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Abstract 

The development of the human cerebral cortex represents a delicate moment of 

embryogenesis. The ventricular zone (VZ) and the subventricular zone (SVZ) are considered 

the “stem/progenitor cells niches” of the developing cerebral cortex. As the majority of 

studies of brain development have been focused mainly on animal models, this study was 

focused on normal human cerebral cortex development, in particular on the stem/progenitor 

cells markers that may play a key role during human corticogenesis. To this end, samples 

from cerebral cortex were obtained from 20 human fetuses from 9 up to 40 weeks of 

gestation. Each sample was formalin-fixed, paraffin embedded and immunostained with 

several markers including WT1, Sox2, Pax6, Vimentin, Nestin, Sox11, Pax2, NF, NSE, 

Synaptophysin, GFAP and S100B. Five important markers of radial glial progenitor cells 

were evidenced during the first half of gestation: Sox2, Pax6, Vimentin, Nestin and WT1. 

Vimentin, Nestin and WT1 were expressed in radial glia fibers which represent the most 

important guide for the radial migration of newborn neurons. Instead, Pax6 

immunoreactivity was detected in the VZ and SVZ, being express in radial glia cell bodies. 

Sox2 was expressed by the stem/progenitor cells of the VZ and SVZ including radial glia 

and intermediate progenitor cells, and by migrating newborn neurons. Pax2 and Sox11 

expression were detected in the progenitor cells of VZ and SVZ, and in the migrating 

newborn neurons. Immunoreactivity for S100B, GFAP, NF and Synaptophysin, was mild or 

totally absent in the first half of gestation. These data reflect the lack of maturation of glial 

and neuronal cells in the early phases of human corticogenesis. Future studies are needed to 

detect differences in the mRNA expression patterns of these markers in order to better 

evaluate their role in cell proliferation and differentiation during human intrauterine 

development. 



 
 

  



 

1 
 

1. Introduction 

The complex organization of the human cerebral cortex has been proposed as the 

crowning achievement of human evolution distinguishing human beings from other animals 

species. Indeed, the cerebral cortex plays a key role in cognitive functions, intelligence 

language and consciousness, motor abilities, memory and sensory perceptions. For these 

reasons, neurodevelopment represents a very delicate moment of embryogenesis being 

involved on precisely orchestrated sequence of molecular and cellular events. Premature 

interruption of any of these events during human brain development may cause an imbalance 

between excitatory and inhibitory circuits and is responsible of significant motor, cognitive, 

behavioral or sensory deficits in childhood. Preterm infants may have a major risk to develop 

psychiatric illnesses and neurodevelopmental disorders including autism spectrum disorders, 

epilepsy, schizophrenia and neurodegenerative diseases later in life [1;2].   

Over the past decade, the study of stem cells and neurogenesis has been the focus of 

many research groups, due to the possible role in the development and treatment of several 

neurologic disorders, including epilepsy, Parkinson’s disease, and Alzheimer’s disease 

[3;4;5].  

A new branch of medicine called “regenerative medicine”, aims to exploit the 

enormous potential of stem cells to produce new tissues to replace damaged ones in the adult 

organism [6]. However, stem cells research caused a great debate in society due to the 

numerous technical and ethical problems. 

Seeing as the majority of studies of brain development has been focused mainly on 

animal models, this work is focused on normal human cerebral cortex development, in 

particular on the stem/progenitor cells markers that may play a key role during human 

corticogenesis. These molecular markers may represent possible targets of a potential 

regenerative "physiological" therapy in the first weeks of postnatal life.   
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1.1 Human corticogenesis 

 

1.1.1 The embryonic and fetal cerebral cortex development 

The human nervous system is subdivided into central nervous system (CNS) and 

peripheral nervous system (PNS). CNS represents the largest part of the nervous system, 

including the brain and the spinal cord. The CNS appears at the beginning of the third week 

of gestation as a slipper-shaped plate of thickened ectoderm. It arises from the neural plate, 

a specialized region of the ectoderm [7]. During embryonic development, the neural plate 

folds forming the neural tube (Fig. 1).  Fusion begins in cervical region and then proceeds 

in cephalic and caudal direction.  Once fusion is started, the open ends of the neural tube 

form the cranial and caudal neuropores which communicate with the overlying amniotic 

cavity [7]. The closure of neuropores occurs approximately at about the 24th and the 27th day 

of gestation, respectively (Fig. 1). The internal cavity of the neural tube will give rise to the 

ventricular system and the whole neural tube will differentiate into two major subdivisions: 

brain and spinal cord.  

 

Figure 1. Human neural tube development at 21 and 24 days of gestation. [© Netter Atlas of Human  

Embriology] 
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The three major divisions of the brain appear at the end of the 4th week of gestation: the 

prosencephalon (forebrain), the mesencephalon (midbrain) and the rhombencephalon 

(hindbrain). During the 5th week of gestation, the prosencephalon will be subdivided into 

telencephalon and diencephalon (Fig. 2). The telencephalon gives rise to the primitive 

cerebral hemispheres dorsally and the basal ganglia ventrally with the cavity becoming the 

lateral ventricles. The rhombencephalon consists of two parts: the metencephalon, which 

later forms the pons and cerebellum, and the myelencephalon (Fig. 2).  

 

 

Figure 2. Human brain at 5th week of gestation 

 

The neuroectodermal cells dorsally located along each side of the neural plate and 

not involved in the development of the neural tube form the neural crest. The neural crest 

cells migrate extensively to generate differentiated cell types that include the neurons and 

glial cells of the sensory, sympathetic, and parasympathetic nervous systems, the 

epinephrine-producing (medulla) cells of the adrenal gland, the pigment-containing cells of 

the epidermis, and many of the skeletal and connective tissue components of the head [7]. 
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Human cerebral cortex development is a process that begins in the 3rd gestational 

week with the differentiation of the neural progenitor cells and extends at least through late 

adolescence, arguably throughout the lifespan [8]. 

From a biological perspective, it is possible to identify six distinct phases of 

embryonic and fetal cerebral cortex development: 

1. Mitotic cell division 

2. Cell proliferation 

3. Cell migration 

4. Cell differentiation 

5. Neuronal connectivity 

6. Synaptogenesis  

7. Synaptic pruning/programmed cell death (PCD) 

The first 3 phases span throughout the first half of gestation and are characterized by 

the genesis of new neurons by mitotic cell division (neurons multiply at a rate of 250,000 

cells per minute) and their proliferation and migration toward the brain surface [9]. Cortical 

neurons arise from neuroepithelial cells of the ventricular zone and fastly proliferate since 

the 10th gestational week until the 22nd week, then follow a phase of slower proliferation. 

This period is associated with a noticeable cortical growth both in thickness and surface area 

[10].  

The formation of neuronal connectivity spans from mid-gestation throughout 2 years 

postnatally. This phase is the most significant time of cytological differentiation of the 

cerebral cortex being involved in the growth of neuronal dendrites and axons, the generation 

and expansion of astrocytes, oligodendrocytes and microglial cells, the formation of 

synapses, and the development of the vascular system. The new connections induce an 

excessive tangential expansion of the cortex [11], causing an increase in cortical stress and 

consequent folding of the cerebral cortex [12].  
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The last two phases, synaptogenesis and synaptic pruning, span throughout the entire 

lifetime and they are associated with the formation of a few new connections and mainly 

with the removal of unnecessary neuronal structures [13]. Neuronal survival is regulated via 

selection processes that require synaptic activation of newborn cells. The human cortex 

remains plastic throughout these phases.  

 

1.1.2 The mature cerebral cortex 

The average adult human brain has a volume of around 1260 cm3 in men and 1130 

cm3 in women, a total surface area of 1820 cm2, and an average cortical thickness of 2 to 4 

millimetres [14]. It contains approximately 100 billion neurons, 16 billion of which are 

located in the cerebral cortex (including subcortical white matter). Each cortical neuron has 

an average 7000 synaptic connections to other neurons, resulting in a total of 0.15 quadrillion 

synapses and more than 150,000 km of myelinated nerve fibers [15]. The brain includes the 

brainstem, the midbrain, the cerebellum and the cerebral hemispheres (right and left). The 

superficial part of the cerebral hemispheres is known as the cerebral cortex; in addition, the 

cerebral hemispheres include the white matter and three deep nuclear formations. 

