Chapter 1 CHAPTER 1: The development of the dorsal telencephalon in human

1.1. Introduction
The human brain forms from the rostral part of the neural tube that is formed around E26-28 in humans. Neural tube will divide in three primary brain vesicles (Fig. 1) at E26±1 in humans.: prosencephalon (primary forebrain), mesencephalon (the midbrain) and rhombencephalon (primary hindbrain) (Nieuwenhuys Rudolf 2008).

With the multiplication of cells, around E33±1 in humans, 5 vesicles are formed (Fig. 2): metencephalon and myelencephalon (that arise from rhombencephalon), mesencephalon, and diencephalon and telencephalon (that arise from prosencephalon) (Rice and Barone 2000; O'Rahilly Ronan 2006; Nieuwenhuys Rudolf 2008)

The telencephalic hemispheres can be subdivided into: the pallium (dorsal telencephalon) and subpalium (ventral telencephalon) (Marin and Rubenstein 2003; Nieuwenhuys Rudolf 2008). The pallium gives rise to cerebral cortex and hippocampus and the subpallium has three primary subdivisions: the striatal, pallidal and telencephalic stalk domains, (Rubenstein, Shimamura et al. 1998; Marin and Rubenstein 2003). During dorsoventral patterning of the telencephalon, the dorsal midline of the telencephalon becomes burried between the two cerebral hemispheres, which is accompanied by the formation of three epithelial types in the pallium (dorsal telencephalon). The most dorsal is choroid plexus epithelium. The most lateral is cortical neuroepithelium, which gives rise to neurons and glia of the cerebral cortex. At the junction between choroid plexus and cortical neuroepithelium is a small intermediate epithelium (cortical hem) Grove et al. 1998 E.A Grove, S Tole, J Limon, L Yip and C.W Ragsdale, The hem of the embryonic cerebral cortex is defined by the expression of multiple Wnt genes and is compromised in Gli3-deficient mice, Development 125 (1998), pp. 2315-2325. View Record in Scopus | Cited By in Scopus (239)(Grove, Tole et al. 1998; Monuki, Porter et al. 2001; Marin and Rubenstein 2003).
1.1 Neurogenesis

1.2.1. Proliferation

1.2.2. Migration

1.2.3. Differentiation

The formation of cerebral cortex is characterized by the three successive events: the proliferation of the cells in the proliferative zones, migration of the cells and their differentiation and growth (Bystron, Blakemore et al. 2008)
1.2.1. Proliferation
The development of the human brain is a dynamic process characterised by the sequence of overlapping events (Mountcastle 1997; Rakic 2006; Rakic 2007; Bystron, Blakemore et al. 2008; Nieuwenhuys Rudolf 2008). The first event is the proliferation of cortical progenitors that occurs in the ventricular zone (VZ). The proliferation of neurons in the dorsal telencephalon of human fetus starts around 6th PCW decreases after 16 PCW and finishes around 22 PCW (Bystron, Blakemore et al. 2008) (kostovic i 1990, sidman rl and p rakic 1982 - provjeri!!!!, rakic 2009). At the beginning, these cells divide by symmetrical mitotic divisions (one cortical progenitor cell divides and gives rise to two other cortical progenitor cells) and thus the homogenous pseudostratified epithelium becomes thicker. At certain point some progenitor cells begin to enter asymmetrical division, which marks the onset of neurogenesis, which corresponds to embryonic day E33 in humans (Bystron, Blakemore et al. 2008). One daughter cell becomes a progenitor cell, while the other is a postmitotical cells that will become neuron or glial cell (Fig. 4). Shortly thereafter, at the basal border of VZ the cells called intermediate progenitor cells (IPCs) appear and subventricular zone (SVZ) is formed in this manner. Neuroepithelial cells give rise to radial glial cells (RGCs). These RGCs are multipotent and give rise to astrocytes, neurons and oligodendrocytes in the equal proportions, while the early intermediate precursor cells give rise in particular to neurons (Fig 4.). The majority of neuroblasts is formed from 3-23 PCW and the majority of glial cells is produced between 18 and 38 PCW (Mrzljak, Uylings et al. 1992). Exceptions are, of course, the granule cells of the olfactory bulb, cerebellum and hippocampus that continue their genesis after birth, as well (Rakic 2002). Therefore, we can conclude that the proliferative zones during development are VZ and SVZ (Fig. 3), emphasising that the SVZ is typical for humans (Rakic 2006; Rakic 2007; Bystron, Blakemore et al. 2008).

(1) Homogeneous population of neural stem cells (NSC) transform into radial glial cells (RGCs) via symmetrical division. (2) These RGCs divide asymmetrically produce migrating neurons (MN) and (3) neuronal progenitors (NPs) with short processes that populate VZ and SVZ. These NPs produce all projection neurons in humans. (4) In the end RGCs undergo apoptosis (AP) or (5) generate ependimal cells (GEN), (6) fibrillary astrocytes (FA), (7) protoplasmic astrocytes (PA) or (8) astrocytic stem cells with neurogenic potential (9).
1.2.2. Migration

