in the cortical plate and subplate (Fig. 1C'), insular cortex, 

piriform cortex, hippocampus and ganglion cells of the ventral retina (Fig. 1C''). Sv2a 

mRNA is found at the ganglion cell layer at the eye (Fig. 1D''), cortical plate (Fig. 1D') 

and intermediate zone of the ganglionic eminences (Fig. 1D). Later in development 

(E17.5; Fig. 1E), Sv2b expression continues restricted to the hippocampal formation 

(CA1, CA2, CA3 and dentate gyrus), cortical plate and (particularly) subplate (Fig. E'), 

amygdala and in some sparse cells of the thalamus. In contrast, Sv2a expression 

becomes almost ubiquitous to the entire brain (Fig. 1F), being highly expressed at the 

cortical plate (Fig. 1F'). In summary, the areas of expression of both isoforms increase 

during embryonic development, each one showing different and unique expression 

patterns. In agreement with previous reports, expression of Sv2 family members was 

found confined to differentiated neurons. Sv2b expression was never detected in 

germinal layers of the embryonic mouse cortex.  

To confirm that SV2B protein, and not only mRNA, is expressed in the early 

embryonic cerebral cortex, we performed a western blot analysis of dissected mouse 

cortices at different stages of embryonic development and newborn pups. We used an  

isoform-specific antibody to detect SV2B. SV2B protein was already detected by E11.5, 
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Figure 1. Sv2a and Sv2b endogenous expression in mice. (A-F) Coronal sections of 

WT animals at E12.5, E14.5 and E17.5 showing the endogenous expression of Sv2a and 

Sv2b by in situ hybridization. (A'-F') High magnifications of the areas inside the 

brackets at the cortex. (A''-D'') High magnifications of the eyes. Scale bars: 500µm (A-

F panels); 50µm (A'/A''-F'/D'' panels). (G) Representative western blot of SV2B 

protein in mice cortices at different stages (E11-P0) and Tubulin protein. For the same 

amount of Tubulin, SV2B increases during development. (H) Quantification of SV2B 

ratio respect the Tubulin protein to normalize the data. Data are shown as mean ± SEM, 

n=3, *p_value<0.05 Unpaired two-tailed t-test. (I) In situ hybridization on cortical 

coronal sections of Sv2b mutant mice at E14.5 (WT, HE and HO). Hipp: Hippocampus; 

LGE: Lateral Ganglionic Eminences; MGE: Medial Ganglionic Eminences. 
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and its expression increased during development, in parallel to the increase in number of 

newly generated neurons (Fig. 1G,H). This is in agreement with already published 

RNAseq data where Sv2b was found expressed at higher levels in the cortical plate (CP) 

compared to VZ and SVZ (Fietz et al., 2012). 

It has been strongly suggested that due to the similarity between the three 

isoforms of the SV2 family members, they may perform redundant functions, 

compensating the role of the paralogous form in its absence. We tested this possibility 

by performing in situ hybridizations on Sv2b knockout mouse tissue at E14. We found 

that Sv2a expression was not altered in the absence of Sv2b, and the standard expression 

pattern at the cortical plate was detected. We could not observe changes in intensity nor 

distribution of Sv2a RNA in Sv2b KO or heterozygous (HE) mice compared to WT 

littermates (Fig. 1I). Nevertheless, the absence of changes in mRNA expression does 

not eliminate possible alterations in protein amount, which could be affected by other 

mechanisms including mRNA translation or protein stability. 

 

SV2B overexpression causes delayed neuronal migration and disruption of the VZ 

Trying to mimic the scenario in the developing ferret cortex, where Sv2b is expressed at 

the VZ at mid-neurogenesis (Martinez-Martinez et al., 2016), we planned to in 

utero electroporate the embryonic cortex of mice to overexpress Sv2b. To do so, we 

designed a cassette encoding human SV2B under a CAG promoter, directly followed by 

green fluorescent protein (GFP). Gfp was encoded following a T2A self-cleaving 

peptide, to ensure equimolarity of SV2B and GFP proteins. This plasmid was 

transduced into aRGCs lining the cortical VZ at E14.5 (Fig 2A).  

Upon electroporation of SV2B at E14.5 and analysis at E17.5 we first noticed a 

significant delay in the radial migration of cortical neurons. GFP+ cells accumulated at 

the germinal layers compared to control embryos electroporated with Gfp alone. 

Accordingly, the proportion of GFP+ cells at the IZ and CP was reduced in SV2B-

electroporated embryos compared to controls (Fig. 2B and 2C). We reasoned that this 

phenotype might result from: altered radial migration of newborn neurons, and/or 

altered proliferation of progenitor cells with a delay in neurogenesis and, hence, a delay 

in the initiation of neuron migration. 
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Figure 2. SV2B overexpression phenotype on the basal lamina. (A) Schema of the 

Sv2b overexpression plasmid and the experimental design. E14.5 embryos were in 

utero electroporated with the previous plasmid or one encoding Gfp as a control. 

Samples were collected at E15.5 (D), E16.5 (H) or E17.5 (C, G) depending on the 

experimental design. (B, D, G, H) Immunostainings of 20µm coronal cryosections of 

the electroporated dorsal telencephalon showing DAPI (blue) and GFP (green). (B) 

Differential distribution of the migrating cells (green and white). The long dashed lines 

limit the tissue, and the arrowhead show the reduction on migrating cells at the CP and 

IZ. Scale bar: 100µm. (C) Quantification of the percentage of electroporated GFP 

positive cells on each layer respect the total GFP positive cells. Data is shown 

as Gfp controls in dark grey and SV2B in light grey. Chi-square statistics; average ± 

SEM; n=3; ***p value<0.001. (D) High magnification of the basal end-feet of 

electroporated aRGCs. Scale bar: 30µm. (E) The number of varicosities per 100µm of 

aRGC basal process. T-student statistics; average ± SEM; n=3; *p value<0.05. (F) 

Scheme of how end-feet may aggregate at the CP. (G) Immunofluorescent staining 

showing the Laminin (red) of the basal lamina. Scale bar: 50µm. (H) 

Immunofluorescent staining showing Caspase3 (red) at the VZ and SVZ. Scale bar: 

50µm. 

 

Regarding the first option, the primary cells affected in an electroporation are 

aRGCs, which act as scaffold for the radial migration of the newborn cortical neurons. 

So, modifications that affect the basal processes of aRGCs could have an effect on 

neuronal migration. To assess the occurrence of alterations on aRGC basal processes, 

we overexpressed SV2B at E14.5, waited for 24h and examined the aRGCs’ basal 

process and end-feet. Basal processes exhibited a very dramatic increase in the density 

of varicosities (Fig. 2D and 2E), and their morphology at the basal end-feet was 

abnormal (Fig. 2D). These end-feet were reminiscent of collapsed axonal growth cones, 

with a rounded tip that suggested instability of the aRGCs attachment to the basal 

lamina (Fig. 2D and 2F). The tips of the basal processes are in contact with the basal 

lamina, so we next investigated the structure of this basal lamina upon SV2B 

overexpression. To this end we immunostained electroporated samples against Laminin, 

the main component of the basal lamina. As shown in Figure 2G, the basal lamina was 

severely disrupted forming aggregates, in contrast to the compact arrangement in 

control embryos (Fig. 2G). 

In addition to all these defects, at the center of the electroporation we observed 

that the VZ was considerably disrupted (Fig. 2B and 2G). This could be the result of 

abundant death of aRGCs. To test this possibility we electroporated mouse embryos at 
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E14.5 and analyzed them at E16.5 by immunostaining with the apoptosis marker 

activated Caspase 3. We observed a high amount of Casp3+ cells, both progenitors and 

neurons, in the cortex of embryos electroporated with SV2B, but not in Gfp-

electroporated controls (Fig. 2H). Intriguingly, the increased Casp3+ cells were not only 

GFP+ (electroporated cells) but also GFP-, suggesting the occurrence of a non-cell 

autonomous effect. 

 

SV2B overexpression disrupts the apical adherens junction belt and the position of 

aRGCs 

Death of aRGCs may result from alterations in the apical adherens junction belt. 

Analysis of at E16.5 of brains electroporated at E14.5 revealed significant alterations in 

VZ structure and an apparently disrupted ventricular surface (Fig. 3A and 3B, DAPI). 

To directly assess the potential disruption of the apical adherens junctions belt, we 

immunostained electroporated brains with the apical lamina marker Par3. Consistent 

with our previous observations, Par3 labeling was severely disrupted at the center of the 

electroporated area, with many cells protruding into the tissue and interrupting the 

continuity of the apical adherens junction belt (Fig. 3A and 3B). This phenotype 

remained throughout development and even increased in severity one day later (E17.5; 

Fig. 3D and 3E). Intriguingly, we observed Par3 staining at basal positions within the 

cortical parenchyma, were it is absent in normal embryos (Fig. 3B’ and 3E’). Par3 is 

only expressed by aRGCs as part of their attachment to the apical belt, so this aberrant 

expression of Par3 away from the ventricular surface suggested an alteration on aRGCs 

themselves (Fig 3C). 

To assess this possibility, we examined PAX6 expression in E17.5 embryos 

electroporated at E14.5 (Fig. 3F and 3G). We found a dramatic increase in PAX6+ 

progenitor cells at basal positions compared to control embryos. Whereas in controls 

90% of PAX6+ cells were lining the ventricle in a normal and compact VZ, and less 

than 10% were in SVZ; in SV2B embryos only 50% of PAX6+ cells were in found VZ, 

while nearly 40% were in SVZ and even 10% in IZ (Fig. 3H). In this analysis again, we 

observed that the mislocalized PAX6+ cells were both GFP positive and negative, 

consistent with a strong non-cell autonomous effect of SV2B overexpression. 
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Figure 3. SV2B overexpression phenotype on the apical lamina. E14.5 embryos 

were in utero electroporated with the overexpression plasmid or one encoding Gfp as a 

control. Samples were collected at E16.5 (A-B) or E17.5 (D-G) depending on the 

experimental design. Immunostainings of 20µm coronal cryosections of the 

electroporated dorsal telencephalon show DAPI (blue) and GFP (green). (A) 

Immunofluorescent staining showing Par3 (red) of the apical lamina. Scale bar: 100µm. 