The cerebral cortex is subdivided into four regions, which cover both hemispheres: 

the frontal lobe, containing dopamine-sensitive neurons associated with reward, attention, 

short-term memory tasks, planning, and motivation; the parietal lobe, involved in integrating 

sensory information from the various senses; the temporal lobe, involved in visual memory 

and language comprehension; and the occipital lobe, involved with the sense of sight (Fig. 

3). 
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Figure 3. Lobes subdivision of mature human cerebral cortex 

 

The human cerebral cortex consists of a thin mantle of gray matter enclosing the 

underlying white matter and is characterized by two major differentiated cell types: neurons 

and glial cells. Neurons transmit information through action potentials and neurotransmitters 

to other neurons, muscle cells or gland cells. Glial cells play important roles in CNS 

providing a critical support and protection roles maintaining homeostasis for a normal 

neuronal functioning and survival. In the CNS, glial cells include oligodendrocytes, 

astrocytes, ependymal cells and microglia. In contrast to the neuroectodermal origin of the 

majority of CNS cells, microglia - the principal active immune defense cells of the brain - 

derives from the mesoderm [16]. In recent years, microglia has been clarified to originate 

from two sources: the yolk sac and myeloid precursors [17;18]. 

The gray matter consists of neuronal cell bodies, dendrites and axons, glial cells and 

capillaries, while the white matter is composed of bundles of myelinated nerve cell 

projections, which connect various gray matter areas of the brain to each other, and carry 

nerve impulses between neurons.   
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The neurons of the cerebral cortex are grouped into six main layers that, from the pial 

surface to white matter, are: 

1. Layer I - the molecular layer, that contains few scattered neurons and consists mainly 

of extensions of apical dendrites of pyramidal neurons, horizontally oriented axons 

and glial cells; 

2. Layer II - the external granular layer, that consists in small pyramidal neurons and 

several stellate neurons; 

3. Layer III - the external pyramidal layer, that contains pyramidal neurons, as well as 

non-pyramidal neurons with vertically oriented intracortical axons that increase in 

size from the outer to the inner boundary of this layer. Layer III is the main source 

of cortico-cortical efferents. Moreover, layers I through III are the main target of 

interhemispheric cortico-cortical afferents; 

4. Layer IV - the internal granular layer, that contains mainly stellate neurons and a few 

interneurons and pyramidal neurons;  

5. Layer V - the internal pyramidal layer, that contains mainly large pyramidal neurons 

interspersed with interneurons. Pyramidal neurons fibers project to subcortical 

structures such as the basal ganglia, brainstem and spinal cord; 

6. Layer VI - the polymorphic or multiform layer, that contains mainly multiform 

neurons and few large pyramidal neurons; layer VI sends efferent fibers to the 

thalamus, establishing a very precise reciprocal interconnection between the cortex 

and the thalamus. 

The cerebral cortex is divided into different cytoarchitectonic areas (52 Brodmann 

areas) according to the different thickness of each layer, neuronal morphology in the layers 

and distribution of axonal bundles (Fig. 4). For istance, in the Brodmann area 4 and 

Brodmann area 6, refering to the primary motor cortex and premotor cortex respectively, the 

number of pyramidal cells is greater than interneurons. Layers from the 2nd to the 6th appear 
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almost completely formed by pyramidal cells of different size, with those of greater size 

disposed in the deeper layers (Fig. 4). 

 

 

Figure 4. The six cortical layers of mature cerebral cortex differ according to the cytoarchitectonic areas. [© 

Netter Atlas of Human Anatomy] 
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1.2 Stem/progenitor cells 

1.2.1 Unique Properties of Stem Cells 

At the end of the nineteenth century, a theoretical postulate describe for the first time the 

self-regenerative capacity of some tissues. Tissues that consist for the most part of cells with 

a limited duration of life, require a quantity of cells responsible to support the renewal of the 

functional cell types for the entire life of the organism. Therefore, several studies were 

developed to evaluate the major characteristics of stem cells and the different functions and 

characteristic of embryonic and adult stem cells. 

 

Stem cells have three general properties [19]: 

- Self-renewal: they are capable of dividing and self-maintenance for long periods 

through the process of cell division; 

- Unspecialized: one of the fundamental properties of a stem cell is that is not a 

specialized cell; it has not any tissue-specific structures that allow it to perform 

specialized functions; 

- Potency: in physiological or experimental conditions, stem cells can give rise to 

specialized cells in a process called differentiation. 

Contrary to most cells of the body, which are committed to perform a specific 

function, a stem cell has a unique capacity to renew itself and to give rise to many specialized 

cell types. Moreover, a stem cell is uncommitted and remains uncommitted, until it receives 

a signal to develop into a specialized cell. 

Stem cells can undergo to two different mitotic cell division: symmetrical and 

asymmetrical division [20] (Fig. 5).  

During the symmetric cell division, can be generate two daughter cells identical to 

mother cell and capable of self-renewal, or two daughter cells with the capacity of 

differentiation. The first case occurs whenever is required an increase in the number of stem 
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cells such as during embryogenesis or in tissue repair. Cancer stem cells use this type of 

mitotic division (Fig. 5).  

During the asymmetric cell division, mother cell give rise to two daughter cells with 

different cellular fates: one daughter cell remains stem cell identical to mother cell, the other 

one becomes a differentiated progeny cell or stem cell with a limited capacity of 

differentiation (Fig. 5). 

 

 

 

Figure 5. Symetric and asymentric cell division 
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Stem cells have different potentials to differentiate into different cell types [21]. 

According to their differentiation potential, stem cells are classically divided into: 

 

- Totipotent stem cells: stem cells able to differentiate into any embryonic and 

extraembryonic cell types including primitive germ-line stem cells. These cells are 

present in embryos at the 4-8 cell stage, 1-3 days after fertilization; 

- Pluripotent stem cells: they are characterized by a differentiation potential to all cell 

types of the adult organism and to self-renewal. These cells appear at the blastocyst 

stage (4-14 days after fertilization) and they are capable of differentiating into 

embryonic tissues organized in three different germ layers (ectoderm, mesoderm and 

endoderm); 

- Multipotent stem cells: they have the ability to replicate and remain in the culture but 

losing the ability to self-renewal. These cells differentiate into different tissues 

belonging only to the same germ layer. Adult stem cells belong to this category. For 

example, bone marrow stem cells are able to give rise to blood cells, but are not able 

to give rise to any other cell types [21]; 

- Unipotent stem cells: these cells are present in adult tissues. They maintain self–

renewal property and they can differentiate only in one cell type of the tissue to which 

they belong, ensuring repair and maintenance.  

-  

1.2.2 Stem/progenitor cells niche of the developing cerebral cortex: the ventricular and 

the subventricular zones 

Cortical neurogenesis involve cell proliferation, migration and differentiation and leads to 

the final creation of neural and glial cells to form the characteristic six-layered cortical 

structure from inside to outside [8].  During neurogenesis neuronal and glia cells are 
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generated from a common source, the proliferating neuroepithelial cells (NECs), which arise 

from the neural tube. The differentiation of the neural progenitor cells is orchestrated by 

internal signals that are controlled by genes that carry information for all the structures and 

functions of a cell, and by external epigenetic signals including hormones and molecules 

secreted by other cells. Extrinsic factors, believed to be essential for maintenance and 

proliferation of the neural stem/progenitor cells pool, include Fibroblast Growth Factor 

(FGF) [22], Epidermal Growth Factor (EGF) [23], Sonic Hedgehog (SH) [24], and Wnt 

family [25]. 

During the early stage of the neural tube development, NECs form the columnar 

monolayered epithelium that, at the end of neurulation, gives origin to the pseudostratified 

epithelium [26]. The characteristic pseudostratification is mainly due to interkinetic nuclear 

migration. NECs undergo symmetric proliferative division leading to thickening of the 

neuroepithelium and growth of the neocortex [27].  