a)Radial migration
The most important moment in the development of the brain is the migration of the first neurons of the future cortex. In human brain the migration starts when the first neurons are formed (around 6PCW), peaks between the 3rd and 5th month of gestation (Rakic 1995; Gressens 2000; Gressens 2006) and ends around 24 PCW (Rakic 1995; Gressens 2006; Bystron, Blakemore et al. 2008). The postmitotic neurons that have been generated must find their final place of destination. They obtain bipolar morphology and migrate largely orthogonal to the brain surface guided by RGCs (Rakic 2002; Metin, Alvarez et al. 2007) that provide the link between the VZ and pial surface and thus span the entire thickness of the hemisphere (Fig. 4). These RGCs are grouped in fascicles of 3-10 radial fibres (Gressens 2000). Two forms of migration exist: passive cell displacement and active cell migration (Rakic 2002). In the first passive process, the newborn cells push the cells already generated to the surface of the brain. The other process, i.e. active migration is found especially in the cerebral cortex and can be summarized in a few steps. In the first step, after their exit from the asymmetric cell division in the VZ/SVZ, postmitotic daughter neurons become polarized (their leading process is directed toward the pial surface and is aligned along RGC shafts) (Rakic 1972; Sidman and Rakic 1973; Fishell and Kriegstein 2003; Rakic 2003; Rakic 2007). So, only after completing the last cell division and establishing the polarity do the neurons from VZ/SVZ begin to migrate. The molecule that controls this first step is the protein Numb (inhibitor of Notch) that is important for maintaining adhesivness of RGC in VZ, thus preventing the premature detachment of postmitotic cells from the VZ (Rakic 2007; Rasin, Gazula et al. 2007). After the detachment from the ventricular surface, postmigratory neurons crawl accompanied by RGCs (Fig. 4). By the elongation of the cell bodies of the neuroepithelial cells until they reach pial surface another transient layer (Fig. 4) is formed - the preplate (PP). It contains heterogeneous postmigratory cells and neuropil, and is being formed between the proliferative zone and pial surface of the dorsal telencephalon before cortical plate (CP) is formed (Meyer, Schaaps et al. 2000; Bystron, Blakemore et al. 2008). The molecules that control neuronal migration and targeting of neurons to the specific brain regions can be divided into four groups (Gressens 2006): molecules of the cytoskeleton (role in initiation and ongoing progression of neuronal movement, i.e. filamin-A, doublecortin, Lis1, etc.), signalling molecules playing role in lamination (reelin), molecules modulating glycosilation (which are thought to provide stop signals for migrating neurons, i.e. POMT1 protein, fukutin, etc.) and other factors (neurotransmitters - glutamate, GABA; trophic factors - BDNF, thyroid hormones; molecules deriving from peroxisomal metabolism and environmental factors - ethanol and cocaine). These first three groups interact. (Gressens 2006)

Postmigratory neurons that will form the CP migrate from the proliferative zones and in this manner they divide the PP into the upper part - marginal zone (MZ) and lower part that will constitute the deep subplate (SP). The guides of this neuronal migration are RGCs, and it happening in the „inside-out“ pattern in primates and human (Rakic 2006). That means that the oldest neurons that migrated to their place will form the layer VI, while the youngest neurons will form the layer II (with the exception of the cortical layer I) (Zecevic and Rakic 2001).

The layer through which the postmitotic cells migrate radially and tangetially, and is situated between proliferative zones (in the early stages above VZ, and in the later stages above SVZ) and postmigratory neurons that are above it, is called intermediate zone (IZ), from which the adult white matter (WM) will be formed (Fig. 3). During the development of the cortical plate (6-7 PCW), the term IZ should not be used because the boundary between the IZ and subplate zone (SP), that is being created at that time, is pretty vague. That is the reason why that layer between the SVZ and CP is called IZ/SP (Bystron, Blakemore et al. 2008).
b) Tangential migration
Some neurons start their migration in tangential fashion and then continue via radial migration (Rakic 1995). On the other hand, other neurons that are produced in the ganglionic eminence star their tangential migration in the IZ and after they differentiate in the CP into GABA-ergic interneurons (Nadarajah and Parnavelas 2002).
1.2.3. Differentiation
The differentiation of the neurons begins shortly after the RGCs exit from the asymmetric cell division in the VZ, when the postmitotic daughter neurons become polarized, with the leading process directed toward the CP aligned along the RGC shafts (Rakic 1972; Sidman and Rakic 1973; Fishell and Kriegstein 2003). Only after completing the last cell division will the neurons originated in the VZ/SVZ start to migrate (Rakic 2006). The first neurons that are differentiated are the ones of the layer I and the subplate (Kostovic 1974; Verney and Derer 1995). Concerning the cortical plate, the differentiation follows the neuronal migration in the „inside - out pattern“, from the layer VI until the layer II. The neuronal differentiation is followed by the growth of axons and dendrites, as well as the synaptogenesis with the corresponding neurons (Goldman-Rakic 1983).

In conclusion, the development of the human cortex is a very dynamic process during which the transient zones are created, that do not exist in the adult brain (Bystron, Blakemore et al. 2008). One of these zones, SP, will be later described, since it has been discovered not long ago (in the year1973) and is for the short period of time in the standard nomenclature of the transient fetal zones.
1.3.SUBPLATE ZONE
Subplate (SP) is transient fetal zone that was first described by Kostovic and Molliver in the year 1974 based on the creation of functional synapses (Molliver, Kostovic et al. 1973; Kostovic 1974). Bayatti and associates have noticed that subplate is being formed at 7 PCW (Bayatti, Moss et al. 2008), but it is actually the presubplate layer (Kostovic and Rakic 1990). Subplate is the layer that becomes the thickest layer in the fetal cortex in humans (Kostovic, Judas et al. 2002; Judas, Rados et al. 2005; Kostović and Judaš 2006) and contains the postmigratory neurons that are distinctly differentiated, glial cells, abundent extracellular matrix, synapses and axons. Subplate comprises a few neuronal types - multipolar, polimorphous, fusiform and inverted pyramids (Mrzljak, Uylings et al. 1988; Mrzljak 1990; Mrzljak, Uylings et al. 1992). Upper subplate (Chun and Shatz 1989) comprises the cells that are radially and randomly orientated (Kostovic 1975), while lower SP (Chun and Shatz 1989) comprises the cells that are fusiform, poligonal and multipolar (Kostovic 1975).
In humans, the subplate reaches its peak at 22 PCW and then it is four times thicker than the cortical plate (Kostovic and Rakic 1990). During the third trimester, subplate gradually disappears, and after the sixth postnatal month it has mostly disappeared, in some areas of the brain quicker, while in the others slower (for example, in prefrontal cortex -PFC). Subplate zone is highly expressed in prefrontal cortex, and is 6-8 mm thick in the premature cortex (Kostovic and Rakic 1990).