Scheme of the delaminated aRGCs maintaining Par3 molecules. Lower panels show 

high magnifications of the VZ between the brackets at the SV2B condition. Scale bar: 

30µm. (B) Immunofluorescent labeling showing Par3 (red) of the apical lamina. Scale 

bar: 50µm. Lower panels show high magnifications of the VZ between the brackets at 

the SV2B condition. Scale bar: 20µm. (C) Differential distribution of the PAX6 positive 

progenitor cells (red). The long dashed lines limit the tissue, and the arrowheads show 

the misplaced progenitors. Scale bar: 50µm. (D) Quantification of the percentage of the 

PAX6 positive cells with respect to the total. Data is shown as Gfp controls in dark grey 

and SV2B in light grey. Chi-square statistics; average ± SEM; n=3; ***p value<0.001. 
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SV2B overexpression alters cell cycle, interkinetic nuclear migration and cell 

division  

Given that SV2B overexpression leads to the basal displacement of Pax6+ aRGCs, we 

wondered whether these cells were still proliferative. To this aim we electroporated 

mouse embryos at E14.5, injected BrdU 24hrs later (E15.5), and analyzed the following 

day (E16.5). BrdU is incorporated during DNA duplication, which occurs at the basal 

domain of the VZ, and as nuclear marker for cycling cells we used Ki67. We quantified 

the rate of progenitor cell cycle exit by measuring the number of cells positive for GFP 

and BrdU but negative for Ki67. Cells that were cycling 24hrs before fixing would 

incorporate BrdU, and if they are still cycling at E16.5, they will also retain Ki67 

labeling (Fig. 4A). On the contrary, cells negative for Ki67 would have exited from the 

cell cycle. We found that the amount of GFP+/BrdU+/Ki67- cells was nearly half in 

SV2B-overexpressing embryos compared to controls (Fig 4B and 4C), indicating a very 

significant decrease in cell cycle exit upon SV2B expression. This result is compatible 

with a higher cell cycle reentry or with a cell cycle arrest (Borrell et al., 2012) after 

SV2B overexpression.  

Interestingly, the distribution of BrdU+ nuclei was also affected by SV2B 

overexpression (Fig. 4B and 4D). At a first glance, in the brains injected with BrdU 

24hrs before analysis, controls presented a uniform BrdU labeling across the thickness 

of the VZ, while SV2B-electroporated samples showed a BrdU+ cells absence in the 

central part of the VZ. After a precise analysis of BrdU+ nuclei dispersion we show that 

S phase nuclei from the central region accumulate at the apical third of the VZ upon 

SV2B overexpression (Fig. 4B and 4D). Commonly, such a phenotype might be related 

to alterations in the translocation of the nuclei during cell cycle: the interkinetic nuclear 

migration (INM). To determine if SV2B expression was associated with this 

phenomenon, we analyzed where aRGCs were undergoing S phase of the cell cycle. So 

we injected BrdU intraperitoneally 30 minutes before fixing at E16.5 (Fig. 4E). As 

expected, in control embryos BrdU+ nuclei clustered at the basal part of the VZ (Fig. 4F 

and 4G); in contrast, in SV2B embryos BrdU+ nuclei were distributed all along the VZ 

and the SVZ (Fig. 4G). This abundance of misplaced cells strongly suggested that INM 

is aberrant upon SV2B overexpression, altering the location where cells undergo the 

diverse phases of the cell cycle.  
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Figure 4. Alterations in proliferation after SV2B overexpression. (A) Cell cycle 

exit. Schema of the experimental design where E14.5 embryos were in 

utero electroporated with the overexpression plasmid or one encoding Gfp as a control. 

24hrs later, females were intraperitoneally BrdU injected, and samples were fixed at 

E16.5. (B, F, I, M) Immunostainings of 20µm coronal cryosections of the 

electroporated dorsal telencephalon showing DAPI (blue) and GFP (green). (B) 
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Immunofluorescence showing Ki67 positive progenitors (red) and BrdU positive cells 

(white). Right panels show high magnification of GFP+BrdU+Ki67+ (filled 

arrowheads) and GFP+BrdU+Ki67- (empty arrowheads). (C) Cell cycle exit rate was 

quantified as the percentage of GFP+BrdU+Ki67- respect the total GFP+ cells. Data is 

shown as Gfp controls in dark grey and SV2B in light grey. Chi-square statistics; 

average ± SEM; n=5; ***p value<0.001. (D) Graph showing the intensity ratio of the 

BrdU positive cells distribution. Distance from the ventricular surface was set as cero. 

(E) Schema of the experimental design where E14.5 embryos were in 

utero electroporated with the overexpression plasmid or one encoding Gfp as a control. 

Females were intraperitoneally BrdU injected 30 minutes before fixing the embryos at 

E16.5. (F) Immunofluorescence showing BrdU positive cells (white). Left panels show 

a low magnification of the electroporation site (white arrows sign the edges). (G) Graph 

showing the intensity ratio of the BrdU positive cells distribution. Distance from the 

ventricular surface was set as cero. (H, L) Schema of the experimental design where 

E14.5 embryos were in utero electroporated with the overexpression plasmid or one 

encoding Gfp as control and fixed at E15.5 or E16.5 respectively. (I, M) 

Immunofluorescence showing PH3 positive cells (red). (J, N) Quantification of total 

PH3 positive cells per 100µm of the ventricular surface. (K, O) Quantification of PH3 

positive cells per 100µm of ventricular surface in each layer. Mitosis at the VZ was 

divided into apical (aVZ, nucleus lining the ventricle) or subapical (saVZ). Data is 

shown as Gfp controls in dark grey and SV2B in light grey. T-student statistics; average 

± SEM; n=5 Gfp n=4 SV2B; **p value<0.01, ***p value<0.001. Scale bar 50µm 

 

If the above hypothesis was correct, we might expect also the mispositioning of 

cells at mitosis. In fact, taking also into account the decrease in cell cycle exit, dividing 

cells might be not just misplaced but also in higher amount. To test these possibilities 

we analyzed the abundance and location of mitotic cells after electroporation at E14.5 

(Fig. 4H). Immunostainings against phosphohistone H3 (PH3) revealed a slight but not 

significant increment in the abundance of apical nor basal mitoses at E15.5 (Fig. 4I to 

4K). However, in SV2B-electroporated embryos PH3+ mitoses occurred at more basal 

positions than in controls, in both VZ and SVZ, such that the neat string of apical 

mitoses was not visible in SV2B embryos (Fig. 4I to 4K). Given that the effects of 

SV2B expression seemed to always increase in severity over time, we decided to repeat 

this analysis at E16.5 after electroporation at E14.5 (Fig. 4L). The amount of 

progenitors dividing at E16.5 was lower compared to earlier stages, but the mitotic 

nuclei lining the ventricular surface was still obvious in controls (Fig. 4M). After two 

days of SV2B overexpression, PH3+ mitoses were not aligned apically anymore, and 

the density of total PH3+ nuclei was double than controls (Fig. 4N). Considering the 
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location of mitoses, SV2B did not affect the density of apical mitoses, but it increased 

very significantly subapical (in VZ) and basal (SVZ) mitoses (Fig. 4O). Thus, 

overexpression of SV2B induces a decrease in cell cycle exit accompanied by an 

increase in dividing cells, namely at basal positions, and an abnormal INM. These 

results are compatible again with a cell cycle arrest at M-phase or with a cell cycle 

reentry increasing the number of dividing cells.  

 

SV2B+ vesicles are highly motile along the apical process  

Once we identified several effects caused by SV2B overexpression, we next wanted to 

investigate what is the mechanism of action of this protein. Remarkably, nothing is 

known about the subcellular localization or dynamics of Sv2b, especially in progenitor 

cells. SV2B is a protein associated to vesicles and thought to participate in vesicular 

trafficking (exo- or endocytosis), thus in a wide variety of functions from attachment to 

communication. To gain insights into the mode of action of SV2B in cortical 

progenitors, we first aimed at defining the intracellular dynamics and behavior of 

SV2B+ vesicles. This should provide us a fundamental entry point to understand its 

biological function in aRGCs, and if/how SV2B+ vesicles dynamics may be critical for 

aRGCs function in cortex development. First, we designed and generated a plasmid 

encoding human SV2B plus GFP as fusion protein, expressed only upon Cre 

recombination, such that we would obtain labeling of aRGCs at a very low density. The 

hSV2B:GFP expression cassette was designed followed by a T2A linker and the far-red 

fluorescent reporter protein mKate, expressed in equimolarity with SV2B (Fig. 5A).  

In order to monitor the trafficking of SV2B+ vesicles, we delivered our 

expression plasmids into the developing cortex of E15.5 wild type embryos by in 

utero electroporation. After 24hrs, GFP+ cells in brain slices were recorded under a 

Spinning disk microscopy. This enabled us to examine individual processes of 

electroporated aRGCs at high resolution and high speed while monitoring individual 

SV2B+ vesicles (Fig. 5B and 5C). We first observed that these vesicles mainly 

accumulated at the varicosities and end-feet of aRGC radial processes (Fig. 5D). 

Dynamically, we were able to identify abundant bidirectional traffic of SV2B:GFP 

vesicles through the cell body of aRGCs, their basal and apical processes (including 

their varicosities), and end-feet (Fig. 5D). SV2B:GFP+ vesicles showed wide variable 
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dynamics. Some vesicles were seen travelling along the processes, some did not move, 

and others moved circularly within the varicosities or the cell soma. 

A detailed analysis of their dynamics revealed that in the apical process 51% of 

vesicles followed an apical direction (to the ventricular surface), 47% a basal direction 

(to the soma of the cell) and 2% of them stayed immobile during the short recording 

(Fig. 5E). On the other hand, at the basal process 55% of vesicles followed an apical 

direction (to the cell soma), 44% a basal direction (to the basal end-feet) and 1% were 

immobile. Thus, although vesicles travelled in both directions, there was a slight 

tendency to move towards the apical side of the cell: the cell soma and apical end-foot. 

We also observed that this traffic seemed to be more active in the apical than the basal 

process (Fig. 5F). Around 70% of SV2B+ vesicles at the basal process moved at less 

than 1μm/s, while almost 80% of the vesicles at the apical process moved between 1 

and 3μm/s (Fig. 5G). This impacted on the average speed of vesicles, which was 

significantly faster in the apical process (2μm/s) than in the basal process (about 1μm/s; 

Fig. 5F). Concomitantly, we found that the vast majority of vesicles in the basal process 

traveled shorter net distances (5µm) than those in the apical process (about 10µm; Fig. 