Cortical neurogenesis begins around gestational week 5 in the ventricular zone when 

NECs undergo asymmetric division: by self-renewing itself, one mother cell (NEC or apical 

radial glia) gives rise to one identical cell capable of self-renewal; the other daughter cell 

becomes either an apical intermediate progenitor, a basal progenitor cell or a newborn 

neuron. In the further stages of neurogenesis, NECs are progressively replaced by apical 

radial glia (aRG) cells that begin to express astroglial markers and form radial fibers 

extending from their apical and basal poles [28]. At gestational week 6 the humans cerebral 

cortex is formed from two layers: a thick proliferative ventricular zone and a narrow, cell-

sparse pial zone. The latter contains migrating newborn neurons [29] and it will eventually 

become cortical layer 1 [30].  

The underlying subplate zone contains both, interneurons and postmigratory neurons, 

which transiently connect with incoming axons until the cortex is ready to receive them [31].  
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Like NECs, aRG cells undergo interkinetic nuclear migration in the ventricular zone. During 

neurogenesis progression, aRG cells switch from proliferation to differentiation (Fig. 6). 

Apical intermediate progenitors, basal intermediate progenitors and basal radial glia 

can be generated either from NECs or aRG, and from themselves. Both types of basal 

progenitor cells are not attached to the ventricular surface and do not undergo interkinetic 

nuclear migration.  

 

 

Figure 6: Schematic representation of stem/progenitor cells in human cerebral cortex niche in the early stage 

of gestation: ventricular zone (VZ), subventricular zone (SVZ), intermediate zone (IZ), subplate zone (SPZ), 

cortical plate (CP), pial zone (PZ); apical radial glia (aRG), apical intermediate progenitor (aIP), basal radial 

glia (bRG), basal intermediate progenitor (bIP), newborn neuron (NN). 

 

Around gestational week 7, the accumulation of basal progenitor cells creates the 

subventricular zone, a distinct new germinal layer located above the ventricular zone 

[32;33]. Apical intermediate progenitors maintain contact only with the ventricular surface.  
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Apical progenitor cells in the ventricular zone and basal progenitor cells in the 

subventricular zone are generally considered to represent the major source of cortical 

neurons [34;27] (Fig. 6). For that reason, these two zones represent stem/progenitor cells 

niche of the developing cerebral cortex [35]. 

Radial glia cells play a key role during CNS development thank to their ability to 

generate neurons, astrocytes, oligodendrocytes and ependymal cells. Moreover, their fibers 

serve as a scaffold for neuronal migration from the ventricular zone toward definitive 

destination in the cortical plate. Around gestational week 10 cortical neurons increase 

proliferation in the ventricular and subventricular zones and then they decrease at around 

gestational week 22.  At 10 weeks of gestation, the developing human cerebral cortex 

consists of seven different zones: the ventricular zone, the subventricular zone, the 

intermediate zone, the subplate zone, the cortical plate and the pial zone (Fig. 7).  

Whereas the pial zone will eventually form the cortical layer 1, the cortical plate will 

give rise the others 5 layers. The earliest newborn neurons are destined to become the 

innermost layer 6, the last newborn neurons will become the outer layer 2. Therefore, 

neurons of the inner cortical layers originate from apical radial glial cells in the ventricular 

zone, whereas later neurons in the superficial layers progressively originate from basal 

progenitor cells in the subventricular zone [36]. The subplate zone disappears by the first 

postnatal month whereas subplate neurons persist in adult brain white matter as interstitial 

neurons. The intermediate zone consists of radially migrating cells and long- range axons 

[37]. At the end of gestation, this zone will become white matter tissue. Once that 

neurogenesis is complete, the radial glia differentiate into glial lineage. 
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Figure 7: A) Different regions of human cerebral cortex at gestational week 10: the ventricular zone (VZ), the 

subventricular zone (SVZ), the intermediate zone (IZ), the subplate zone (SPZ), the cortical plate (CP) and the 

pial zone (PZ); B) higher magnification of stem/progenitor cells niche of VZ and SVZ. 

 

1.2.3 Stem/Progenitor cells niches in adult human brain 

For almost a century, the scientific community considered the idea that neurogenesis 

exhausted in the early stages of post-embryonic development as an axiom of neurobiology. 

Neurologists were practicing their profession under the doctrine established in the early 20th 

century by histologist Ramon y Cajal: 

 

“Once the development was ended, the founts of growth and regeneration of the axons and 

dendrites dried up irrevocably. In the adult centers, the nerve paths are something fixed, 

ended, and immutable. Everything may die, nothing may be regenerated. It is for the 

science of the future to change, if possible, this harsh decree”. 

(Ramon y Cajal, 1913). 
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In the last twenty years, the proof of the existence of neurogenic niches in adult 

human brain has finally demolished this dogma. 

The first reports of cell division and differentiation in the adult brain emerged from 

experimental studies on mouse brain development by Leblond and colleagues in the early 

1960s [38]. In the mid-1960s, Altman et al [39;40] first showed the rostral migratory stream 

of cells between the SVZ and olfactory bulbs [41]. They also observed dividing cells in the 

subgranular zone and neurogenesis in the dentate gyrus of rat adult brain [40].  

In the last few decades, neurogenesis in adult human brain has been demonstrated 

through several techniques including stereological techniques for labeling dividing cells 

(BrdU) and neurons (NeuN), and carbon14 dating techniques. In the late 1990s, Erickson 

demonstrated that new neurons are generated from dividing progenitor cells in the dentate 

gyrus of human adult [42].  

In summary, adult stem/progenitor cells are responsible for the generation of new 

neurons in two main niches of the adult human brain: the subventricular zone of the lateral 

ventricles and the subgranular zone of the dentate gyrus of the hippocampus [43]. In the 

dentate gyrus, newborn cells differentiate into excitatory granule cells. Stem/progenitor cells 

in the subventricular zone generate restricted neural progenitor cells that migrate through a 

glial cell scaffold via the rostral migratory stream towards the olfactory bulb and then 

differentiate into distinct types of olfactory neurons [44]. 

The functional significance of these new neurons is uncertain. Several studies 

showed that newborn neurons contribute to olfactory- and hippocampus-dependent learning 

and memory [45]. Moreover, hippocampal adult neurogenesis is important for related 

mechanisms of neural plasticity such as long-term potentiation (LTP) [46]. In recent years, 

adult neurogenesis has been suggested to play a critical role in brain homeostasis and disease. 

Deficient neurogenesis has been implicated in the pathogenesis of multiple neurological and 

psychiatric diseases [47] including depression, epilepsy [48] and Alzheimer’s disease [49]. 
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Indeed, in recent years epigenetic factors have been proposed as a possible cause of 

neurogenesis disarrangement during gestation and of susceptibility to develop 

neurodegenerative disorders later in life, including Alzheimer’s disease and Parkinson’s 

disease [5].  

 

1.3 Cortical stem/progenitor cells markers 

Several immunohistochemical markers have been utilized in previous experimental 

studies for the identification of neural stem/progenitor cells in the developing cerebral 

cortex. This study was focalized on the immunohistochemical expression of some proteins 

that play key role in mammalian central nervous system development: Sox2, Sox11, WT1, 

Nestin, Vimentin, Pax2 and Pax6. 

1.3.1 Sox2 

Sox2 is a member of the Sry-related high mobility group (HMG) box (SOX) family 

of transcription factors. Proteins of the Sox family all share a highly conserved high-

mobility-group (HMG) DNA binding domain [50]. The Sox gene family was first defined 

by the discovery of the mammalian testis-determining factor - Sry -  involved in the 

regulation of embryonic development and in the determination of cell fate [51;52]. SOX2 

play an important role during mammalian CNS development [53] and its expression was 

also reported in neural stem/progenitor cells located in adult neurogenesis niches: the 

subventricular zones of lateral ventricles and the subgranular zone of the hippocampus [54]. 