Concerning the paper from Kostovic and Rakic from the year 1990, there are few stages of subplate zone: presubplate stage, the stage of subplate formation, SP stage and the stage of SP resolution. The subplate stage lasts from 13 until 33 PCW, and has two phases: the increase in thickness of SP (13-16 PCW) and stationary phase (18-33 PCW) (Kostovic and Rakic 1990). In human somatosensory cortex, the stage of SP resolution begins at the age of 33 PCW, but it is really difficult to say when it ends, although the SP neurons remain later as interstitial neurons of white matter in the adult brain (Kostovic and Rakic 1980).

Subplate has probably a major role in the development of cortical connections (Kostovic and Jovanov-Milosevic 2006; Kostovic and Judas 2007). Subplate neurons are the first who send their axons in other cortical and subcortical regions, and are the first who get synapses through thalamocortical fibers (Kostovic and Rakic 1990; Hanganu, Kilb et al. 2002) that grow into the cerebral cortex, having waited before that in SP zone at least for 2 months (Ghosh, Antonini et al. 1990). Glutamatergic thalamocortical afferent fibres are the ones who form the synapses with SP neurons (Hanganu, Kilb et al. 2002). It is also important to outline that SP zone is rich in extracellular matrix and axonal guidance molecules, which raises up the possibility that it has the morphogenic role for thalamocortical axons to find their way (Kostovic and Judas 2002).

The number of SP neurons and the size of SP zone increases as we go up on the philogenic scale and SP persists during longer developmental period. At the time of the peak of SP zone in rodents, the ratio between SP zone and cortical plate reaches 1:2, in monkeys 2:1, while the same ratio in humans is even 4:1 (Mrzljak, Uylings et al. 1988; Kostovic and Rakic 1990).
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GLIA OF THE CENTRAL NERVOUS SYSTEM:
During the past twenty years, the research of glial cells have become really important, since it has been shown that glial cells are not only passive supportive cells that do not participate in the transduction of information, but have a lot of important functions that have not been noticed before. For example, neurons can be created from glial cells (Noctor, Flint et al. 2001), and their role in pathogenesis of many diseases is being discovered. For that reason it is of great importance to describe the normal development of glial cells (Choi and Lapham 1978; Kostovic, Judas et al. 1991) in premature infants, so that the pathological changes, especially the lesions of the white matter, which are the most frequent pathology at that age, could be described and compared.

Gliogenesis of macroglial cells takes part in the same layers as neurogenesis, which is in the proliferative layers of the brain (VZ/SVZ), while the microglial cells migrate from the hematopoietic system very early in development. Gliogenesis begins shortly after neurogenesis (Kostovic 1974; Choi and Lapham 1978) at 9-10 PCW. The cells, which are called neuroepithelial cells (neural progenitors), are pluripotent and they differentiate into neurons or microglial cells with equal probability. They give rise to neuronal or glial precursor cells (Fig. 4), which differentiate into neurons or macroglial cells respectively (Verkhratsky 2007; Bystron, Blakemore et al. 2008).

1.4.1. Astrocytes

1.4.1.1. Genesis

1.4.1.2 Division

1.4.1.3. Role of astrocytes

1.4.1.4. Astrocytes in pathology
a) astrocytes

1.4.1.1. Genesis
Radial glial cells (RGC) are glial cells that are the important guides of neuronal migration and after the migration and neurogenesis have finished, they transform into astrocyes (Rakic 1972; Sidman and Rakic 1973; Choi and Lapham 1978; Schmechel and Rakic 1979; Kostovic, Lukinovic et al. 1989; Howard, Zhicheng et al. 2008). The proliferation of the RGC in the proliferative zones begins around 4 PCW (Evrard, Marret et al. 1997; Howard, Zhicheng et al. 2008). During the early stages of neurogenesis, these cells have the possibility of proliferation and transformation, not only in glial cells, but in neurons as well (Noctor, Flint et al. 2001). In humans, the transformation of RGC into protoplasmic and fibrous astrocytes is gradual and long-lasting, and happens in the second half of gestation (Kostovic 1975; Choi and Lapham 1978; Schmechel and Rakic 1979; Marin-Padilla 1995; Ulfig, Neudorfer et al. 1999). More precisely, it starts from the 16 PCW, and is maximal around 19 and 28 PCW (Kadhim, Gadisseux et al. 1988). According to Kostovic (Kostovic 1975), it starts at 9 PCW in human until birth and the development of astrocytes is concomitant with the peak of synaptogenesis from 13 PCW until 22 PCW. Marin-Padilla has shown that it occurs from the 15 until 35 PCW in the frontal cortex (Marin-Padilla 1995). DeAzevedo and associates have shown in their work that RGCs can be clearly seen from 18 until 35 PCW, while from 38-39 PCW they were mostly absent and regional and areal differences were absent as well (deAzevedo, Fallet et al. 2003). Apart from this origin of protoplasmic and fibrous astrocytes from RGC directly, the other way is an indirect way from the glial progenitor (Fig. 4) (Gressens, Richelme et al. 1992; Evrard, Marret et al. 1997; Verkhratsky 2007; Bystron, Blakemore et al. 2008).

The transformation from the RGC into astrocytes is gradual. Transitional radial glial cells are present in the human cerebral cortex during the second half of gestation (Marin-Padilla 1995; Ulfig, Neudorfer et al. 1999). DeAzevedo and associates have shown the data that these radial cells express glial markers, but not the neuronal markers (deAzevedo, Fallet et al. 2003). Namely, the bodies of transitional glial cells are mainly situated in the deep part of cerebral cortex (throughout VZ/SVZ, IZ and SP), and the first mature astrocytes show bilaminar distribution only in MZ and SP/IZ, which has been proved by glial markers (deAzevedo, Fallet et al. 2003).