5H and I). Finally, we also determined the straightness of the displacement of vesicles 

(ratio between net displacement and length travelled). According to this ratio, the closer 

to 1 the more straight or direct is the displacement. In general, the movement of SV2B 

vesicles was quite vibrational, and nearly 60-70% of the apical and basal vesicles 

respectively showed a straightness of equal or less than 0.2. This means that the 

majority of vesicles diverted and jittered long ways before arriving to their final 

location. Nevertheless, vesicles in the apical process presented a higher average 

straightness than those in the basal process, with 35% of apical vesicles exhibiting a 

ratio between 0.2 and 0.6, in contrast to the 20% present at the basal processes (Fig. 5J 

and 5K). Finally, we determined that neither the speed nor straightness varied 

depending on the direction of vesicles (apically- or basally-directed), but on the cell 

process where they were located.  
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Figure 5. SV2B subcellular dynamics in mice aRGCs.  (A) Scheme of SV2B:GFP 

fusion protein expression plasmid. After the CAG promoter, three SV40 on tandem are 

flanked by flox sequences. An equimolar expression of the fluorescent protein mKate is 

allowed by a T2A sequence. (B) E15 embryos were in utero electroporated with the 

fusion protein plasmid. After 24hrs, the brains were sliced and single processes 

recorded in an inverted spinning disc microscope 100x objective. (C) Representative 

electroporated slice showing SV2B:GFP in white. (D) Basal and apical process stack. 

Time-lapse of the area inside the dashed lines. Arrowheads point a single vesicle 

through time. The arrows show the complete displacement. Ap: apical process, Bp: 

basal process, V: varicosity, N: nucleus. (E) Graphs showing the proportion of the 

vesicles stopped or following an apical or basal direction. (F) Quantification of the 

vesicles average speed along the apical or basal process. (G) Quantification of the 

vesicles average displacement along the apical or basal process. (H) Quantification of 

the vesicles average straightness along the apical or basal process. Data is shown as 

apical processes in black and basal processes in light grey. Chi-square statistics; average 

± SEM; vesicles n=156 apical n=407 basal; animals n=5 n=7 basal; ***p value<0.001. 

 

SV2B overexpression leads to a bulge formation 

Previous studies show that increased proliferation can lead to the production of folds in 

lissencephalic brains (Florio et al., 2015; Stahl et al., 2013). Subsequent to the observed 

alterations in SV2B expressing progenitor cells, we wondered whether the gross 

organization of the cerebral cortex would be affected upon long-

term SV2B overexpression. To test this notion we in utero electroporated the 

overexpression plasmid in mouse embryos at E14.5 and waited until postnatal day 5 

(P5) (Fig. 6A). Electroporated neurons arrived to their final position at the CP in 

controls and experimental samples. However, in SV2B overexpressing embryos we 

observed the existence of a fold-like bulge (n=5/5 pups), while no distinguishable 

alterations were detected in Gfp controls (n=4 pups). The cortical “fold” showed the 

marginal zone (MZ) folded onto itself (Fig. 6B).   

At E14.5 neurons for layer 2/3 are being generated. These neurons become 

positive for CUX1, as shown in the control animals. Green cells in SV2B-electroporated 

animals were also positive for CUX1 (Fig. 6B), suggesting that the alterations in cell 

cycle and positioning of progenitor cells did not affect the fate of the neuronal progeny. 

Interestingly, the cortical fold was also composed of CUX1+ layer 2/3 neurons. In fact, 

this included not just electroporated cells, but neighboring cells were also dragged into 

it, again implying a non-cell autonomous effect of SV2B expression on cortex folding. 
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Figure 6. SV2B overexpression induces a bulge formation. E14.5 embryos were in 

utero electroporated with the overexpression plasmid or one encoding Gfp as a control. 

Samples were collected at P5. (A, B, C) Immunostainings of 50µm coronal cryosections 

of the electroporated dorsal telencephalon showing DAPI (blue), GFP (green) and Cux1 

(A), Calbindin (B) or Laminin (D) in red. Scale bar: 100µm. The dashed line shows the 

apical limit of the tissue.  

 

To further delve into the scope of this phenotype, we performed immunostainings 

against Calbindin as a marker of cortical inhibitory interneurons. Even though these 

cells are generated far away from the electroporation site, in the ganglionic eminences, 

they were also dragged into the fold (Fig. 6C). Because SV2B expression leads to the 

disruption of the basal lamina at E17.5, we next examined this structure at P5 by anti-

laminin labeling. This central component of the basal lamina was homogenously lining 

the MZ in control embryos, as expected, but in SV2B electroporated embryos it was 

highly disrupted around the cortical fold. Laminin was found forming aggregates or 

nearly absent from the basal lamina (Fig. 6D). Hence, formation of this cortical fold 
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seems to be a consequence of neuronal overmigration, apparently due to the severe 

perturbation of the basal lamina upon overexpression of SV2B by aRGCs. 
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Part 2. Sv2b is expressed in ferret germinal layers and its genetic modification in 

ferret leads to alterations in progenitor cell proliferation 
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Sv2a and Sv2b are highly expressed in germinal layers of the developing ferret 

cortex 

Previous studies showed that changes in gene expression of aRGCs at the VZ regulate 

their dynamics of proliferation and generation of basal progenitor cells (Martinez-

Martinez et al., 2016). In ferret, there is a critical period for massive bRGCs production 

between E34 and E36, when aRGCs at the VZ undergo self-consuming divisions to give 

rise to bRGCs massively (Fig 7A). One gene whose expression levels in the ferret VZ 

followed the same dynamics as aRGC production is Sv2b. In particular, Sv2b is highly 

expressed at early stages (E30) and it is downregulated 3.65-fold by E34. Later on, Sv2b 

is upregulated again 2-fold at birth (Fig. 7B). Interestingly, during the critical period, 

the expression of Sv2b is higher at the SVZ, where the bRGCs are placed, compared to 

the VZ by more than 3.5-fold (Fig. 7C).  

In order to elucidate the endogenous function of SV2B in the developing ferret 

cerebral cortex, we initially confirmed the expression of Sv2b in the germinal layers of 

the ferret cerebral cortex. As a first approach, we designed and produced specific RNA 

probes against ferret Sv2b and Sv2a and performed in situ hybridizations in ferret tissue. 

Sv2b mRNA was detectable in cortical germinal layers at all stages examined (Fig. 7D). 

At E30, Sv2b was expressed at high density in the VZ and in a salt and pepper pattern in 

the rest of the cortex. Expression was higher in the gyrus than the sulcus. At later stages 

of development, Sv2b was expressed in new layers as these gradually emerged. At E34, 

Sv2b mRNA was detected at the CP but not in the intermediate zone (IZ; Fig. 7D). Sv2b 

was also expressed in VZ and ISVZ, and to a lesser extent in the nascent OSVZ. In the 

splenial gyrus, expression at the VZ was lower than at the SVZ, confirming published 

data (Fig. 7C). At this stage, there were also obvious differences between gyrus and 

sulcus. At birth, levels of Sv2b expression were similar between VZ, ISVZ and OSVZ. 

By P2, VZ and ISVZ increased Sv2b expression compared to the OSVZ, and in 

agreement with published RNAseq data (De Juan Romero et al., 2015), expression at 

the OSVZ was significantly higher in the splenial gyrus than the lateral sulcus (Fig. 7D 

and 7E).  
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Figure 7. Sv2b endogenous expression characterization in ferret. (A) Schema of the 

bRGCs generation and aRGCs dynamics at the critical period in ferret embryonic 

development. (B) Microarray data from Martínez-Martínez et al., 2016. Sv2b fold 

change at different stages. (C) Microarray data at E34 of Sv2b expression in VZ and 

SVZ. (D) In situ hybridization of Sv2b ferret gene on sagittal sections of ferret tissue at 

E30, E34, P0 and P2. Lower panels show high magnifications of sulci and gyri for each 

stage. (E) RNAseq analysis for Sv2b from OSVZ at P2. T-student statistics; average ± 

SEM; n=3; * p value< 0.05. (F) In situ hybridization of Sv2a ferret gene on sagittal 

sections of ferret WT tissue at E34 and P2. (G) Immunostainings against SV2B on WT 

ferret tissue at different stages (E34, P0 and P20). Right panel shows a high 

magnification of layer V neurons co-labelled with CTIP2. Scale bars: 1000µm (D upper 

panels and F); 100µm (D lower panels). 

 

Analysis of Sv2a mRNA expression revealed that in ferret, similar to mouse, this 

is more ubiquitously expressed than Sv2b. Sv2a was found highly expressed throughout 

the brain at embryonic and postnatal stages. Similar to ferret Sv2b, and in contrast to 

mouse, ferret Sv2a was expressed in all germinal layers (Fig. 7F). In agreement with 

published transcriptomic data (Martínez-Martínez et al., 2016), expression levels at the 

VZ were not significantly different during development (data not shown).  

Taking into account the similarities observed in levels and areas of expression, it 

seemed possible that Sv2a and Sv2b might serve redundant functions in the developing 

ferret cortex. Nevertheless, Sv2b has shown a unique expression regulation at the VZ in 

the developing ferret cortex. Consequently, a complete redundant function on this area 

and time period seems improbable. Moreover, analysis of Uniprot data showed us that 

ferret SV2A and SV2B proteins have a 59% of sequence alignment, similar to human 

(64%) and rodents results (65%). On the other hand, SV2B is highly conserved between 

species, with 90 or 95% of protein sequence similarity between human and ferret or 

mouse, respectively (Uniprot data). Thus, SV2 proteins remain similar between species 

but have diverge between isoforms and a divergence also in function seems likely. 

Next, we wanted to determine the pattern of SV2B protein expression. To this aim 

we performed immunofluorescence using a specific anti-SV2B antibody at different 

ferret stages. Overall, the patterns of protein immunostain at E34 and P0 were similar to 

those for mRNA, with high expression levels at the VZ and CP. In the mature cortex 

(P20), SV2B was highly expressed by layer V neurons, which co-expressed CTIP2, a 

marker of deep layer neurons (Fig. 7G).   
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Subcellular characterization of SV2B in ferret 

Once we have addressed the general features of Sv2b expression in the developing ferret 

telencephalon, and found that it is highly and variably expressed in germinal zones, we 

next investigated the subcellular distribution of this vesicle-associated protein. To 

directly observe SV2B distribution in ferret cells, we first performed primary cell 

cultures from newborn (P0) ferret cerebral cortex (Fig. 8A), an age when Sv2b 

expression is again high after the critical period of bRGC generation. Dots resembling 

vesicles positive for SV2B were nicely identified along the entire extent of cultured 

cells. Interestingly, the pattern of subcellular distribution was different between 

postmitotic neurons (labeled with the neuronal marker Tuj1, negative for Vimentin) and 

progenitor cells (negative for Tuj1, positive for Vimentin). In neurons, SV2B 

accumulated significantly at the tips of growing processes, and much less in the cell 

body (Fig. 8B-B’), while in progenitor cells the highest concentration of SV2B+ dots 

was perinuclear (Fig. 8C-C’). The precise subcellular localization of SV2B+ vesicles 

may be an essential feature of this protein’s function. To gain further insight into this 

aspect, we quantified the amount of SV2B protein overlapping with the Golgi apparatus 

within the soma, identified with the marker GRASP65. The degree of co-localization of 

SV2B with Golgi apparatus was significantly different between neurons and progenitor 

cells. In progenitor cells only about 30% of SV2B overlapped with the Golgi apparatus, 

and hence most of this protein was elsewhere in the cell. In neurons, the proportion of 

SV2B found in the Golgi apparatus was much higher, almost 50%. In summary, our 

observations indicated that in neuronal cells much of SV2B associates with the Golgi 

apparatus, but most of the rest of it targeted to the tips of growing processes (axon or 

dendrites). In progenitor cells, SV2B seems to be more somatic, but less associated to 

Golgi apparatus. Thus, an interpretation of these findings could be that much of SV2B 

protein in neurons localizes at the vesicle production machinery, whereas in progenitor 

cells it is quickly carried out of the Golgi apparatus to exert some, yet undefined, 

cellular function nearby the nucleus (Fig. 8D-E). 