Recently, it has been suggested that Sox2 plays a critical role in initiating the neural 

induction and in maintenance of neural progenitor stem cell properties throughout neural 

differentiation [55]. Therefore, Sox2 is highly expressed in proliferating neural progenitor 

cells, maintaining the self-renewal property [55;56], and it is down-regulated upon 

differentiation to post-mitotic neuronal and glial cells [57]. Moreover, Sox2 act with the 
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transcription factors Oct4 and Nanog regulating the differentiation of stem/progenitor cells 

to specific lineages [58]. 

1.3.2 Sox11 

Sox11 belongs to SoxC subfamily, is highly expressed in some subtypes of 

precursors and post-mitotic neurons being involved both embryonic [59] and adult 

neurogenesis [60;61]. This transcription factor regulates survival and axonal growth of 

embryonic mouse sensory neurons [62]. Recently, a key role of Sox11 in promoting neuronal 

differentiation has been described in the chick spinal cord, in the mouse hippocampus [61] 

and in the mouse cerebral cortex [63;64;65]. Moreover, Sox11 plays a crucial role in mouse 

corticogenesis through balancing dendritic morphogenesis with neuronal migration [66]. 

1.3.3 WT1 

Wilms' Tumor 1 (WT1) protein is a zinc finger transcription factor encoded by the 

human gene WT1 involved in the onset of Wilms' tumor, the most common primary renal 

tumor in childhood [67]. WT1 gene has a length of ~ 50 kb and consists of 10 exons [68] 

and it shares a high degree of structural homology with the early growth response (EGR) 

transcription factor family [69;70]. The combination of alternative splicing of mRNA and 

RNA editing can generate more than 20 different gene products [71;72]. The corresponding 

isoform proteins differ in the selective domain for DNA binding: isoforms -KTS are potent 

transcriptional activators and preferentially bind to DNA while the isoforms +KTS have a 

role in RNA binding [73]. The WT1 protein regulates the transcription of several genes and 

acts both as activator and as transcriptional co-activator or as repressor of gene expression 

[74].  

Studies on knock-out mice showed that WT1 is required for heart, spleen and adrenal 

glands development and for the development of the CNS [75-78]. WT1 is involved in the 

development of several human organs during embryogenesis [79;80], including developing 
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kidney [81;82]. Recent studies of our group have showed WT1 as an important marker 

involved in human CNS development [79] being expressed in radial glia cells in early phases 

of gestation [83]. 

1.3.4 Nestin 

Nestin, a cytoskeleton-associated class VI intermediate filament (IF) protein, is a key 

regulator of various extracellular proteins that play important roles in cell growth and 

differentiation [84]. It has been reported Nestin involvement in adult and embryonic 

neurogenesis [85;86]. Nestin regulates neural stem cell migration via controlling the cell 

contractility in murine neurogenesis studies [87]. During embryogenesis, nestin expression 

is downregulated and gradually replaced by cell type-specific intermediate filaments such as 

Neurofilaments (NF) in neurons and Glial fibrillary acidic protein (GFAP) in glial cells [88]. 

1.3.5 Vimentin 

Vimentin is a type III intermediate filament protein and acts as a crucial cytoskeletal 

component of mesenchymal cells being involved in cell migration and in epithelial-to-

mesenchymal transition (EMT) [89;90]. During the reverse process, the mesenchymal to 

epithelial transition (MET), Vimentin is downregulated and, consequently, cell motility 

decreases and cells adopt epithelial characteristics.  

Vimentin is overexpressed in various epithelial cancers, including prostate cancer, 

gastrointestinal tumors, CNS tumors, breast cancer, malignant melanoma, and lung cancer 

[91;92]. Moreover, Vimentin plays a key role during embryogenesis including CNS 

development [93]. The expression of this protein was detected in radial glia cells of 

neocortex and spinal cord in early stages of mammalian embryogenesis [94-96]. 
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1.3.6 Pax2 

PAX2 belongs to the highly conserved DNA-binding paired box domain (Pax) family 

which constitutes a group of developmental genes encode nuclear transcription factors which 

play an important role in early mammalian embryogenesis [97] including kidney 

development [98]. PAX2 is a target of transcriptional suppression by WT1 during normal 

kidney development [99] and it has been reported to be expressed during the formation of 

the CNS in experimental animal studies [100;101] including eye development [102]. 

Moreover, Pax2 support a role in neural patterning in human embryos being expressed in 

spinal cord e neocortex in early phases of gestation [103;104]. 

1.3.7 Pax6 

Pax6 is a member of a family of transcription factors characterized by 384 base pair 

DNA sequence that encodes the paired domain (PD), and also contains a paired-type 

homeodomain (HD) and a transactivation domain (TA) [105;106]. PD and HD recognize 

distinct DNA targets sites and regulate different molecular mechanisms. Pax6 was initially 

found to be a master regulator of eye development [107;108]. Pax6 also plays a critical role 

in brain development [109;110]. The expression of Pax6 was found in radial glia cells of 

developing mammalian cerebral cortex [111;35] acting in cell proliferation and 

differentiation [112]. As it has already been  described, radial glia cells give rise to 

intermediate progenitor cells in the ventricular and subventricular zones. Studies on animal 

models showed the transition from radial glia to intermediate progenitor cell is associated 

with upregulation of Tbr2 and downregulation of Pax6. Tbr2, a T-domain transcription 

factor, directs conversion of radial glia into basal precursors and guides neuronal 

amplification in the developing neocortex [113]. When the intermediate progenitor cells 

convert in postmitotic neurons, downregulation of Tbr2 and upregulation of Tbr1 have been 

observed, delineating differentiation pathway from radial glia [114]. 
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2. Aim of the study 

The aim of this study was to identify the stem/progenitor cell immunhistochemical 

markers located in the cortical neurogenesis niches during different human gestational ages.  

Because of this, the following stem/progenitor markers have been tested: WT1, Sox2, Pax6, 

Vimentin, Nestin, Sox11 and Pax2. Moreover, the expression of these markers has been 

compared with the expression of mature neurons and glia markers including Neurofilament 

(NF), Neuron Specific Enolase (NSE), Synaptophysin (Syn), Glial fibrillary acid protein 

(GFAP) and S100B.  

Evaluating both stem/progenitor and mature cells markers allows the identification of the 

multiple stages of differentiation of neuronal and glial progenitors during gestation and it is 

also of great help in the better understanding the normal development of human cerebral 

cortex. 
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3. Materials and methods 

The expression of different markers was investigated in frontal cerebral cortex from 

20 human fetuses aging 9 up to 40 weeks of gestation that we received from the Obstetric 

Division of the University of Cagliari, as voluntary termination of pregnancy (VTOP) and 

as therapeutic and spontaneous abortion. Al the fetuses had no congenital malformations. 

The frontal cerebral cortex of these fetuses has been sampled and histologically and 

immunohistochemically studied. Samples were fixed in 10% buffered formalin, routinely 

processed, and paraffin-embedded. Serial 3 µm-thick sections were obtained from each 

paraffin block; after dewaxing and rehydratation, one of these sections was stained with 

hematossilin-eosin, while the others were pre-treated for immunohistochemical analysis, 

with 10 minutes heat-induced epitope retrieval (EnVisionTM FLEX Target Retrieval Solution 

Dako Denmark A/S, Glostrup, Denmark - High pH  Code: K8004; Low pH Code: K8005). 

Slides were then incubated for 20 minutes at room temperature with the antibodies reported 

in Table 1. Staining procedures were performed by EnvisionTM FLEX+ (Dako, Code: 

K8002) Detection System and AutostainerLink 48 instrument following dealer’s 

instructions. 
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Table 1: Antibodies utilized in this study. 