Through this transformation of astrocytes from RGC, two most abundant types of astrocytes are formed: protoplasmic and fibrillar astrocytes (see Fig.5). The protoplasmic astrocytes are located in human cortical layers II-VI, are organized in domains and are associated with neurons and blood vessels (Oberheim, Wang et al. 2006). Fibrous astrocytes (see Fig. 5) are located in the white matter (WM) and are less complex than protoplasmic astrocytes (Oberheim, Wang et al. 2006; Verkhratsky 2007). Their processes intermingle (Oberheim, Wang et al. 2006). Other types of human astrocytes include interlaminar astrocytes located in cortical layer I and polarized astrocytes located in the deep cortical layers, mainly V and VI. (Oberheim, Wang et al. 2006).
1.4.1.2. Role of astrocytes
Astrocytes have a variety of functions and are closely related to neurons (Ransom, Behar et al. 2003; Verkhratsky 2007; Verkhratsky and Parpura 2010).
a. Developmental function - regulation of neurogenesis and gliogenesis, neuronal path finding, regulation of synaptogenesis - (formation, maturation and maintenance of synapses) (Pfrieger and Barres 1997; Slezak and Pfrieger 2003; Christopherson, Ullian et al. 2005; Mori, Buffo et al. 2005; Verkhratsky and Parpura 2010)

b. Structural function - forms the scaffold of the nervous system, forms a continuous syncytium and integrates other neural cells in this syncytium (Nagy and Rash 2003; Theis, Sohl et al. 2005; Verkhratsky 2007)

c. Vascular function - formation and regulation of the blood-brain barrier, regulation of the vascular tone - astrocytes release prostsaglandin E2 which is a vasodilatator (Zonta, Angulo et al. 2003; Iadecola and Nedergaard 2007; Koehler, Roman et al. 2009)

d. Metabolic function - providing energy substrates for neurons (via glucose transporter Glut-1 and monocarboxy-transporter MCT 1 and MCT2 (Baud, Fayol et al. 2003; Vannucci and Simpson 2003) and collecting neuronal waste (Verkhratsky 2007)

e. Signalling function Prat 2001, Yi 2006) - modulation and release of neurotransmitters, intracellular calcium signalling (calcium waves), intercellular communication via gap junctions (Giaume and Venance 1998; Araque, Parpura et al. 1999; Parpura and Zorec 2010; Verkhratsky and Parpura 2010)

f. Control of CNS microenvironment - regulation of extracellular ion concentrations (K+) and regulation of extracellular pH, regulation of extracellular glutamate concentration (transporters EAAT1/GLAST and EAAT2/GLT-2), brain water homeostasis (Martinez-Hernandez, Bell et al. 1977; Kimelberg, Biddlecome et al. 1979; Anderson and Swanson 2000; Danbolt 2001; Chesler 2003; Kimelberg and Nedergaard 2010; Verkhratsky and Parpura 2010)

g. Reaction in the pathology of CNS -astrocytic hypertrophy - limiting the area damaged (glial scar) (Bush, Puvanachandra et al. 1999; Verkhratsky and Parpura 2010)
1.4.1.3. Astrocytes in pathology
Astrocytes are the most numerous cells in the central nervous system (CNS). When talking about the role of astrocytes in pathology, we have to be aware that astrocytes can outlive dying neurons, but the neurons cannot survive without astrocytes. Since they constitute nearly the half of the cells in human brain, their involvement in almost all CNS pathologies ia not surprising (trauma, ischemia, epilepsies, neurodegenerative diseases, etc.) (Pekny, Wilhelmsson et al. 2007; Barres 2008; Verkhratsky and Parpura 2010). The overall reaction of astrocytes to all brain injuries is the same - reactive astrogliosis which is manifested by hypertrophy and proliferation of astrocytes (Pekny, Wilhelmsson et al. 2007; Verkhratsky 2007). Reactive astrogliosis has the purpose to limit the area of damage, to help in the reconstruction of the blood-brain barrier and to help the remodelling of the brain circuits in the surrounding areas, as well as the recovery of neural function. On the cellular level, the astrocytes have the hypertrophic processes and an increase in their cytoskeleton (Pekny, Wilhelmsson et al. 2007). The same reaction occurs in ischemia, trauma and/or inflammation (Verkhratsky 2007). The biochemical feature of astrogliosis is the upregulation of the intermediate filament proteins, especially glial fibrillary acidic protein (GFAP) and vimentin, that are used as the markers of the reactive astrocytes. (Pekny, Wilhelmsson et al. 2007; Verkhratsky 2007). Naimely, in animals with genetically deleted GFAP and/or vimentin the astroglial scar is formed slower, it is much less organized and the healing of brain traumas is generally prolonged (Pekny, Wilhelmsson et al. 2007).

The effects of severe ischemia on astroglial cells are still not clear. However, astrocytes are the most resistant elements which protect the brain against injury (Verkhratsky 2007). They protect against glutamate excitotoxicity, acting as the main sink for the glutamate in the CNS. (Anderson and Swanson 2000; Verkhratsky 2007). Furthermore, the astroglial ability to maintain anaerobic ATP (adenosine triphosphate) production is of great help, as it allows sustained glutamate transport in hypoxic conditions (Verkhratsky 2007). Astrocytes are also powerful scavengers of reactive oxygen species (ROS) that are the main mediator of ischaemic brain injury. Furthermore, astrocytes contain high concentrations of glutathione and ascorbate (the most important antioxidants in the brain) (Verkhratsky 2007; Jou 2008; Kimelberg and Nedergaard 2010). Astrocytes provide energy substrates for neurons, because the anaerobic metabolism sustained by astrocytes in hypoxic conditions produces several intermediate substrates (i.e. lactate,) which support energy production in conditions of glucose deprivation (Verkhratsky 2007).

Astrocytic networks are also involved in potassium buffering through either K+ uptake or K+ spatial buffering. This may slow down neuronal depolarization and depolarization-induced glutamate release by removing the excess of potassium. In the more delayed stages of the infarction astrocytes form a wall that isolates the damaged area. In the end, reactive astrocytes form a scar that fills the core necrotic area (Bush, Puvanachandra et al. 1999; Verkhratsky 2007).