Whereas the analysis of dissociated cells enables a high level of subcellular 

resolution, we wondered to what extent our observations really recapitulated the 

situation in vivo. So we next set to determine the pattern of endogenous SV2B protein 

subcellular localization in aRGCs of the developing ferret cortex. To identify individual 

aRGCs and their processes, we electroporated GFP-encoding plasmids into the VZ of 
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newborn ferrets, and then stained the transduced tissue with anti-SV2B antibodies. We 

observed that ferret aRGCs contain a high abundance of SV2B+ punta resembling 

vesicles, and that these were preferentially accumulated at the cell soma, at the 

varicosities and at the end-feet of the apical and basal processes (Fig. 8F). This 

distribution was highly reminiscent of that in mouse aRGCs upon overexpression of 

SV2B, where SV2B+ vesicles were at high density in varicosities, end-feet and around 

the nucleus (Fig. 5), and also where SV2B overexpression altered the density of 

varicosities at the basal process (Fig. 2). 

 

Figure 8. Subcellular characterization of SV2B in ferret.  (A) Schema of the 

experimental design. P0 ferret brains were dissected and plated for 36hrs. (B-C) 

Immunofluorescence show DAPI (blue), Tuj1 (green) and SV2B (red). Left panels 

show high magnifications of the nucleus and end-feet. (D) Immunofluorescence on 

dissociated cells shows DAPI (blue), GRASP65 (white) and SV2B (red). (E) 

Quantification of the SV2B-GRASP65 (Golgi marker) overlapping. T-student. Average 

± SEM, n=20 per condition, *p value<0.05. (F) Immunofluorescence on P1 fixed tissue 

shows an aRGC positive for GFP (green) and SV2B (red). SV2B inside GFP positive 

cell is labelled in white. Arrowheads point the vesicle accumulations.  
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In conclusion, we found that endogenous Sv2b expression in gyrencephalic 

species like ferret is abundant at germinal layers but also dynamically regulated, in 

contrast to lissencephalic species like mouse. Furthermore, overexpression of SV2B in 

mouse aRGCs mimics the subcellular distribution in these cells in ferret. 

 

SV2B overexpression in ferret reduces neural production and regular migration  

Once we understood the endogenous patterns of SV2B expression, our next aim focused 

on experimentally modulate its expression levels and investigate potential effects on 

progenitor proliferation or fate. We injected a SV2B-encoding retrovirus into the 

telencephalic ventricle of E34 ferrets and analyzed them at E36 (Fig. 9A). With this 

strategy, we aimed to directly see the early output of the overexpressing progenitors at 

the precise moment where the endogenous expression shows to be downregulated. In 

SV2B-overexpressing animals, GFP positive cells were mainly found in the VZ, while 

more than half of GFP+ cells in control animals moved away to basal positions in the 

SVZ (Fig. 9B and 9C). More importantly, the fate of this cellular progeny was also 

altered by SV2B. Whereas in controls nearly 50% of GFP+ cells were NeuroD2+, (a 

early neuronal marker, revealing a differentiated fate), most SV2B-overexpressing cells 

were PAX6+ and merely a 4% of the GFP+ cells were NeuroD2 + (Fig. 9D and 9E).  

In order to determine the long-term effects of SV2B overexpression at the 

population level, we electroporated ferret embryos at E32, prior to the endogenous 

downregulation of Sv2b expression at the critical period (Fig. 7B). This allowed us to 

bypass the downregulation of Sv2b at the critical period and induce a sustained 

expression throughout development. Embryos were analyzed at E41, one day before 

birth, to allow the migration of the electroporated progeny (Fig. 9F). Sustained 

expression of SV2B induced a delay in radial migration, with an abnormal higher 

proportion of GFP+ positive cells remaining in the lower cortical layers, especially the 

ISVZ and IZ (Fig. 9G and 9H). These delayed cells showed a polarized migratory 

morphology with a leading process following aRGCs scaffold (Fig. 9G, high 

magnification). This kind of alteration in migration was similar to the observed in mice 

upon SV2B overexpression (Fig. 2B and 2C). However, contrary to what we found in 

mice, the ventricular surface of ferret embryos was not disrupted, and no aRGCs 

appeared to be displaced into cortical parenchyma (Fig 2C and 9G). 



 
151 RESULTS 

A change in the laminar position of cortical neurons might be due to a disruption 

on the migratory process itself, or a consequence of alterations in progenitor cell 

proliferation and neurogenesis. Taking into account the alterations we previously 

observed in mouse cortical progenitors, we decided to analyze if the location and 

distribution of progenitor cells were affected by the SV2B overexpression. Interestingly, 

the percentage of GFP+ and PAX6+ cells increased significantly in ferret embryos upon 

SV2B overexpression compared to controls (Fig. 9I). Concomitantly, the proportion of 

neurons generated after electroporation was reduced by 10% (Fig. 9J). Thus, the 

alteration on GFP+ cells by SV2B overexpression in ferret embryos was caused by an 

increased progenitor cell production coupled to a reduced neurogenesis. Normally, at 

E34 aRGCs undergo self-consuming divisions to massively produce bRGCs for the 

OSVZ, at the time when Sv2b is downregulated. With this experiment we bypassed this 

critical period of Sv2b downregulation, which induced progenitor cells to give rise to 

PAX6+ aRGCs in VZ or ISVZ, as hypothesized. These outcomes imply that SV2B 

expression drives progenitors into a state where they reduce neuron production favoring 

progenitor self-renewal. Although this hypothesis would be the most probable 

explanation, we cannot discard that the reduction on neuron generation was due to a cell 

cycle arrest upon SV2B overexpression. 

We have previously demonstrated that Sv2b is upregulated at postnatal stages, 

parallel to the reduction in bRGCs production by aRGCs in the VZ. When we 

upregulated Sv2b expression at even higher levels, by means of electroporation at P1, at 

P6, we found a significant reduction in the proportion of cells arriving at basal positions 

(Fig. 9K,L). More importantly, increased SV2B specifically reduced the amount of 

progenitor cells in the OSVZ (Fig. 9M). Concomitantly, GFP+ and GFP+PAX6+ cells 

increased at the VZ, with no changes in ISVZ (Fig. 9L and 9M), as predicted by our 

original hypothesis.  
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Figure 9. SV2B overexpression in ferret. (A) Scheme showing a retroviral injection in 

a ferret embryo at E34 with a retroviral overexpression plasmid and fixed two days later 

at E36. (B) Immunofluorescence showing DAPI (blue), GFP (green or white) and 

NeuroD2 (red). White arrowheads show the clonal cells. Scale bar: 50µm. (C) 

Quantification of the GFP positive cells among the total. (D) Quantification of the 
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proportion of GFP and NeuroD2 positive cells respect the total GFP cells. (E) 

Quantification of the percentage of GFP and PAX6 positive cells respect the total 

electroporated cells. (F) Scheme showing electroporation of a ferret embryo at E32 with 

the overexpression plasmid and fixed at E41. (G) Immunofluorescence showing DAPI 

(blue) and GFP (green). High magnification of the migrating neurons upon Gfp control 

condition (G') or SV2B overexpression (G''). Right panel shows an example of 

migrating neuron morphology. White arrowheads show the migrating neurons at the IZ. 

Scale bar: 100µm. (H) Quantification of the proportion of electroporated cells along the 

cortex. (I) Quantification of the percentage of GFP and PAX6 double positive cells 

respect the total electroporated cells. (J) Quantification of the percentage of GFP and 

NeuN double positive cells respect the total electroporated cells. (K) Scheme showing 

electroporation of a postnatal P1 ferret with the overexpression plasmid and fixed at P6. 

(L) Quantification of the proportion of electroporated cells at germinal layers. (M) 

Quantification of the percentage of GFP and PAX6 positive cells respect the total 

electroporated cells. Data is shown as Gfp controls in dark grey and SV2B in light grey. 

Chi-square statistics. Average ± SEM; n=3 (C, D, E, H), n=2 (I, L, M), n=1 (J) each 

condition; ***p value<0.001, ns=not significant. 

 

SV2B ablation in ferrets induces an increase in basal mitosis  

To better understand the role of SV2B in ferret progenitor cells, we next ablated its 

expression from the aRGCs using specific CRISPR guides against the first exon of the 

ferret Sv2b locus. We used two different guides that were close to each other but in 

opposite DNA chains, to favor the genetic disruption. Both guides were cloned into a 

plasmid encoding for all the CRISPR machinery, including the gRNA scaffold, Cas9 

and GFP as a reporter of transduced cells (Fig. 10A and 10B). To validate if we were 

ablating specifically Sv2b from ferret cells we transfected this plasmid into Mpf cells 

and collect total protein samples after 48h of expression. We performed a western blot 

against SV2B protein, normalized by the amount of Tubulin protein. The total 

endogenous SV2B protein was reduced one third compared to the control (Fig. 10C). 