 

 

 

 

 

 

 

 

 

 

 

Antibody Dilution Source Company Code 

          

WT1 1:100 mouse monoclonal 6F-H2 Dako M3561 

Pax2 1:400 mouse monoclonal 3C7 Abnova H00005076-M01 

S100B 1:2000 rabbit polyclonal Dako Z0311 

Nestin 1:200 mouse monoclonal 10C2 Santa Cruz SC-23927 

Vimentin 1:500 mouse monoclonal 3B4 Dako M7020 

Sox2 1:50 mouse monoclonal E-4 Santa Cruz SC-365823 

NSE 1:200 mouse monoclonal BBS/NC/VI-H14  Dako M0873 

Synaptophysin 1:20  mouse monoclonal SY38 Dako M0076 

GFAP 1:100 rabbit polyclonal Novocastra NCL-GFAP-GA5 

Neurofilament 1:50 mouse monoclonal 2F11 Dako M0762 

Pax6 1:50 mouse monoclonal Santa Cruz SC-53108  

Sox11 1:100  mouse monoclonal  CL0142 Abcam ab154138 
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4. Results 

4.1 Stem/progenitor cells markers 

4.1.1 Sox2 

From the 9th to the 12th gestational week, immunostaining for Sox2 was particularly 

strong in both ventricular and subventricular zones, associated with a weaker 

immunostaining in the intermediate zone and in the cortical plate cells. At these time point, 

especially at the 9th week of gestation, the ventricular and subventricular zones have larger 

thickness in comparison with the other zones of developing cerebral cortex (Fig. 9). Sox2 

nuclear immunoreactivity was detected both in radial glia and intermediate progenitor cells 

in the stem/progenitor cells niches and also in the migrating newborn neurons of both the 

intermediate zone and the cortical plate (Fig. 9 and Fig. 10).  

From the 15th to the 19th gestational week, the ventricular and subventricular zones 

become progressively thinner and the cortical plate begins to increase its thickness. At these 

gestational ages, Sox2 nuclear immunostaining is strong in the niches and increase in the 

intermediate zones as compared to the previous weeks, evidencing an increase of migrating 

newborn neurons toward the pial zone (Fig. 10A). Scattered Sox2-reactive cells were found 

in the cortical plate (Fig. 10B). 

At the 21st weeks of gestation Sox2 immunoreactivity showed a lesser intensity and 

a reduced distribution in all the cerebral cortex zones (Fig. 11). 

Between the 24th and the 30th gestational week, the ventricular and subventricular 

zones are thinner than in the previous weeks. Immunostaining for Sox2 was detected mainly 

in these two niches. Scattered Sox2-reactive cells were detected in intermediate zone and in 

cortical plate (Fig. 12A).  
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From the 34th to the 40th week of gestation, Sox2 immunoreacticity was detected in 

scattered cells in the ventricular zone. No reactivity for Sox2 was found in the cortex layers 

(Fig. 12B). 

 

 

Figure 8. Sox2 immunostaining in the developing cerebral cortex at the 9th week of gestation. The ventricular 

and subventricular zones show a larger thickness in comparison with the other zones of developing cerebral 

cortex 
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Figure 9. Gestational week 11. A) Sox2 immunoreactivity decreases from the ventricular zone toward the 

cortical plate; B) Nuclear reactivity of cells localized in the ventricular zone, in the subventricular zone and in 

migrating newborn neurons 

 

Figure 10. Gestational week 18. A) Sox2 immunoreactivity in ventricular, subventricular and intermediate 

zones. B) Scattered Sox2-reactive cells in the cortical plate (arrows) 
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Figure11. Sox2 immunostaining in ventricular and subventricular zones at the 21st week of gestation 

 

Figure 12. Sox2 immunoreactivity at A) the 34th and at B) the 40th week of gestation  

4.1.2 Sox11 

At panoramic view, in gestational weeks 9th, 11th and 12th, Sox11 nuclear 

immunostaining was detected in all cerebral cortex zones (Fig. 13). Sox11 immunoreactivity 

was particularly strong in subventricular and intermediate zones and in the cortical plate. 

From the 15th to the 19th week of gestation, Sox11 nuclear immunoreactivity was 

particularly strong in subventricular zone, intermediate zone and cortical plate (Fig. 14A). 

The ventricular zone showed scattered cells Sox11-positive intermingled with no-reactive 

stem/progenitor cells (Fig. 14B). 
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After the 21st week until the end of gestation, a mild nuclear Sox11 immunostaining 

was detected in the cortical layers (Fig. 15A) whereas the ventricular, subventricular and 

intermediate zones showed scattered Sox11-reactive cells (Fig. 15B). 

 

Figure 13. Sox11 immunostaining at the 11th week of gestation 

 

Figure 14. A) Sox11 immunoreactivity at the 17th week of gestation; B) The ventricular, subventricular and 

intermediate zones at the 18th week of gestation 
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Figure 15. A) Sox11 mild immunoreactivity in cortical layers at the 34 weeks of gestation; B) Scattered Sox11-

reactive cells in the ventricular zone at the 39th week of gestation (arrows) 

4.1.3 WT1 

From the 9th to the 12th week of gestation, WT1 immunostaining was mainly localized 

in the cytoplasm of radial glia fibers extending from the ventricular zone toward the pial 

zone (Fig. 16). Nuclei of progenitor cells in both ventricular and subventricular zones did 

not showed reactivity for WT1 (Fig. 16A). No immunostaining for WT1 was detected in the 

nuclei of cortical plate neurons, which appeared surrounded by a WT1-positive network 

formed by the cytoplasmic projection of radial glia cells (Fig. 16B). 

From the 15th to the 19th week of gestation, WT1 immunostaing was particularly 

strong, evidencing the abundance of radial glia fibers extending from the ventricular zone 

toward the pial zone (Fig. 17).  

At 21st week of gestation, WT1 cytoplasmic expression was detected in ventricular 

and subventricular zones and in radial glia fibers extending toward the pial zone evidencing 

a decrease in number of radial glia fibers (Fig. 18). Nuclei of both progenitor cells in 

ventricular and subventricular zones and postmitotic cells of the other zones showed no 

reactivity for WT1. 

At gestational weeks 26 and 30, the radial glial cells in the subcortical layers 

disappeared. WT1 cytoplasmic immunoreactivity was detected in ependymal cells and in the 

truncated radial glia fibers in ventricular and subventricular zones (Fig. 19A). 
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After the 34th week of gestation and until the end of gestation, a weak WT1 reactivity 

was detected in ependymal cells (Fig 19B). Endothelial cells of small blood vessels showed 

a strong immunostaining for WT1 in all gestational ages of the developing cerebral cortex. 

 

Figure 16. A) WT1 immonoreactivity in ventricular and subventricular zones at the 9th week of gestation; B) 

Immunoreactivity for WT1 at the 11th week of gestation in radial glia cells extending from the ventricular zone 

toward the pial zone 

 

Figure 17. At the 17th week of gestation, WT1 immunoreactivity evidences an increase of radial glia fibers in 

the intermediate zone and in the cortical plate (A), and also in the ventricular and subventricular zones (B) 
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Figure 18. WT1 immunoreactivity at the 21st week of gestation showed a decrease of radial glia fibers in the 

cortical plate (A) and in the ventricular, subventricular and intermediate zones (B) 

 

Figure 19. A) WT1 cytoplasmic immunoreactivity in ependymal cells and in the truncated radial glia fibers in 

ventricular and subventricular zone at gestational week 30; B) Mild immunostaining for WT1 in ependymal 

cells at the 39th week of gestation 

4.1.4 Nestin 

From the 9th to the 12th week of gestation, a strong Nestin cytoplasmic 

immunoreactivity was detected in the ventricular, subventricular and intermediate zones, 

associated with a weak immunostaining in the cortical plate and pial zone (Fig. 20A). At 

higher magnification, immunostaining for Nestin was detected in the projection of radial glia 

cells extending from the ventricular zone toward the cortical plate (Fig. 20B). 

From the 15th to the 21th week of gestation, the radial glia fibers increase in number. 

At these gestational ages, Nestin cytoplasmic immunoreactivity was detected in radial glia 

fibers extending from ventricular zone toward pial zone (Fig 21A). At this time point, Nestin 
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immunoreactivity was stronger in cortical plate in comparison to the previously gestational 

weeks (Fig. 21B). No reactivity for Nestin was found in nuclei of stem/progenitor cells in 

both ventricular and subventricular zones and in postmitotic cells of the other zones. 