However, astrocytes may not act only as protectors of the brain, but they can aggravate the cell damage upon excessive stress of neural tissue, as well. In severe hypoxic/hypoglycaemic conditions astroglial cells may turn from being the sink for glutamate to being its main source. (Verkhratsky and Parpura 2010)
1.4.2. Microglia

b) microglia
Microglial cells are the pool of intracerebral resident macrophages and comprise about 5-15 % of the cells in the brain. They penetrate the human brain very early during development and have the myelomonocytic origin (Andjelkovic, Nikolic et al. 1998). They were first described by Rio Hortega in the year 1919 (Monier, Evrard et al. 2006). During early development microglial cells colonize brain in amoeboid form (Monier, Evrard et al. 2006; Monier, Adle-Biassette et al. 2007).

Microglia exists in different shapes (Rezaie and Male 1999; Monier, Evrard et al. 2006; Monier, Adle-Biassette et al. 2007) and can be divided as (Fig. 6):
1. Ameboid microglia - big ovoid cell body, few or no processes, expression of antigens for macrophages, resembles to macrophages, typical for the brain during development (Perry, Hume et al. 1985; Monier, Evrard et al. 2006)

2. Ramified microglia - small cell body, small thin processes, lowers the expression of its antigen, in the adult brain (Perry, Hume et al. 1985; Rezaie and Male 1999)

3. Transitional microglia - intermediate cell body, few big processes (Rezaie and Male 1999; Monier, Evrard et al. 2006)
Zečević and Verney assume that ameboid microglia in the brain during development can change its shape and antigenic form into one that we can see in the adult brain (Zecevic and Verney 1995).
1.4.3. Oligodendrocytes

c) Oligodentocytes
Oligodendrocytes are crucial in myelinisation of the central nervous system (Jakovcevski and Zecevic 2005) because they produce myelin, which is important in saltatory conduction of the action potential in the central nervous system. It was discovered by Robertson in the year 1899 and was classified and named by Rio Hortega in 1921 (Jakovcevski, Filipovic et al. 2009). The development of oligodendrocytes in humans begins relatively late, during the second trimester of gestation and continues after birth. (Rivkin, Flax et al. 1995; Rakic and Zecevic 2003; Jakovcevski and Zecevic 2005). One part of oligodendrocytes arises from the glial precursors located in the proliferative zones, and the other part from the ganglionic eminence (Rakic and Zecevic 2003). Along the neural tube they are produced ventrally (Sonic Hedgehog, Shh being the morphogen) and later migrate at the progenitor stage to dorsal regions (Miller 1996; Jakovcevski, Filipovic et al. 2009). Shh influences the expression of oligodendrocyte lineage genes (Olig1 and Olig2, which are basic helix-loop-helix (bHLH) transcription factors)(Lu, Yuk et al. 2000; Takebayashi, Yoshida et al. 2000). During the transformation through different stages from immature forms to mature ones, they express different molecular markers, which are useful for following their maturarional patterns (Back, Riddle et al. 2007; Billiards, Haynes et al. 2008; Jakovcevski, Filipovic et al. 2009; Mo and Zecevic 2009). The four sequential stages of oligodendroglial maturation include the oligodendroglial progenitor, the pre-oligodendrocyte (or late oligodendroglial progenitor, which is positive for monoclonal antibody O4), the immature oligodendrocyte (positive for monoclonal antibodies O4 and O1), and mature myelin-producing oligodendrocyte (positive for MBP -myelin basic protein, Fig.7) (Rivkin, Flax et al. 1995; Jakovcevski and Zecevic 2005; Back, Riddle et al. 2007; Volpe 2009). The transcription factors and growth factors are essential for the specification of oligodendrocytes (Takebayashi, Yoshida et al. 2000; Lu, Sun et al. 2002; Jakovcevski, Filipovic et al. 2009). Pre-oligodendrocytes are especially vulnerable to excitotoxicity, as well the one caused by hypoxia/ischemia. Therefore, their vulnerability during perinatal lesions has been shown (Back, Han et al. 2002; McQuillen, Sheldon et al. 2003; Volpe 2003).

Figure 7. Developmental stages of oligodendrocytes_ A- oligodendroglial progenitor, B- the pre-oligodendrocyte, C - the immature oligodendrocyte, D - mature myelin-producing oligodendrocyte. Modified according to (Back, Riddle et al. 2007)
CHAPTER 2: The frontal lobe

2.1. Development

2.1. Division

2.2. Segments of the white matter
In the fetal period, during 3rd month (from 9th until 12th week) the hemispheres grow in rostral, dorsal, caudal and temporal way and form the outlines of the four major lobes, i.e. frontal, parietal, occipital and temporal lobe (Kostovic 1990). The point of reference for this growth is the area in the middle part of the superficial part of the brain -i.e. insula. The outpouching od frontal and temporal lobe together with the delay of the growth of the regions of insula are responsible for the formation of the fossa lateralis cerebri (that will transform later into fissure lateralis cerebri), which is the first fissure in the neocortical part of the pallium (Kostovic 1990). The 6th month (21st-24th weeks) is characterized by the first fissures and primary sulci, the most important being sulcus centralis. At the end of the 6th month parallel to the sulcus centralis, the two gyri (gyrus postcentralis and gyrus precentralis) appear. During 7th month (25-28 weeks) the development of the primary sulci continues. The sulci and gyri postcentralis and precentralis are more developed. Anterolaterally at the frontal lobe, two shallow sulci appear - sulcus frontalis superior and inferior. They form the limit towards the future gyri - gyrus frontalis superior, medius and inferor. At the same time, the frontal operculum develops and covers the frontal part of the insula (Kostovic 1990). During 8th months (29-32 week), the outer part of the hemispheres develops more rapidly, together with the development of the operculum frontale, parietale and temporale, which leads to the definitive closure of the fossa lateralis cerebri, which covers more the insula, but not completely. In this period appear the secondary sulci and gyri. The outer part of the hemispheres is still flat in contrast to that one in newborn (Kostovic 1990). The last two months (32-38weeks) are characterized with the development of the temporofrontal operculum and full coverage of insula. Furthermore, tertiary sulci are formed. The gyri are still shallow, short and not fully formed.
2.1. Division
Frontal lobe forms the most anterior part of the brain. In humans it comprises one third of the hemispheres (Nieuwenhuys Rudolf 2008). It extends from the central sulcus to the frontal pole. It is separated from the temporal lobe by the lateral sulcus, from the limbic lobe by cingulate sulcus and from the parietal lobe by the imaginary line that connects superior limit of the central sulcus with the cingulated sulcus (Nieuwenhuys Rudolf 2008).