Once the CRISPR guides were validated, the same plasmid was electroporated into the 

telencephalic ventricle of E36 ferret embryos to target aRGCs to avoid endogenous 

Sv2b expression upregulation after the critical period at E34. Embryos were analyzed 

two days later (Fig. 10D). We quantified the distribution of PAX6+ cells to determine if 

the generation of bRGCs had changed. Upon Sv2b loss-of-function, the proportion of 

GFP cells in germinal layers positive for PAX6 increased significantly compared to  
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Figure 10. CRISPR for Sv2b on ferret phenotype characterization. (A) Scheme of 

the CRISPR guides Cas9 expression plasmid. This plasmid encodes the guides followed 

by gRNA scaffold. It also encodes for Cas9 and GFP as a fluorescence protein. (B) Sv2b 

CRISPR guides sequences against ferret Sv2b first exon. The scheme shows where these 

sequences would anneal in Sv2b gene. (C) Western Blot against SV2B of Mpf cells 

overexpressing CRISPR guides. It is plotted the amount of SV2B endogenous protein 

normalized by the amount of Tubulin protein. (D) CRISPR guides and Cas9 were in 
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utero electroporated into ferret embryos at E36 and fixed at E38. (E) 

Immunofluorescence showing DAPI (blue), GFP (green), PAX6 (red) and PhVim 

(white). Right panels show high magnification of the electroporation site (red 

arrowheads show the misplaced mitotic cells). Scale bar 100µm. (F) Quantifications of 

the proportion of GFP and PAX6 positive cells from the total GFP positive cells. (G) 

Quantification of the total number of phospho-Vimentin positive cells per 100μm (H) 

Quantification of the percentage of phospho-Vimentin positive cells at the VZ or SVZ 

respect the total phospho-Vimentin cells. Data is shown as Gfp controls in dark grey 

and SV2B in light grey. Chi-square statistics. Average ± SEM; Gfp n=4 SV2B n=3 each 

condition; *p_value<0.05, **p_value<0.01.  

 

controls (Fig. 10E and 10F). Hence, the absence of SV2B after the critical period 

increases the production of RGC progenitors. Importantly, the total number of mitosis 

was unchanged (Fig. 10E and 10G), but the distribution of the phospho-Vimentin 

positive cells was altered after Sv2b ablation, with basal mitoses (in SVZ) significantly 

increased compared to control embryos, in detriment of apical mitoses (in VZ; Fig. 10E 

and 10H).  

Thus, genetic loss of function of Sv2b leads to an increase in phospho-Vimentin+ 

basal progenitor cell proliferation, in agreement with a net extension of the critical 

period for bRGC formation. Further analyses with longer survival periods should be 

performed to determine the consequences of these effects on the final fate of these 

increased basal progenitors, on the formation of the OSVZ, and on the eventual 

expansion and folding of the cerebral cortex. 
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Part 3. SV2B expression in human cells and its role in embryonic development 
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SV2B is distributed along the exocytic and endocytic pathways in human RPE-1 

cells  

To investigate the potential role of SV2B in development of the human cortex, we first 

studied its subcellular distribution, by transfecting RPE-1 cells with the SV2B:GFP 

fusion protein plasmid, as before. Following 36hrs after transfection, we analyzed the 

co-localization of SV2B:GFP with markers of subcellular compartments by means of 

immunohistochemistry. We used RAB6 as a marker of Golgi apparatus, EEA1 for early 

endosomes, LAMP1 for late endosomes and RAB7 for lysosomes. SV2B was present in 

all compartments, but a careful quantitative analysis revealed that Manders' coefficient 

was not high enough to assume co-localization (less than 0.7-0.8). Even though SV2B is 

present all along the secretory pathway, we found that it is not restricted to one cellular 

compartment (Fig 11A). Instead of being part of the specific machinery of a subcellular 

compartment, SV2B might be a cargo performing its function at the cytoplasmic 

membrane, or it may be necessary to transport other cargo to its final position. 

 

SV2B overexpression in human cerebral organoids does not induce changes in 

apical lamina, ventricular surface integrity or cell delamination 

Our previous results showed that electroporation of SV2B in mice altered the apical 

lamina. To characterize the potential function of SV2B in human cortex development 

we next studied if overexpression of SV2B also disrupts the apical adherent junctions in 

human cerebral organoids. We electroporated the ventricles of human cerebral 

organoids at 38 days in culture and analyzed the effect at 42 days (Fig. 11B). To analyze 

the integrity and composition of the apical lamina, we stained our organoids with anti-

Arl13b antibodies (a marker of apical primary cilia) and anti-Par3 antibodies 

(component of the apical adherens junction complex). We observed no relevant 

differences between SV2B-overexpressing and control ventricles. The vast majority of 

primary cilia were nicely aligned along the ventricle in both conditions, and the apical 

adherens junction belt was seemingly undisturbed (Fig. 11C). In conclusion, 

overexpression of SV2B in human cerebral organoids neither perturbed the ventricular 

surface nor caused the delamination of apical progenitors, similarly to our previous 

findings in ferret and in contrast to the effects we previously observed in mouse 

embryos. 
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Figure 11. SV2B subcellular dynamics in RPE-1 cells and SV2B overexpression in 

human cerebral organoids.  (A) RPE-1 cells were transfected with SV2B:GFP fusion 

protein and immunostained against different subcellular compartments (Rab6: Golgi 

apparatus; EEA1: early endosomes; LAMP1: late endosomes and Rab7: Lysosomes). 

Scale bar: 25µm. (B) Human cerebral organoids of 38 days were electroporated with 

SV2B overexpression plasmid or Gfp plasmid in the controls. After 4 days, organoids 
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were fixed and cryoslided. Immunostainings of 16µm cryosections of the electroporated 

organoids showing DAPI (blue) and GFP (green). (C) Immunofluorescence showing 

apical cilia with the marker Arl13b (red) and apical junction marker Par3 (white). Scale 

bar: 25µm. (D) Immunofluorescence showing apical cilia with the mitosis marker 

Phospho Vimentin (PVim) (white). Scale bar: 25µm. (E) Immunofluorescence showing 

progenitor cells marker PAX6 (red) and the neuronal marker NeuN (white). Scale bar: 

25µm. Quantification of the phospho-Vimentin (F) or Caspase3 (G) positive cells per 

100µm of ventricular surface. Quantification of the GFP and PAX6 (H) or GFP and 

NeuN (I) double positive cells per 100µm of ventricular surface. Data is shown 

as Gfp controls in black and SV2B in light grey. T-student statistics; average ± SEM; 

ventricles n=5. 

 

SV2B overexpression in human cerebral organoids tends to decrease mitotic 

activity and apical progenitors  

Even though we observed normal apical adherens junctions upon overexpression of 

SV2B in human cerebral organoids, we reasoned that the proliferation and/or fate of 

progenitor cells might still be altered, as we observed in ferret. Analysis of mitotic 

activity revealed a tendency for decreased proliferation upon SV2B expression (Fig. 11D 

and 11F), which was not due to augmented cell death, as revealed by activated Caspase 

3 quantifications (Fig. 11G). We also observed a tendency for GFP+ cells in VZ to be 

less frequently PAX6+ in SV2B-overexpressing organoids (Fig. 11H), which was not 

accompanied by differences in neuronal production (Fig. 11I). Organoids were highly 

variable and we could find no significant differences. Overall, our conclusion was that 

SV2B overexpression in human cerebral organoids tends to decrease the abundance of 

progenitor cells at the VZ and their proliferation. As human cell cycles are longer than 

in rodents, further experiments with more extended periods of survival are needed to 

unravel a potential phenotype in human samples. 
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7. Discussion  

7. Discussion 

Finifugal (Adj. Latin) 

hating endings; of someone who tries to avoid or prolong 

the final moments of a story or some other journey. 
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The mammalian cerebral cortex experienced a dramatic expansion in surface area 

during evolution, along with an increase in complexity and cognitive capacities. 

Cortical expansion was accompanied by folding, which allowed including a large 

cortical surface within a limited cranial volume. This evolutionary process is 

recapitulated during embryonic development and its alterations during the formation 

further leads to severe problems as seizures, other developmental impairments, 

intellectual disabilities... 

aRGCs are the main type of progenitor cells in the cerebral cortex, forming the 

VZ. aRGCs give rise to IPCs and bRGCs, that populate the SVZ. In gyrencephalic 

species, like ferret, macaque or human, the SVZ is dramatically enlarged and 

subdivided into inner and outer domains (ISVZ and OSVZ), densely populated by 

bRGCs and playing critical roles in cortex expansion and folding. To regulate the output 

of aRGCs, multiple cell and molecular mechanisms must act at a precise moment and 

location. The genetic regulators directly and specifically involved in cerebral cortex 

folding during development remain largely unknown. By using ferret as animal model, 

previous studies in our laboratory identified a brief period during embryonic 

development that is critical for cerebral cortex expansion. During this interval, aRGCs 

switch from amplificative divisions to self-consuming divisions, producing massive 

amounts of bRGCs, that then go on to establish the OSVZ. Blockade of bRGC 

production during this critical period profoundly impairs the formation of the OSVZ 

and disrupts the formation of folds and fissures (Martinez-Martinez et al., 2016; Poluch 

and Juliano, 2015). Genes expressed at different levels before, during and after this 

critical period are potential candidates to regulate changes in aRGCs lineage during this 

process, and hence to play a key role in cortex folding. Transcriptomic analyses 

performed by Martínez-Martínez et al., identified only one gene whose temporal 

dynamics of expression levels parallel the changes in aRGCs lineage divisions: Sv2b 

(Martinez-Martinez et al., 2016). This gene encodes for the Synaptic Vesicle 

Glycoprotein 2B, with no known function in progenitor cells or cerebral cortex 

development. 

Mutations in human SV2B have not been described, but a homozygous mutation 

in SV2A has been reported that results in severe developmental symptoms as epilepsy, 

involuntary movements, developmental and growth retardation, and more important, 

microcephaly (Serajee and Huq, 2015).  
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Characterization of Sv2a and Sv2b expression  

First of all, to understand the role of SV2B in cortical development we need to perform 

a comprehensive study of the endogenous expression of this gene. We used wild type 

mice tissue to detect mRNA expression of the Sv2 paralogs at different embryonic 

stages (E12.5, E14.5 and E17.5). Sv2 increased its areas of expression in the brain as 

neurons rise up. Sv2a is widely expressed as development progresses, being almost 

ubiquitously expressed at E17.5. Sv2b expression in the cortex was confined to the SP 

and CP since early stages and along development. Sv2b was not expressed in germinal 

cortical layers at all. In fact, the only proliferative rodent tissue where Sv2b is expressed 

is on the proliferating external germinal layer of the cerebellum at P15. This layer 

contains cells on their final round of division before migrating to their final destination 

in the granule cell layer and making their first synaptic contacts (Bajjalieh et al., 1994; 

Crevecoeur et al., 2013). So Sv2b seems to be more related with early differentiation of 

neurons in mouse rather than progenitor cells. It was postulated (but not shown) that 

Sv2b would start to be expressed by E12 with the first neurons generated (Crevecoeur et 

al., 2013). Nevertheless, we have found that Sv2b is already present at E11 and that at 

E12 it is present at the CP, the hippocampus, the retinal pigmented epithelium and the 

most latero-ventral intermediate zone of the lateral ganglionic eminences. 