Between the 24th and the 30th gestational week, the radial glial fibers in the 

subcortical layers disappeared. Accordingly, cytoplasmic immunostaining for Nestin was 

detected solely in ependymal cells and in truncated radial glia fibers of the ventricular zone 

(Fig. 22). No reactivity for Nestin was found in the others cerebral cortex zones, being 

express only in endothelial cells of blood vessels. 

At the end of gestation, Nestin showed no reactivity in both neuron and glial cells of 

grey and white matter.  

 

Figure 20. Gestational week 11; A) Nestin immunoreactivity in the ventricular, subventricular and intermediate 

zones; B) Positivity of radial glia cells extending from the ventricular zone toward the cortical plate 

 

Figure 21. At gestational week 17, Nestin immunoreactivity evidenced the increase of radial glia fibers in the 

ventricular, subventricular, intermediate zones (A) and in the cortical plate (B) 
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Figure 22. Immunoreactivity for Nestin in ependymal cells at gestational week 30 

4.1.5 Vimentin 

From the 9th to the 12th week of gestation, Vimentin immunoreactivity was detected 

in all the developing cerebral cortex zones being restricted to cytoplasmic projection of radial 

glia cells extending from the ventricular zone toward the cortical plate (Fig. 23A). No 

immunostaining for Vimentin was detected in nuclei of the radial glia cells, intermediate 

progenitor cells and in postmitotic cells (Fig. 23B). 

From the 15th to the 21st week of gestation, immunostaining for Vimentin evidenced 

an increase of radial glia fibers extending from the ventricular zone toward the pial zone (Fig 

24). 

After 24 weeks until the end of gestation, Vimentin immunoreactivity was detected 

in ependymal cells and in truncated radial glia fibers of ventricular zone (Fig. 25). Moreover, 

immunostaining for Vimentin was found in endothelial cells both in grey and white matter. 

At these gestational ages, no reactivity for Vimentin was found in mature neurons of the 

cerebral cortex layers. 
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Figure 23. 11th week of gestation. A) Vimentin immunoreactivity of radial glia cells extending from the 

ventricular zone toward the cortical plate; B) No reactivity was detected in nuclei in both the ventricular and 

subventricular zones 

 

Figure 24. Gestational week 17. Immunostaining for Vimentin evidenced the increase of radial glia fibers in 

the ventricular and subventricular zones (A),  and in the intermediate zone and the cortical plate (B) 
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Figure 25. Vimentin immunostaining in ependymal cells and in truncated radial glia fibers of ventricular zone 

at gestational week 30 

 4.1.6 Pax2 

From the 9th to the 12th week of gestation, Pax2 nuclear reactivity progressively 

increased from the ventricular zone toward the pial zone (Fig. 26A). The cortical plate and 

the intermediate zone showed several cells with nuclear reactivity for Pax2 intermingled 

with no-reactive cells. At higher power, the vast majority of subpial zone cells showed a 

strong reactivity for Pax2 (Fig. 26B). Scattered Pax2-reactive cells were also detected into 

the pial zone. 

From the 15th to the 18th week of gestation, an increase of Pax2-reactive cells was 

detected in all the cerebral cortex zones especially in the intermediate zone and in the cortical 

plate (Fig. 27). 

At gestational week 21, nuclear immunoreactivity for Pax2 decreased in all cerebral 

cortex zones (Fig. 28). The cortical plate showed a higher number of no-reactive cells for 

Pax2 than the reactive ones (Fig. 28A). 

At the 24th week of gestation, Pax2 immunostaining was detected in ventricular zone, 

being expressed in scattered cells with high reactivity intermingled with mild-reactive cells 

and no-reactive cells (Fig. 29). 
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At the 30th week of gestation, immunoreactivity for Pax2 was restricted to ependymal 

cells and scattered cells in the others cerebral cortex zones (Fig. 30A). 

After the 34th week until the end of gestation, Pax2 showed a mild immunoreactivity 

in scattered cells in the cerebral cortex layers (Fig. 30B). 

 

Figure 26. Gestational week 11; A) Pax2 nuclear reactivity progressively increases from the ventricular zone 

toward the pial zone; B) Immunoreactivity of the cortical plate cells intermingled with no-reactive cells and 

scattered positive cells in the pial zone (arrows) 

 

Figure 27. Strong Pax2 immunoreactivity in cortical plate and intermediate zone (A) and in ventricular and 

subventricular zones (B) 
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Figure 28. Gestational week 21. A) the cortical plate showed a higher number of no-reactive Pax2 cells as 

compared to the reactive ones; B) Pax2 immunoreactivity decrease in ventricular, subventricular and 

intermediate zones 

 

Figure 29. At the 24th week of gestation scattered Pax2-reactive cells were detected in the ventricular zone 

 

Figure 30. A) Pax2 immunoreactivity in ependymal cells and scattered cells of ventricular zone at gestational 

week 30; B) Mild immunoreactivity for Pax2 in scattered cells of the cerebral cortex layers (arrows) 
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4.1.7 Pax6 

At gestational week 9, Pax6 was highly expressed in stem/progenitor cells in the 

ventricular and subventricular zones (Fig. 31). A mild nuclear immunoreactivity for Pax6 

was detected in scattered cells of intermediate zone. No immunoreactivity was found in 

cortical plate and in pial zone. 

From the 11th to the 17th week of gestation, nuclear immunostaining for Pax6 

decreased in intensity in ventricular and subventricular zones. The ventricular zone showed 

a stronger immunoreactivity for Pax6 compared to the subventricular zone (Fig. 32). 

Scattered Pax6-reactive cells was also found in intermediate zone at gestational week 17 

(Fig. 32B). The postmitotic cells of intermediate zone, cortical plate and pial zone showed 

no immunoreactivity for Pax6. 

At the 21st weeks of gestation, nuclear immunoreactivity for Pax6 was detected in 

scattered cells mainly localized in the ventricular and subventricular zones (Fig. 33). 

No immunoreactivity for Pax6 was found after the 24th week until the end of 

gestation. 

 

Figure 31. Pax6 immunoreativity in ventricular and subventricular zones at gestational week 9 
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Figure 32. Pax6 immunoreactivity in ventricular zone at gestational week 10 (A) and in gestational week 17 

which showed scattered Pax6-reactive cells in intermediate zone (B) 

 

 

Figure 33. Scattered Pax6-reactive cells in the ventricular and subventricular zones at gestational week 21 

(arrows) 

 

 

 

 



 

40 
 

4.2 Mature neurons markers 

4.2.1 Neurofilament 

From the 9th to the 26th weeks of gestation, no immunoreactivity for Neurofilament 

was found in all the developing cerebral cortex zones. 

After 30 weeks until the end of gestation, a strong nuclear and cytoplasmic 

immunostaining for Neurofilament was detected in mature neurons (Fig. 34). No reactivity 

for Neurofilament was found in glial cells and the ventricular zone including ependymal 

cells (Fig. 35). 

 

Figure 34. Strong nuclear and cytoplasmic immunoreactivity for Neurofilament at gestational week 34 
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Figure 35. Neurofilament cytoplasmic immunoreactivity at gestational week 30 

4.2.2 NSE 

From the 9th to the 12th week of gestation, at lower power, immunostaining for NSE 

was detected in the intermediate zone, in the cortical plate and in the pial zone (Figure 36A). 

At higher magnification, an intense expression of NSE was detected in the cytoplasm of cells 

localized in the intermediate zone and in the cortical plate (Fig. 36B). A mild expression for 

NSE was also found in the subventricular zone in the absence of immunoreactivity in the 

ventricular zone. 

From the 15th to the 21th week of gestation, cytoplasmic and nuclear 

immunoreactivity of NSE increased in intermediate zone, cortical plate and pial zone (Fig. 

37A). No significant staining was detected in both ventricular and subventricular zones (Fig. 

37B). 
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After 24 weeks until the end gestation, the NSE cytoplasmic and nuclear 

immunoreactivity increased both in grey and white matter, in the absence of any reactivity 

in ependymal cells of ventricular zone. 