Superolaterally, three sulci are visible: precentral sulcus and superior and inferior frontal sulci and three gyri: superior, middle and inferior frontal gyrus. The inferor frontal gyrus is divided in: pars opercularis, pars triangularis and pars orbitalis, which form the Broca speech region in the dominant hemisphere (Nieuwenhuys Rudolf 2008).

The basal surface of the frontal lobe (orbitofrontal cortex) consists of H-shaped sulci that divide it into four orbital gyri, namely anterior, lateral, posterior and medial (which is separated from the gyrus rectus, the fifth gyrus, by the olfactory sulcus) (Nieuwenhuys Rudolf 2008).

Furthermore, the frontal cortex can be divided into two parts: motor cortex (which is in front of central sulcus and consists of primary motor cortex - Brodmann area 4 that has giant pyramidal Betz cells; and non-primary motor cortex) and prefrontal cortex (which is the most anterior part of the frontal cortex). (Paxinos 2004; Nieuwenhuys Rudolf 2008)
2.2. Segments of the white matter
Von Monakow classification of the white matter can be used for segmenting fetal WM, according to 5 segments (von Monakow 1905; Judas, Rados et al. 2005). These are (from the ventricular surface towards the pia):
1. Segment I - central WM (including corpus callosum, fornix, anterior commissure and associative fibres)

2. Segment II - the peduncular part of corona radiata

3. Segment III - centrum semiovale

4. Segment IV - gyral WM

5. Segment V - cortical WM
In describing the periventricular crossroad areas in the premature human brain (where major cortical projection, association and commissural fibers intersect), these segments of the WM are very useful (Judas, Rados et al. 2005). They are abundant with ECM and axonal guidance molecules (Kostovic and Jovanov-Milosevic 2006). In the recent research, it has been shown that they are the predilection sites for PVL. There are at least 6 crossroad areas in the fetal WM, the first three (C1- C3) being situated in the frontal lobe (Judas, Rados et al. 2005), and therefore will be described in detail.

a) C1- crossroad

C1 crossroad (segment II according to von Monakow) is situated in the frontal lobe, at the lateral part of the lateral angle of the lateral ventricle. It is cashew-shaped and the main and the largest crossroad area. It can be visualized on T1-weighted MR images by hipointensity and patchy appearance. (Judas, Rados et al. 2005; Rados, Judas et al. 2006). It contains thalamocortical fibers and a lot of microglia during normal development.

b) C2-crossroad

C2-crossroad area is frontal crossroad above the dorsal angle of the anterior honr of the lateral ventricle. It is the place where callosal fibers intermingle with thalamocortical and other projection pathways. (Judas, Rados et al. 2005).

c) C3-crossroad

C2-crossroad is the third frontal crossroad. It is situated ventral to the caudate-putamen. It contains fibers from callosal and subcallosal bundles and external capsule.
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INTRODUCTION

PERIVENTRICULAR WHITE MATTER INJURY IN PREMATURE BRAIN
Hypoxia and ischaemia in preterm infant are the main source of sensory-motor, cognitive and behavioural neurological handicaps, while the cells of the cortical plate do not seem highly damaged (Price, Aslam et al. 1997; Haynes, Folkerth et al. 2003; Deng 2010). Periventricular lesions of the white matter (eng. PWMI - periventricular white matter injury) represent the spectrum of injuries ranging from cystic necrotic (periventricular leukomalacia - PVL) to diffuse myelinisation disorders (diffuse PWMI) (Back, Riddle et al. 2007; Billiards, Haynes et al. 2008; Folkerth, Trachtenberg et al. 2008; Khwaja and Volpe 2008).

In several experimental studies the selective vulnerability of the SP zone in hypoxia has been shown (Volpe 1996; McQuillen, Sheldon et al. 2003; McQuillen and Ferriero 2005; Folkerth, Trachtenberg et al. 2008). The main assumption of selective vulnerability is, among all, higher expression of the glutamate receptors and excitotoxicity. Volpe proposed that the lesion of the SP zone could be the source of the cognitive deficits, which would be in accordance with morphogenic role of subplate neurons in cortical organization (Kostovic, Lukinovic et al. 1989). Furthermore, it surprising that the higest risk for PVL is the age from 21 until 30 PCW, which corresponds with the peak of the subplate thickness, and as we know, subplate is situated just above white matter (Back, Riddle et al. 2007; Billiards, Haynes et al. 2008).

The real pathologic and neurologic changes after hypoxia and ischaemia have never been clearly described in the human brain, and still it is not clear whether some part of the subplate zone plays a role in DEHSI (diffuse and excessive high-signal intensity) that was described on magnetic resonance imaging (Counsell, Allsop et al. 2003), although some new papers have strong evidence that it DEHSI can be a phenomenon of normal development (REF). Therfore, McQuillen and Ferriero pointed out that one of the most important goals in the modern perinatal pathology should be the involvment of the subplate in these lesions. (REF).
3.1. EPIDEMIOLOGY
Brain injury in premature infants (< 37 weeks at birth) is an enormous problem, since with the help of the modern medicine their survival rate is increasing rapidly over the years, but a substantial part of these infants survive with serious neurodevelopmental disability, including major cognitive deficits and motor disability (Volpe 2009). Very low birth weight (VLBW) infants that have the birth weight lower than 1500 grams, account for about 1-1.5% of the lifebirths (Blumenthal 2004; Martin, Kung et al. 2008; Volpe 2009), which corresponds to approximately 63 000 infants with VLBW born in the United States every year (Martin, Kung et al. 2008). Regarding the method used to assess the incidence of the brain injury in these survivors, it ranges from 3-15% diagnosed by ultrasound (Blumenthal 2004), to even 20% using MRI technique, which shows greater sensitivity (Inder, Anderson et al. 2003) and at least 50% exhibit some degree of cerebral white matter injury visualized by MRI (Volpe 2003; Dyet, Kennea et al. 2006; Khwaja and Volpe 2008).