Some studies address the possibility of functional redundancy for SV2 proteins 

(Crowder et al., 1999; Xu and Bajjalieh, 2001), but this is highly controversial. The vast 

majority of studies were done in adult rodents, and a developmental compensatory 

effect of SV2A on Sv2b KO animals has not been addressed. Moreover, Sv2a KO mice 

are lethal at early postnatal stages but not Sv2b KO mice. As Sv2a expression is more 

widespread than Sv2b, it may be able to compensate Sv2b loss but not the other way 

around. We have directly addressed this issue and we have determined that Sv2a 

expression seems not modified in the absence of Sv2b, as seen by in situ hybridization 

of Sv2b KO mice. Taking into account such a different expression pattern and the 

unaltered expression of Sv2a on Sv2b KO animals, it seems unlikely that they have 

completely redundant functions during development, although partial redundancy 

remains possible. In addition, changes in protein translation or stability while 

conserving mRNA levels, may be important mechanisms to compensate a loss of 

expression.  
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In lissencephalic species like mouse, Sv2b is confined to the SP and CP and 

completely absent from progenitor cells areas, apparently restricted to neurons that 

begin to differentiate. In contrast, Sv2b mRNA expression in ferret is considerably 

different. We have demonstrated for the first time that SV2B is expressed in germinal 

layers during embryonic development of the ferret. At first glance, in situ 

hybridizations, reveal clear mRNA labeling in germinal layers. Sv2b is downregulated 

at the VZ from E30 to E34, and upregulated afterwards. Thus, Sv2b expression changes 

at the critical period for bRGCs production during ferret embryonic development. 

Moreover, expression of Sv2b is significantly higher at SVZ compared to the VZ at E34 

when bRGCs are been massively produced by aRGCs. Before cortical folds begin 

forming, genetic changes along germinal layers give rise to essential differences that 

will define the prospective gyri and sulci (de Juan Romero et al., 2015). Interestingly, 

Sv2b is among the genes distinctly expressed at the OSVZ of the developing gyrus 

compared to the future sulcus in ferret. In this gyrencephalic model, Sv2a is also wider 

expressed through the nervous system than Sv2b, but the cortical pattern is quite similar. 

For these reason, even if Sv2a does not show significant differences in expression 

during embryonic development, some redundancy in function cannot be excluded.  

The regulation of Sv2 expression remains elusive. Bioinformatic predictions 

(StarBase® database), suggest several candidate microRNAs to target Sv2b. Curiously, 

one of the possible candidates, miR421, appears also to be differently expressed during 

the critical period for bRGCs formation (Martinez-Martinez et al., 2016). In particular, 

this miRNA shows a 2-fold change decrease from E34 to P1, when Sv2b increases. 

Moreover, miR421 has been related with cell proliferation and apoptosis resistance in 

human carcinomas (Chen et al., 2013).  

Differences on gene expression between lissencephalic and gyrencephalic brains 

highlight the importance of using different animal models to assess evolutionary 

mechanisms and suggest the emergence of a new function for SV2B essential for the 

development of enlarged cortices. Indeed, several reports have demonstrated unique 

genetic features involved on gyrencephalic expansion. That is the case of expression 

boundaries presented on ferret germinal layers that are not shown in mouse (de Juan 

Romero et al., 2015). Another example of genetic regulation for the emergence of 

folded brains is found in species-specific genes as ARHGAP11B or NOTCH2NL in 

humans (Fietz et al., 2012; Florio et al., 2015; Florio et al., 2018; Johnson et al., 2015; 
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Pollen et al., 2015). In fact, no SV2 homologs have been identified in invertebrate 

species, so SV2s are an evolutionary late acquisition and probably encode specific 

features for vertebrates.  

Gyrencephaly is a mammalian-specific trait extended in almost all mammalian 

orders. For that reason and together with statistic phylogenetic analyses, the most 

parsimonious hypothesis proposes that Lissencephaly appeared as a secondary loss of 

Gyrencephaly (Kelava et al., 2013). Taking into account this phenomenon, Sv2b 

expression on germinal layers could be a consequence of a new emergence or a 

evolutionary loss of gene regulatory elements. 

 

A synaptic protein involved in proliferation 

Several hypotheses have been postulated around the role of SV2 since it was identified. 

However, the vast majority of these results were related to differentiated cells and 

rodent animal models. Given the observed expression patterns, the most likely role of 

Sv2b in rodents is as an important protein for communication in the early establishment 

of synapses. Even so, its endogenous expression in ferrets reveal a more complex 

context. Thus, a wide scenario of possible roles and involved pathways stand up. 

Interestingly, it has been reported that KO mice for another synaptic vesicle protein, 

Synapsin III, show alterations in adult neurogenesis. These mice present an increased 

cell survival and a reduction in proliferation on adult hippocampus (Kao et al., 2008). 

Thus, changes in vesicle proteins seem to not just affect neuronal activity, but also 

progenitor cell behavior.  

Moreover, little is known about intracellular vesicles present in neural 

progenitors. Martínez-Martínez et al., showed significant expression changes at the VZ 

of SV2B and other synaptic proteins like synaptotagmin 6, 7 and 9, suggesting a 

possible role for vesicular proteins in RGCs. In this project, we have characterized for 

the first time the presence and distribution of vesicles in progenitor cells of the cerebral 

cortex. Moreover, we have demonstrated also for the very first time the presence of 

SV2B positive vesicles in aRGCs and their vesicle dynamics by subcellular 

videomicroscopy. These evidences suggest that not only progenitor cells present 

vesicles, but that they are tightly regulated during development. 
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To determine the possible role of SV2B in progenitor cells, we genetically 

modified its levels. As we have widely exposed, genetic modulations of Sv2b 

expression alter neuronal migration, progenitor cell positioning and proliferation. The 

promoted alterations affected electroporated cells and neighboring cells, probably 

meaning a non-cell autonomous effect. In the mouse cerebral cortex, VZ integrity was 

disrupted, apical and basal lamina were altered, cell death was increased and progenitor 

cells delaminated upon Sv2b expression. SV2B overexpression induced a delay in 

neuronal migration in both species, ferret and mouse. Indeed, a cortical bulge formed 

after long term SV2B overexpression. These features involve cellular contacts, 

suggesting a role for SV2B on attachment. Cortical disruption was not observed upon 

SV2B overexpression in ferret embryos and human cerebral organoids. Thus, the effect 

SV2B is causing on progenitor cells seems to be better accepted by progenitor cells of 

gyrencephalic species than mouse. 

In murine cortex, Sv2b gain of function derived on delaminated progenitor cells, 

higher basal mitosis and altered INM, probably due to the previous disruption of the 

tissue or to the unbalanced attachment of RGCs. However, INM disruption is not 

sufficient to alter cell cycle progression (Taverna and Huttner, 2010), so SV2B is 

probably also affecting cell cycle progression. Our results in mice showing a reduction 

in cell cycle exit and a higher amount of basal divisions are compatible with cell cycle 

arrest or cell cycle reentry. Changes in cellular division type from neurogenic to 

amplificative will also induce a reduction in cell cycle exit, thus increasing RGCs 

number. On the other hand, most common factors to cell cycle arrest or cell cycle 

elongation are derived from check-point arrest after detecting DNA damage and 

inappropriate replication. Nevertheless, it has not been reported any activity of SV2B on 

DNA damage or repairing. Interestingly, G2 phase nuclear movements are straighter in 

mice than in ferret (Miyata et al., 2015; Okamoto et al., 2014) and cell cycle length is 

also longer in gyrencephalic species (Borrell and Calegari, 2014; Fernandez et al., 2016; 

Reillo and Borrell, 2012). SV2B overexpression in mouse, mimicking ferret aRGCs, 

could be affecting G2 nuclear translocation and/or directly increasing cell cycle length. 

This phenotype would explain the higher amount of G2/M phase apical nuclei, the 

reduction on cell cycle exit and alterations on INM. It is interesting to underlie that the 

delamination of aRGCs to more basal positions would prevent the contact between 

these cells and needed factors from the CSL probably changing important signaling. 
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Also, the disruption of the ventricular zone would induce the exposure of basal cells to 

these factors altering basal cells signaling and thus behavior.   

In gyrencephalic species, Sv2b is downregulated during the critical period for 

bRGCs generation (around E34). SV2B overexpression at the critical period leads to 

higher proportion of apical progenitors with a decrease in NeuroD2+ cells. Additionally, 

bypassing the critical period by overexpressing SV2B from E32 to E41, we not only 

produce a delay in neuronal migration but also bypass bRGCs production to the SVZ, 

increasing the generation of VZ and ISVZ RGCs. By overexpressing SV2B from P1 to 

P6 we are able to reduce bRGCs quantity at the OSVZ. Thus, SV2B overexpression is 

sufficient to change cell fate and reduce bRGCs production to the OSVZ, a key 

germinal layer for cortical folding (Fig. 1) (Toda et al., 2016).  

Interestingly, Sv2b loss of function on ferret embryo between E36-E38 (after the 

critical period) significantly increased the number of progenitor cells at both germinal 

layers (VZ and SVZ) but inducing higher basal mitosis at the expense of apical mitosis, 

hence increasing bRGCs or their production after the critical period. As we have 

observed an increase in progenitor cells amount at both germinal layers, but a reduction 

on apical mitosis, a delamination of the progenitor cells do not fully explain the 

phenotype. It is known that cell cycle length may vary depending on the daughter cell 

fate (Betizeau et al., 2013; Borrell and Calegari, 2014; Pilz et al., 2013; Taverna et al., 

2014; Turrero Garcia et al., 2016), but differences in the time needed for apical or basal 

RGC generation have not been determined yet. When an aRGC undergoes a non-self 

amplifying division, other transcriptional programs need to be activated or repressed to 

induce daughter cell fate. This process requires more time than copying the same 

transcriptional program of the cell for a symmetric proliferative division, and cell cycle 

length increases over the production of more differentiated cells. In fact, neuronal 

generation shows longer cell cycles than the production of progenitors (Betizeau et al., 

2013; Borrell and Calegari, 2014; Pilz et al., 2013; Taverna et al., 2014; Turrero Garcia 

et al., 2016). Similarly, bRGCs generation may need longer cell cycles compared to 

aRGCs self-amplification. Attending to this hypothesis, upon Sv2b ablation a higher 

amount of basal progenitors are being produced, and as a consequence of a longer cell 

cycle, less mitosis would be detected at the VZ. At the SVZ the timing for divisions 

would be the same in the control than for the experimental condition so, due to the 

higher number of bRGCs, a direct increase in mitosis would be observed. This 
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hypothesis perfectly matches Sv2b ablated phenotype. Thus, levels of SV2B regulate 

bRGCs production during ferret embryogenesis. In this scenario, several mechanisms 

by which SV2B could be acting are considered below. 