 

Figure 36. Gestational week 11. A) NSE immunostaining in the intermediate zone, in the cortical plate and in 

the pial zone; B) Cytoplasmic positivity in the intermediate zone cells in contrast to non-reactive cells of 

subventricular zone 

 

Figure 37: Increasing of NSE immunoreactivity in intermediate zone, cortical plate and pial zone at gestational 

week 17 (A). no reactivity for NSE in ventricular and subventricular zones (B) 
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Figure 38. NSE cytoplasmic and nuclear immunostaining at gestational week 34 

4.2.3 Synaptophysin 

Between the 9th and the 12th week of gestation, no immunoreactivity for 

Synaptophysin was found in all the developing cerebral cortex zones. 

From the 15th to the 21st week of gestation, Synaptophysin was highly expressed in 

cytoplasm of cells localized in the intermediate, subplate and subpial zones. A mild 

cytoplasmic reactivity was also found in the cortical plate (Fig. 39A). No immunoreactivity 

for Synaptophisyn was detected in stem/progenitor cells of the ventricular and subventricular 

zones (Fig. 39B). 

After the 24th week until the end of gestation, a strong cytoplasmic immunoreactivity 

for Synaptophysin was detected both in grey and white matter in the absence of any reactivity 

in ependymal cells (Fig. 40). 
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Figure 39. Gestational week 15. A) Synaptophysin immunoreactivity at in the intermediate, subplate and 

subpial zones associated whit a mild cytoplasmic reactivity in the cortical plate; B) no reactivity was found in 

ventricular and subventricular zones 

 

 

Figure 40: Immunostaining for Synaptophysin at gestational week 34 showed A) no reactivity in ependymal 

cells in contrast with B) a strong cytoplasmic immunoreactivity in the others zones 

 

4.3 Mature glia markers 

4.3.1 GFAP 

Between the 9th and the 18th week of gestation, no reactivity for GFAP was detected 

in all the cerebral cortex zones.  

At 21 and 24 weeks of gestation, intense GFAP cytoplasmic immunostaining was 

detected in the ventricular zone and in scattered cells subventricular and intermediate zones 

(Fig. 41). No reactivity was found in the cortical plate. 
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At gestational week 30, GPAP expression was detected in the ventricular zone 

including ependymal cells and truncated radial glia fibers (Fig. 42A). Moreover, a strong 

nuclear and cytoplasmic GFAP immunostaining was detected in glial cells of intermediate 

zone in the absence of reactivity in mature neurons (Fig. 42B). In subpial layers, GFAP 

showed a lesser intensity of immunoreactivity.  

From the 34th week until the end of gestation, a strong nuclear and cytoplasmic 

expression of GFAP was detected in mature glial cells both in grey and white matter in the 

absence of any reactivity in mature neurons (Fig. 43).  

 

Figure 41. GFAP cytoplasmic immunostaining in the ventricular zone and in scattered cells subventricular and 

intermediate zones at gestational week 21 
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Figure 42. Gestational week 30; immunostaining for GPAP in A) the ventricular zone including ependymal 

cells and truncated radial glia fibers and in B) in glial cells of intermediate zone 

 

 

Figure 43. Strong nuclear and cytoplasmic expression of GFAP in mature glial cell at gestational week 39 
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4.3.2 S100B  

From the 9th to the 18th week of gestation, immunoreactivity for S100B was detected 

in the nuclei and cytoplasm of scattered cells mainly localized in the intermediate zone and 

cortical plate (Fig. 44). No significant staining was observed in the ventricular zone and in 

the subventricular zone.   

At the 21st week of gestation S100B nuclear and cytoplasmic immunoreactivity was 

detected in subventricular zone. Moreover, this gestational age was characterized by an 

increase of S100B reactivity in both cortical plate and intermediate zone (Fig. 45). 

At the 24th week, nuclear and cytoplasmic immunostaining was detected in 

ventricular zone including ependymal cells (Fig. 46A). Moreover, a strong cytoplasmic and 

nuclear immunoreactivity for S100B was detected in astrocytes in the intermediate zone 

associated with a weaker immunostaining in the cortical layers (Fig. 46B).  

After the 30th week of gestation until the end of gestation S100B nuclear and 

cytoplasmic immunostaining was particularly strong in astrocytes in both grey and white 

matter (Fig. 46). 

 

Figure 44. Gestational week 10. A) Nuclear and cytoplasmic immunoreactivity for S100B in scattered cells 

localized in the intermediate zone; B) Higher magnification of the S100B reactive cells in the intermediate 

zone 
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Figure 45. Gestational week 21. S100B nuclear and cytoplasmic immunoreactivity was detected A) in 

subventricular zone and in B) cortical plate and intermediate zone 

 

Figure 46. Gestational week 24. A) S100B immunostaining in ventricular zone including ependymal cells in 

contrast with B) a weaker immunostaining in the cortical layers 

 

Figure 47. Immunostaining for S100B in astrocytes at A) gestational week 30 and B) gestational week 39 
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5. Discussion 

The development of the human cerebral cortex represents a delicate period of 

embryogenesis, being characterized by critical molecular and cellular events including 

proliferation, migration and differentiation of multiple cell types that may not be completely 

identified by morphology. Previous studies, mainly carried out on experimental models, 

evidenced that immunohistochemistry may allow the identification of different neural and 

glial precursors inside the different developing cerebral cortex zones. This study confirms 

previous reports [83;85] on human corticogenesis carried out by immunohistochemistry as 

a useful tool for the identification of stem/progenitor cells. Indeed, immunoractivity for 

several cell markers allows the identification of different stages of differentiation of the 

neuronal and glial lineages.  

As it has already been described, human cortical neurogenesis begins around 

gestational week 5 in the ventricular zone when NECs undergo asymmetric division giving 

rise to the main progenitor cells of the developing cerebral cortex, radial glia cells and 

intermediate progenitor cells, which are generally considered to represent the major source 

of cortical neurons. Cortical newborn neurons proliferate with a rapid phase from gestational 

week 10 and a slower phase from gestational week 22 [8].  

The ventricular and suventricular zones are considered the “stem/progenitor cell 

niches” of the developing cerebral cortex being constituted by stem cells, apical and basal 

progenitors and by the surrounding microenvironment including blood vessels that are 

important for proper patterning of neurogenesis ensuring its supply with oxygen and 

nutrients. 

The most relevant finding of this study is the ability of the different 

immunohistochemical markers to immunostain the different zones and cell types of the 

developing cortex, in particular the stem/progenitor cells niches. Immunohistochemistry 
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allow identifying the presence of radial glia cells inside the ventricular zone and their 

projections along the whole cerebral cortex. These findings evidenced five important 

markers of radial glial cells in both ventricular and subventricular zones: Sox2, Pax6, 

Vimentin, Nestin and WT1. Vimentin, Nestin and WT1 cytoplasmic expression highlighted 

the function of radial glia cells that, thanks to their parallel long fibers, represent the most 

important guide for the radial migration of newborn neurons from the ventricular zone 

toward the pial zone. In this study, the expression of these markers in radial glia fibers have 

been detected between the 9th and the 21st gestational week, confirming that once the 

neuronal migration is complete the radial glia fibers in the subcortical layers disappear. 

Moreover, since neurogenesis is complete, radial glia cells lose their scaffold role for 

migrating newborn neurons differentiating in glial lineages giving rise to astrocytes, 

oligodendrocytes or ependymal cells [116].  

Among these three radial glial markers, Vimentin and Nestin appeared the most 

specific ones, while WT1 was less selective. Nuclear expression of Pax6 and Sox2 allow to 

evidence the stem/progenitor niches during cortical neurogenesis. Pax6 immunoreactivity 

was detected from the 9th to the 17th week of gestation in the ventricular and subventricular 

zones, being expressed in apical and basal radial glia cell bodies. Instead, Sox2 expression 

was found both in radial glia cells bodies and in intermediate progenitor cells of the two 

niches. Moreover, immunostaining for Sox2 was detected in newborn neuron migrating from 

ventricular and subventricular zones toward the cortical plate. The strongest expression has 

been found between the 9th and the 21st gestational week.  