About 5-10% of VLBW infants develop permanent motor impairment (cerebral palsy ranging from mild to profound spastic motor deficits (Blumenthal 2004; Back 2006; Volpe 2009) and PVL is the cause of cerebral palsy in 90% of these preterms (Blumenthal 2004). By school age, 25% to 50% of children with PVWMI manifest a broad spectrum of cognitive and learning disabilities (Back 2006), which cannot be understood from the view of isolated white matter lesion.
3.2. MAGNETIC RESONANCE IMAGING
Magnetic resonance imaging is more successful in visualizing PVL than the ultrasonography, especially with the repeated studies and diffusion tensor imaging (Inder, Huppi et al. 1999; Deng, Pleasure et al. 2008). The advantage over ultrasound is that even diffuse lesions can be detected (Dyet, Kennea et al. 2006), which comprise the majority of PVWM lesions, and not the focal lesions, which was thought to be the case in the past. Furthermore, cystic abnormalities often do not become visible at ultrasonography until 1 week or longer after birth (Deng, Pleasure et al. 2008). PVL can be all but excluded with normal finding at postnatal cranial ultrasound performed at 1 week and 1 month after birth (Deng, Pleasure et al. 2008).

MRI is an expensive diagnostic tool and it is not always possible to perform, but it is more effective in demonstrating the extent of white matter injury (Inder, Anderson et al. 2003). Furthermore, the correlation between the anatomical abnormality and functional ability is very good (Krageloh-Mann, Toft et al. 1999; Staudt, Niemann et al. 2000; Blumenthal 2004). Most VLBW infants have DEHSI at term equivalent age (maalouf ef 1999). DWI has shown that in infants with DEHSI, water diffusion in the white matter is impaired giving a high apparent diffusion coefficient (Counsell, Allsop et al. 2003). DTI is the promising tool for the detection of changes in the white matter, since it is determined by the anisotropy of water movement (anisotropy), which visualizes the orientation of the fibres (Arzoumanian, Mirmiran et al. 2003). (staviti jos huppi). Abnormal DTI and DWI images in preterm infants mirror the pathologic process.

The biggest problem we were supposed to answer was - what is the histological correlate to the hyperintensities on T1 sequence on MRI? Is that a normal feature or pathology? Some articles wanted to present it as a pathology, which would explain diffuse injuries. Why is that that difficult to answer that question? It is because the children survive which makes the correlation with histology impossible.

However, generally speaking, focal non-cystic PWMI appears as areas of hyperintensity on T1-weighted MR images (Ferriero and Miller 2010). Nevertheless, cystic regions of necrosis in the periventricular white matter, which are more severe form of PWMI, are well detected by brain ultrasound (Volpe 2009). Focal non-cystic PWMI is observed in up to half of premature newborns on MRI (Miller, Cozzio et al. 2003; Miller, Ferriero et al. 2005) and this type of PWMI has been under-recognized with routine clinical ultrasound. These apparently subtle white matter abnormalities on MRI are very important to recognize as they are commonly associated with abnormalities of visual, motor and cognitive function (Ferriero and Miller 2010).

POČ Widjaja et al 2010 included 2 fetuses with hypoxic ischaemic injury in their study. Post-mortem MRI was performed (T1 and T2 sequences) and correlated with histology. On coronal T1- and T2-weighted images patchy areas of increased T1 and reduced T2 signal intensity in IZ and SP could be seen, which is very valuable because it was performed on human material. However, this article did not delineate SP precisely as it was shown in articles from Kostovic and the correlation MRI vs histology is insufficient. Furthermore, two cases are not enough to make conclusion, but still it is a tremendous success for the improvement of neuroradiological techniques and future diagnosis of SP injury.

MR spectroscopy is a useful tool in measuring biochemical substances, such as N-acetylaspartate (NAA) and lactate, that are useful in assessing metabolic changes in the brain (Ferriero, 2010). Lactate is elevated in the disturbances of oxygen metabolism, as well in premature brain without the overt brain pathology. The important makers, apart from the absolute NAA and lactate values, are the ratios NNA/choline and lactate/choline, because they are specific for each brain region.

DTI characterizes measures the diffusion of water in each voxel and the extent to which the water diffuses in particular directions (i.e. the 3D spatial distribution of water diffusion in each voxel of the MR image). It provides a sensitive measure of regional brain microstructural development. With increasing maturity, the average diffusivity decreases apparently due to a decrease in water content and to developing neuronal and glial cell membranes restricting proton diffusion. In the gray matter of the cerebral cortex fractional anisotropy (FA) is high early in the third trimester. FA measures the fraction of the magnitude of the diffusion tensor that can be ascribed to anisotropic diffusion (Dudink J 2010). It is reflecting the radial organization of the cerebral cortex. It becomes undetectable by term. When this radial organization is lost, FA decreases (particularly with the maturation of the oligodendrocyte lineage and early events of myelination). Therefore, FA is also a sensitive measure of white matter microstructural development.

Diffusion-weighted image of an infant born at 28 gw showed high signal in the periventricular white matter. This is consistent with periventricular white matter injury that is diffuse.

Mass et al (2004) performed DTI on two postanatal extremely premature children 25 and 27 menstrual weeks. They used 1.5 Tesla scanner and for conventional imaging they used T2 sequence. Furthermore, an incubator was used and a high-sensitivity neonatal head coil was incorporated into the incubator. The sedation was not used in this examination. They showed laminar changes in the brains of these premature children, including SP. The ADC maps reveal three major layers of parenchymal diffusivity consistent across both subjects: - a thin superficial layer of low diffusivity - CP, a wider middle layer of medium diffusivity - SP and a deep periventricular layer of low diffusivity - deep-to-subplate layers (IZ, SVZ). The fractional anisotropy maps reveal three major layers of anisotropy that correlate with the ADC layers. The outer medium anisotropy layer (CP) corresponds with the outer layer of low ADC. A middle layer of low anisotropy (SP) is identified that correlates with the middle medium ADC layer. In this paper the authors evaluated DTI images with high spatial resolution in extremely premature infants and identified multiple cerebral bands with differing ADC and FA characteristics that correlate well with the histological laminar organization known to exist during human fetal cerebral development. Same results were obtained in the paper from Dudink J et al 2010 (intermediate ADC maps in the SP and low FA of the SP). This group used the same technique, but had more premature infants involved in the study (19), age range 25-32 gw. The imaging was performed 4th day after birth in incubator, sedation was not used and these infants were without abnormalities, so this article just set the referent values for SP. It did not cover the children with PWMI.