 

 

 

 

 

Figure 1. Sv2b expression modulates bRGCs generation.  (A) bRGCs production 

upon endogenous Sv2b expression. (B) bRGCs production upon overexpression of 

Sv2b. (C) bRGCs production upon Sv2b ablation. OSVZ bRGCs are highly reduced 

when Sv2b is upregulated, while the amount of bRGCs for the OSVZ increase after 

Sv2b downregulation. 
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SV2B may be modulating proliferation through calcium regulation 

Classically, SV2B has been related with calcium regulation. However, direct evidences 

for calcium transport or calcium binding has not been demonstrated. On the other hand, 

while several previous reports show Ca
2+

 influences on proliferation (Rash et al., 2016; 

Vitali et al., 2018; Weissman et al., 2004), the molecular players remain unidentified. 

Spontaneous calcium waves and hyperpolarization of progenitor cells have been shown 

to be necessary for the proper induction of progenitor cell proliferation. Thus, a specific 

regulation of intracellular calcium is necessary to allow these processes. Additionally, it 

has been shown that neurotransmitter signals (GABA and Glutamate) from young 

neurons induce an increase in intracellular Ca
2+

 concentration and inhibition of S-phase 

synthesis (LoTurco et al., 1995). Calcium waves rely on intracellular calcium storage 

(Weissman et al., 2004). Interestingly, SV2B is also present in mitochondria 

(Stockburger et al., 2016), a major calcium storage site for cells. SV2 absence leads to 

intracellular calcium increments in neurons (Janz et al., 1999). Accordingly, SV2B in 

progenitors may be acting as a calcium binding protein, such that a downregulation of 

this gene may lead to an increase on intracellular calcium and, thus, proliferation. 

Moreover, at the critical period for bRGCs production there is a high proliferation 

requirement coinciding with Sv2b downregulation.  

Curiously, when extracellular calcium is quenched by EGTA administered into 

the telencephalic ventricle, apical adherent junctions are disturbed, the VZ is disrupted 

and apical mitosis translocate to basal positions (Nagashima et al., 2014). These results 

coincide with SV2B overexpression effects on mouse aRGCs, where the VZ integrity is 

altered and RGCs divisions take place basally. Thus, an overexpression of SV2B may 

alter the balance of calcium between intra- and extracellular space, blocking adherent 

junctions, and inducing delamination and changes in cell cycle. In this way, SV2 family 

could be the unknown players for calcium regulation on proliferative events.  

The other way around, SV2B activity could be under calcium regulation. 

Intracellular calcium variations have been shown to modify neurogenesis of aRGCs. 

Rash et al., showed that calcium activity is bidirectional and distributed all along the 

RGCs, including the processes and end-feet. Radial propagation of calcium was induced 

by FGF and Notch signaling, thus calcium communication transmits extracellular 

information through the entire cell (Rash et al., 2016). If SV2B is regulated by calcium, 
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it could be the effector of these morphogenic cues. Coincidently, we have shown that 

SV2B positive vesicles are dynamically distributed also along the processes, suggesting 

a role in communication between progenitors and/or neurons migrating through the 

radial fibers and the aRGCs.  

Nevertheless, we have not specially focused on this possible function in this 

project, but for future experiments addressing the pathways of SV2B action, variations 

on calcium spontaneous waves could be measured in SV2B overexpressing embryos. 

 

SV2B may be acting as a transporter to modulate proliferation 

In germinal layers, several extracellular molecular cues are the origin of important 

signaling that regulates progenitors behavior. Recent studies have shown how 

internalization of secreted molecules into early endosomes is sufficient to activate 

growth-cone turning programs (Ferent et al., 2019). Furthermore, it has been largely 

shown that progenitor cells produce exosomes (small extracellular vesicles) filled with 

proteins and genetic material essential for cell to cell communication (Stronati et al., 

2019). On the other hand, a transporter-like role has also been suggested for SV2 due to 

its sequence and structure (Janz et al., 1999; Löscher et al., 2016). Once again, no direct 

transport has been detected for any of the isoforms, except for the translocation of 

botulinum and tetanus neurotoxins inside the cell through SV2 direct binding (Dong et 

al., 2008; Yeh et al., 2010). Thus, in a similar manner, SV2B could be binding and/or 

helping on the internalization of morphogenic extracellular signals or exosomes that 

regulate progenitor cells proliferation. Depending on the available molecules and the 

type of signals that SV2 would bind, different proliferation pathways will be affected. 

SV2B effects present a non-cell autonomous phenotype that would go accordingly to 

the internalization of extracellular cues unbalancing the signaling for the overexpressing 

cells and the neighboring ones.   

 

SV2B may modulate proliferation through interaction with nucleotides 

One particular interesting feature of this protein is the ability to bind nucleotides. This 

characteristic suggests that SV2B could be acting as an ATP transporter to incorporate 
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the necessary energy for proliferating mechanisms (Yao and Bajjalieh, 2008, 2009), or 

that SV2B activity is regulated by ATP binding, like human glucose transporter 1 

(Glut1), or regulating ATP availability linking its role with the energetic levels of the 

cell (Stout et al., 2019). Regarding this later option, the majority of the intracellular 

processes require some kind of energy, even calcium regulation of proliferation 

(Weissman et al., 2004), relating this characteristic with the previous section. Hence, 

alterations in ATP balance would affect several pathways at a time. Indeed, the cell 

cycle needs high amounts of energy to be completed. M phase is when the cells need a 

peak of energy to finally divide into two separated cells. An overexpression of a 

molecule that recruits ATP in progenitor cells could lead to the alteration of the cell 

cycle and even cell death, as the severe phenotype observed in mice overexpressing 

SV2B. As we have observed a higher number of dividing cells, it is possible that these 

cells are blocked in mitotic phase due to alteration on energy levels. This modification 

of the energetic molecules available would also affect other processes that require high 

energy for movement, like INM and neuronal migration, causing misplaced S-phase 

nuclei and delayed migrating neurons. Previous studies showed that blockade of 

intracellular ATP selectively impairs basal progenitor migration to the SVZ (Liu et al., 

2008). In ferret, tight regulation of the endogenous levels of ATP by SV2B would allow 

fewer basal translocations before the critical period with high SV2B quenching much 

ATP, and high migration of basal progenitors during the critical period when Sv2b is 

downregulated, quenching less ATP.  

 

SV2B may regulate vesicle dynamics or conformation at progenitor cells 

Little is known about intracellular vesicles and their dynamics in progenitor cells. We 

have shown that ferret aRGCs present SV2B positive vesicles distributed all along the 

cells. In particular, these vesicles tend to accumulate near the nucleus, at the end-feet 

and on the varicosities of their radial processes. This endogenous distribution of SV2B 

in ferret is recapitulated in aRGCs of mice overexpressing SV2B.  

Overexpression of SV2B:GFP fusion protein in human RPE cells reveal that, 

rather than being part of the specific machinery of a subcellular compartment, SV2B 

could be a cargo that would have its function at the plasmatic membrane, or that it is 

necessary to transport other cargo to its final position. Alternatively, SV2B may be part 



 
175 DISCUSSION 

of the scaffold proteins to maintain vesicle conformation or to help vesicles to arrive to 

the active zone.  

To better understand the behavior of SV2B positive vesicles, we performed time-

lapse imaging of aRGCs expressing SV2B:GFP in brain slices. Previous studies have 

defined that the velocity in vesicles can differ in vitro compared to in vivo assays. If we 

check the data on intact murine brains (Knabbe et al., 2018), the average speed of 

neuronal dense core vesicles in axons is around 1μm/s, similar to our results for SV2B 

in basal processes. On the contrary, at apical processes the observed mean speed is 

twice the basal, similarly to anterograde synaptic vesicles in vivo in C. elegans (Maeder 

et al., 2014). In both studies the mean speed in axons is also different in anterograde or 

retrograde transport, but we do not see significant differences based on direction. 

Taking into account the high activity at apical processes compared to the basal ones, is 

possible that SV2B needs to be faster replaced and actively supported to the apical 

subpart.  

Additionally, as SV2B positive vesicles showed different dynamics, it is possible 

that it is part of different types of vesicles as a stabilizer of vesicle containing 

molecules, buffering the charged transported molecules at the glycosylated sites (Stout 

et al., 2019). On the other hand, it has been shown that after Sv2 ablation, the releasing 

of vesicles is reduced due to a reduction in ready to fuse vesicles, suggesting a role on 

the regulation of vesicle priming (Vogl et al., 2015; Wan et al., 2010). The content of 

these vesicles would influence cells in an autonomous and non-autonomous manner, as 

observed after overexpression of SV2B. 

 

SV2B may modulate the localization of vesicular components 

One of the most characteristic features of aRGCs is their highly polarized morphology. 

Their bipolar shape also represents a strict polarized subcellular compartment 

distribution (Arai and Taverna, 2017; Taverna et al., 2016). In this way, there must be a 

regulated and active transporter of the polarized molecules needed for the proper 

function of aRGCs. For example, altering newly generated proteins transport to the 

adherent junctions would probably induce similar effects to directly affect those 

proteins. In this context, if SV2B conforms part of this transporter machinery, a 



 
176 DISCUSSION 

disruption on the apical adhesion proteins turnover would lead to the Sv2b genetic 

modification observed phenotype: delamination of the progenitors to basal positions, 

changes in the INM affecting the cell cycle progression and delays in migration.  

 

SV2B may modulate proliferation through extracellular matrix interactions  

The essential role of the extracellular matrix in cortical development, especially in 

gyrencephalic species, is gaining strength. Contrary to what was classically established, 

this complex network of molecules is not just acting passively as a scaffold, but actively 

modulating signaling and cellular behavior. Many of the molecules directly involved in 

these processes are proteoglycans that modulate attachment and signaling diffusion. 

Disruption of proteoglycans network would alter the spreading of molecules and their 

concentration, thus leading to overmigration and changes in proliferation depending on 

extracellular cues (Long and Huttner, 2019). SV2B could be one of these molecules as 

it is highly glycosylated and transported to the plasma membrane (Scranton et al., 

1993). SV2B overexpression would induce a disrupted signaling affecting cellular 

processes as proliferation or cell migration. Indeed, SV2B overexpression caused 

aberrant neuronal migration, a bulge formation and changes in proliferation, such as a 

reduction in cell cycle exit and an increase on mitotic cells at basal positions. This 

hypothesis would also explain the non-cell autonomous effect because the sequestering 

of molecules would affect neighboring cells, inducing also their delamination from the 

apical side. 