Another interesting finding emerging from this study is the expression of the two 

transcription factors Pax2 and Sox11. Pax2 nuclear immunoreactivity was detected in all the 

developing cerebral cortex zones during neurogenic phases. Indeed, Pax2 marks the 

progenitor cells of ventricular and subventricular zones and the migrating newborn neurons 

of the intermediate zone, the cortical plate and pial zone. Its expression decreases with the 
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advancement of gestation showing, after the 34th week, a mild immunoreactivity in scattered 

cells in the cerebral cortex layers. Sox11 nuclear immunoreactivity was detected mainly in 

the first half of gestation in the intermediate progenitor cells and newborn neurons of the 

ventricular, subventricular, intermediate zones and cortical plate. Until the 12th week of 

gestation the ventricular zone showed several Sox11-reactive cells whereas between the 15th 

and the 19th week of gestation only scattered cells Sox11-positive were detected intermingled 

with no-reactive stem/progenitor cells. After the 21st week of gestation, a mild Sox11 nuclear 

immunostaining was mainly detected in postmitotic cells of the cortical layers. Given their 

transient expression in certain gestational ages, Sox11 and Pax2 may evidence the 

differentiation of neural progenitor cells in newborn neurons. Once these neurons reach their 

destination in the cortical plate, they lose the expression of these markers and begin to 

express the typical marker of mature neurons. 

Moreover, the expression of these markers allow to better understand the different 

phases of neurogenesis. The proliferation phase of stem/progenitor cells and newborn 

neurons was mainly detected from the 9th to the 12th week of gestation, when the ventricular 

and subventricular zones had the greatest thickness. The migration phase was mainly 

detected between the 15th to the 18th week of gestation when the ventricular and 

subventricular zones decrease their thickness and newborn neurons increase the migration 

toward their final destination in the cortical plate. At these gestational ages, begin the 

differentiation phase of progenitor cells in newborn neuron, which continues during the 

second half of gestation with the complete neuronal maturation consisting in the growth of 

neuronal dendrites and axons and the formation of synapses. 

The peculiar expression of the different stem/progenitor cells immunohistochemical 

markers in the developing human cerebral cortex deserves some considerations. 

WT1 is a transcription factor highly expressed in several human organs during 

embryogenesis, including mouse and human nervous system development. In this study, the 
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strong expression of WT1 in radial glia fibers in the first half of gestation indicates a possible 

role for this transcription factor in cell migration and differentiation during neurogenesis. 

These findings added new data on previous studies of our group regarding WT1 expression 

in radial glia fibers in early stages of CNS development [79], including developing cerebral 

cortex [83]. WT1 may be considered a useful marker of radial glia cell during human brain 

development. 

Nestin has been reported to be expressed by the primitive neuroephitelium stem cells 

[85]. In this study, Nestin immunostaining in the first half of gestation was mainly localized 

in radial glia cells in the ventricular zone and in radial glia projections in the intermediate 

zone and cortical plate. After the 24th week of gestation, the expression of Nestin decreases 

until it disappears towards the end of gestation. These findings confirm previous data of our 

group [83] and consider Nestin as possible important molecular marker involved in neural 

proliferation and migration during early phases of human cerebral cortex development. 

Moreover, this study clearly indicates Vimentin as another good marker of radial glia cells 

during the first half of gestation, suggesting the utility of Vimentin in the detection of early 

progenitor cells in the developing cerebral cortex of experimental animals [94-96] and in 

human fetuses [83].  

This study showed a prevalent Sox2 nuclear expression in the cells of the ventricular 

and subventricular zones, suggesting that this transcription factor represent the earliest 

stem/progenitor cell marker of the developing human cerebral cortex [83] and confirm 

previous experimental studies on mouse [51] and on human neocortex [35]. Sox2 play an 

important role during proliferation, migration and differentiation of neural progenitor cells.  

The nuclear expression of Pax6 was found in radial glia cells in early phases of 

cortical neurogenesis confirming previous studies of developing mammalian cerebral cortex 

[111;35]. Pax6 may play a role in cell proliferation and differentiation of stem/progenitor 

cells of the developing human cerebral cortex. Moreover, Pax6 and Pax2 interact during 
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CNS development, particularly during the neural tube and mammalian eye development 

[100;102]. Findings of this study suggest Pax2 as possible molecular marker involved in cell 

proliferation, migration and differentiation in mature neurons. 

Another interesting finding of this study was the expression of Sox11 in intermediate 

progenitor cells and in newborn neurons in the first half of human gestation, confirming 

previous data on experimental animal models [63]. These data suggest that Sox11 may play 

an important role regulating the proliferation and neuronal differentiation of intermediate 

progenitor cells during human corticogenesis. 

Regarding the expression of the mature neurons and glia markers, the absence of 

immunoreactivity of NF, GFAP and Synaptophysin between the 9th and the 15th week of 

gestation reflects the lack of maturation of glial and neuronal cells in the early phases of 

human corticogenesis. 

NSE is a glycolytic isoenzyme expressed in central and peripheral neurons and in 

neuroendocrine cells [117]. It is generally considered a marker of neural differentiation [118]. 

Among the specific mature neuron markers, NSE was the first to be expressed by postmitotic 

cells in intermediate zone, cortical plate and pial zone between the 9th and the 12th week of 

gestation. Cytoplasmic and nuclear NSE immunoreactivity increases with the progression of 

the gestation in neural cells in the absence of any reactivity of glial cells.  

Synaptophysin, a synaptic vesicle glycoprotein, is present in neuroendocrine cells 

and in mature neurons of brain and spinal cord in which participate in synaptic transmission 

regulating the kinetic of synaptic vesicle endocytosis [119]. In this study, mature neurons of 

developing cerebral cortex begin to express synaptophysyn at the 15th gestational week with 

a mild immunoreactivity and then progressively increase after the 17th week until the end of 

gestation. 

Neurofilament, an intermediate filament, represents a major component of the 

neuronal cytoskeleton being particularly abundant in axons. In this study, the expression of 
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NF in the developing human cerebral cortex has been detected after the 30th gestational week, 

when postmitotic neurons have developed the typical characteristics of mature neurons, i.e. 

axons and dendrites. Indeed, Neurofilaments are essential for the radial growth of axons 

during development, the maintenance of axon caliber and the transmission of electrical 

impulses along axons [120]. 

S100B, a protein of the S-100 protein family, represents a glial-specific marker being 

expressed primarily by astrocytes [121]. Previous studies showed the expression of this 

protein in normal human fetal hippocampus, entorhinal cortex and occipital cortex [122]. 

S100B reactivity between the 9th and the 21st week of gestation was restricted to scattered 

cells in the intermediate zone, whose morphology may be suggestive for their glial lineage. 

After the 24th gestational week, S100B was express in mature astrocytes of developing 

cerebral cortex. 

Glial fibrillary acidic protein (GFAP) is an intermediate filament protein expressed 

by glial cells of CNS, including astrocytes and ependymal cells [123]. The expression of 

GFAP was detected from the 21st week of gestation, in the ventricular zone and in scattered 

immature glial cells in subventricular and intermediate zones. After 30 weeks of gestation, 

cytoplasmic GFAP immunostaining was detected in developing and mature glial cells of all 

cerebral cortex zones, including the developing ependymal cells in the ventricular zone.  

These data of these two mature glia markers confirm that gliogenesis mainly occurs 

in the second half of gestation. Indeed, since the neuronal migration is almost complete, 

radial glia progenitor cells differentiate in glial lineages.  
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6. Conclusions 

In conclusion, this study shows the relevant role of immunohistochemistry in the 

detection of multiple stages of differentiation of neuronal and glial progenitors in the 

developing human cerebral cortex. Future studies are needed to detect differences in the 

mRNA expression patterns of these markers in the cerebral cortex and to test other 

stem/progenitor cells markers at different gestational ages, in order to better evaluate their 

role in cell proliferation and differentiation during human intrauterine development, 

postnatal and adult life. 
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