Other important components of the ECM are Laminins and their receptors, 

Integrins (Drago et al., 1991; Long and Huttner, 2019). Interestingly, SV2B has been 

reported to be downregulated in β2-laminin deficient terminals, and directly bind 

α5β1γ4 laminin (Knight et al., 2003; Son et al., 2000). Laminins mainly participate in 

cellular attachment but they also play a role in the regulation of INM. Mutations in 

laminin γ1 induce a disrupted INM and mitosis at basal positions (Tsuda et al., 2010). 

Furthermore, blockade of integrin β1 results in the detachment of the apical process 

(Fietz et al., 2010; Fujita et al., 2020; Long and Huttner, 2019; Radakovits et al., 2009; 

Stenzel et al., 2014). The ablation of the same integrin or laminins α2 or 4 detached 

basal end-feet and induced apopotosis (Loulier et al., 2009). In mouse cortices, the 

activation of Integrin α5β3 leads to an increase in proliferation by inducing cell cycle 
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re-entry. This integrin also regulates proliferative divisions of bRGCs at ferret OSVZ 

(Fietz et al., 2010; Long and Huttner, 2019). Finally, alterations on basal attachment by 

integrin β1 or laminin disruption leads to microcephaly (Radakovits et al., 2009), like in 

human SV2A mutation (Serajee and Huq, 2015). 

These phenotypes on both species resemble the effects of modifying Sv2b 

expression. In our results, modifications of SV2B levels induced basal lamina disruption 

and laminin aggregation. If SV2B is directly binding cortical laminin it may be 

sequestering the protein, depriving the attachment of other cells and leading to the 

misplacement of progenitor cells and mitosis. Thus, the complete structure would be 

affected, probably leading to the severe disruption of the VZ integrity and the fold-like 

structure formation at P5. SV2B overexpression could be directly or indirectly altering 

the attachment of the aRGCs to the apical junction belt facilitating their translocation to 

basal positions. In that case, PAX6 positive cells would be presented in basal positions 

away from the VZ while still conserving Par3 expression, as we observed in mice. After 

Sv2b gain of function, we also detect an increase in cell death and collapsed basal end-

feet morphology.   

Among aRGC functions, they act as scaffold for migrating cells at the cortex. 

Thus, alterations in these established highways may cause indirect disruptions on 

electroporated cells movements. Moreover, adhesion molecules are also essential to 

determine migration speed, what has shown to be crucial to induce cortical folding (Del 

Toro et al., 2017). In the same way, we have observed a delay in migration of neurons 

upon SV2B overexpression in both mice and ferrets. Moreover, the overmigration of the 

neurons induces a fold-like structure formation in mice upon SV2B overexpression. If 

SV2B is involved in cell attachment, its overexpression could be inducing higher 

interactions with the environment and slower migration. 

Fietz et al., reported the detection of integrins on the varicosities of the basal 

processes of bRGCs at the ferret OSVZ (Fietz et al., 2010). Interestingly, SV2B vesicles 

were also accumulated in the varicosities like these laminin receptors. Varicosities 

increase in number when approached mitosis (Weissman et al., 2003), what fits with the 

SV2B phenotype, in which overexpression leads to an increase in varicosities followed 

by higher amount of divisions (PH3 positive cells). The role of varicosities in the radial 

process of RGCs is not known, but some researchers defend that they may be working 
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as small Golgi apparatus subpart, for attachment, or a place for communication with the 

environment. Thus, alterations of these varicosities could potentially directly affect 

those pathways. 

In summary, it seems that gyrencephalic species have a tighter regulation of 

extracellular matrix components than lissencephalic species (Fietz et al., 2012; Florio et 

al., 2015; Pollen et al., 2015). In accordance, inducing a downregulation of Sv2b at E34, 

when bRGCs for the OSVZ are mainly produced, would help the delamination of basal 

progenitors, while an increased expression out of the critical period would attach 

aRGCs apically. Intriguingly, an overexpression of SV2B seems to lead to a similar 

phenotype as in its absence: the delamination of apical cells (reported by mouse 

overexpression or by ferret loss of function, respectively). In one case, the 

electroporated cells would unbalance the attachment by recruiting to many adhesion 

molecules, and in the ablation context no attachment would be possible. By this 

mechanism, the effects would be affecting both electroporated cells and neighboring 

cells, as seen in our experiments. Importantly, the ventricular surface after genetic 

modifications is not disrupted in ferret like in mice. This could mean that extracellular 

matrix in gyrencephalic species is more complex and compensated that in lissencephalic 

ones, making it more difficult to unbalance. Progenitor cells modifying the environment 

to modulate delamination or migration during development, and thus control nervous 

system formation, is not a new idea. In fact, during neural crest development, the 

generation of neural crest cells and their migration is regulated by the production of 

hyaluronic acid and its receptors (Long and Huttner, 2019).  

In conclusion, the observed phenotype on the genetic modification of Sv2b during 

embryonic development shows high similarities with the ones observed after alterations 

on ECM. SV2B has also been demonstrated to have features linked to adhesion 

molecules. In these cases, brains with wider cortices would need a more complex 

system due to the long basal processes compared to smooth cortices. Certainly, it has 

been reported that in humans and higher mammals the amount of extracellular matrix 

components went through an evolutionary increase (Fietz et al., 2012; Florio et al., 

2015; Pollen et al., 2015). Consistently, it is reasonable to hypothesize the emergence of 

new regulators, mechanisms or receptors to actively and continuously coordinate the 

different cells that conform the complex gyrencephalic tissue. SV2 proteins may have 

emerged to directly help with cell attachment, as a linker to transmit or process 
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molecular information, or to drive receptors to a particular subcellular compartment. It 

is still barely known how aRGCs communicate each other, interact and sense the 

extracellular environment to act consequently with it (Reillo et al., 2017), and SV2B 

could have emerged as a crucial player in this process.  

To further examine this hypothesis, future experiments addressing the possible 

ECM targets of SV2B in gyrencephalic animals are needed. Firstly, co-labeling of 

already known ECM components with SV2B will offer specific candidates for SV2B 

binding. Also, the identification of SV2B binding protein at the ECM by 

immunoprecipitation and mass-spectrometry would lead to potential candidates to 

unravel the SV2B pathway. Finally, time-lapse recordings of SV2B overexpressing 

slices will help to determine adhesion disruptions, migration problems through the 

germinal tissue and cell cycle alterations.  

Studies like de Juan Romero, et al., 2015 show that the differently expressed 

genes at the germinal layers of the gyrencephalic cerebral cortices are mainly involved 

in biological processes as regulation of transcription, cell adhesion, extracellular matrix, 

cytoskeleton and cell cycle. Most of them were altered upon Sv2b genetic modification, 

and understanding the complete process would also help to unravel the evolutionary 

process to regulate the cerebral cortical formation on lissencephalic and gyrencephalic 

species. Along this project we have characterize Sv2b expression on mouse, ferret and 

human and how its genetic modification promotes changes in proliferation during 

embryogenesis. We have demonstrated for the very first time SV2B presence in RGCs 

on gyrencephalic species, contrary to lissencephalic models, describing also vesicle 

presence and distribution on apical progenitors. Moreover, in ferret Sv2b gain of 

function blocks bRGC generation, while its loss of function allows basal progenitor 

production for the SVZ and their proliferation. Indeed, SV2B potentially links 

communication among RGCs and progenitor expansion. Although the mechanism of 

action remains unclear and further experiments need to be done, SV2B levels are 

certainly influencing RGCs positioning and proliferation. 
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"The unforgotten moments of my life are those rare ones 

which come after years of plodding work, when the veil 

over nature's secret seems suddenly to lift, and when 

what was dark and chaotic appears in a clear and 

beautiful light and pattern." 

- Gerty Cori 
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1. In the embryonic cerebral cortex of mouse, Sv2b expression is limited to the 

cortical plate and subplate. 

2. SV2B overexpression in aRGCs of mouse embryos induces disruption of the 

INM, reduction in cell cycle exit, disruption of the basal and apical lamina,  

basal translocation of aRGCs and delay in neuronal migration. 

3. At long term, SV2B overexpression induces folding of the cortical surface 

similar to human cobblestone. 

4. SV2B positive vesicles are highly dynamic within the basal and apical process 

of aRGCs, moving bidirectionally and accumulating at the varicosities and 

end-feet. 

5. In the gyrencephalic ferret cerebral cortex, Sv2b is expressed at the cortical 

plate and the germinal layers, with significant differences in expression levels 

before, during and after the critical period for bRGCs formation. 

6. SV2B overexpression in ferret aRGCs at the critical period reduces 

neurogenesis and promotes the production of apical progenitor cells in ferrets, 

without disruption of the apical lamina. 

7. Sv2b ablation before the critical period promotes the proliferation of aRGCs 

and increase of basal mitoses. 

8. SV2B overexpression in human cerebral organoids tends to increase progenitor 

cell proliferation. 
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1. En la corteza cerebral embrionaria de ratón, la expresión de Sv2b se limita a la 

placa cortical y la subplaca. 

2. La sobreexpresión de SV2B en embriones de ratón induce retraso en la 

migración neuronal, la disrupción de las láminas apicales y basales, la 

translocación de las aRGCs, una reducción en la salida de ciclo celular y 

disrupción del INM. 

3. A largo plazo, la sobreexpresión de SV2B induce el plegamiento de la 

superficie cortical de forma similar al fenotipo cobblestone en humanos.  

4. Las vesículas positivas para SV2B son muy dinámicas a lo largo del proceso 

basal y apical de las aRGCs, moviéndose bidireccionalmente y acumulándose 

en los pies de los procesos.  

5. En la corteza cerebral girencefálica de hurón, Sv2b se expresa en la placa 

cortical y en las capas germinales, con diferencias significativas en los niveles 

de expresión antes, durante y después del periodo crítico para la formación de 

bRGCs.  

6. La sobreexpresión de SV2B en el periodo crítico reduce la neurogenesis y 

promueve la producción de células progenitoras apicales en hurones, sin 

disrupción de la lámina apical. 

7. La ablación en hurón de Sv2b antes del periodo crítico promueve la 

proliferación de aRGCs y el aumento de las mitosis basales. 

8. La sobreexpresión de SV2B en organoides cerebrales humanos aumenta 

ligeramente la proliferación de células progenitoras. 
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" Lo importante es no tener arrugas en el cerebro." 

- Margarita Salas 
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Annex 1 . Evolution of Cortical Neurogenesis in Amniotes 

Controlled by Robo Signaling Levels. 
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