The medium ADC seen in the subplate zone is consistent with the relatively lower cellularity and the low FA with the more randomly scattered cells seen on histology. Some structure, however, is seen within the subplate on the fiber orientation plots with a transition from radial orientation in the superficial subplate to a tangential orientation in the deep subplate. Thus, it is possible that the lower FA seen in the subplate may be due in part to the mixture of interdigitating tangential and radial fibers within this lamina as was suggested by Mori et al. (2002) in their discussion of a similar band of low FA and varying fiber orientation identified deep to the cortical plate in a preliminary DTI study of fixed fetal brain specimens. The principal limitation of this work is that a direct histological correlation was not possible, unavoidable consequence of work with living human subjects. Thus, the correspondence between imaging and histology described is presumptive. However, the authors believe that by matching the diffusion patterns seen on their DTI maps with the excellent histological images available in the medical literature, the associations presented are valid.

In conclusion, they have demonstrated that diffusion tensor imaging can be used to differentiate and segment histologically distinct layers present transiently during development of the fetal cerebrum, confirming that DTI offers a unique in vivo window into the process of human brain development. By visualizing this developmental anatomy, improved diagnosis of abnormal cerebral maturation and of injury to the developing brain may be achieved in the clinical setting.
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3.4. Pathohistology
Periventricular white matter injury (PVWMI) comprises the spectrum of cerebral injury that ranges from focal necrosis deep in the white matter with loss of all cellular elements (PVL-periventricular leukomalacia) and a more diffuse component in central cerebral white matter with loss of premyelinating oligodendrocytes (pre-OL), astrogliosis and microglial activation. It occurs in overlapping forms: 1. cystic PVL in which the focal necroses are macroscopic (several millimetres or more) and during several weeks evolve into multiple cysts which can be visualized on ultrasonography and 2. non -cystic PVL in which the focal necroses are microscopic and evolve principally to glial scars that are not readily seen on MRI (Back, Riddle et al. 2007; Khwaja and Volpe 2008; Volpe 2009). A third form of cerebral white matter abnormality consists of diffuse astrogliosis without focal necrosis, which is the mildest form of injury in spectrum in which the cystic injury is the most severe. “Cystic form” is now rare and accounts for < 5% of the cases (Volpe 2003; Dyet, Kennea et al. 2006; Back, Riddle et al. 2007). “Non-cystic PVL” accounts for most majority of the cerebral white matter injury in premature infants today (Volpe 2003; Dyet, Kennea et al. 2006; Khwaja and Volpe 2008). Recently, Volpe proposed the use the term “encephalopathy of prematurity” for the spectrum of injury, since the white matter is not the only part of the brain that is affected, but it rather spreads until the cortex and affects the gray matter, primarly in the thalamus, basal ganglia, cerebellum and brainstem (volpe 2005 pediatrics, Kinney and volpe chapter8).

Commonly, PWMI presents as symmetric lesions located adjacent to both lateral ventricles, with regions of particular predilection for injury being anterior or lateral to anterior horns and lateral trigone and posterior horns (Back, Riddle et al. 2007). In the early stages of the injury it is presented by foci of coagulation necrosis in the SVZ and periventricular WM that results in the degeneration of all cellular elements (blood vessels, axons, astrocytes and oligodendrocytes). Early lesions are characterized by reactive hypertrophied vascular endothelium, reactive microglia and foci of swollen axons (spheroids).

The principal initiating pathogenic factors appears to be cerebral ischemia and maternal intrauterine or neonatal infection and fetal or neonatal systemic infection. These to upstream mechanisms activate two critical downstream mechanisms - excitotoxicity and free radial attack by reactive oxygen and nitrogen species that lead to death of vulnerable pre-OL(Khwaja and Volpe 2008).
3.3. Pathophysiology - animal models

3.3.1. Hypoxia and ischaemia

3.3.2. Inflammation

3.3.3. Excitotoxicity
The immature brain has long been considered to be resistant to the damaging effects of hypoxia and ischemia (H/I), but today we know that it is an important factor affecting normal development and maturation of the central nervous system, which causes the selective vulnerability of the white matter in preterm infants, but it is not the only cause of it.. It has been also shown that the etiology of the PVL is multifactoral, and apart from H/I, infection and inflammation, excitotoxicity, accumulation of reactive oxygen species and deficiencies in growth factors play an important role in this disease as well (Nelson and Willoughby 2000; Hagberg, Peebles et al. 2002; Fontaine, Olivier et al. 2008). In order to understand better the underlying mechanisms that cause these lesions, different animal models have been created that mimic the actual happenings, and that give insights into patophysiology of it. These animal models are based mostly on the administration of microbes or bacterial products, excitotoxins or the induction of hypoxia-ischemia (Hagberg, Peebles et al. 2002). Generally speaking, it is easier to induce these lesions in gyrencephalic species (rabbits, dogs, cats and sheep) than in rodents, because of more morphological similarities with human preterm brain lesion, although a variety of experimental models performed on rodents exist for practical reasons (cost efficiency, availability of antibodies/ sequence data and genetically modified animal) (Hagberg, Peebles et al. 2002; Kaur and Ling 2009).
3.3.1. Hypoxia and ischaemia
The preterm infant has an immature cerebral blood flow supply and impaired autoregulation, which injures both the gray and white matter structures, but also the proliferative regions around the ventricles which contain a lot of blood vessels (Boylan, Young et al. 2000; Scafidi, Fagel et al. 2009). Low oxygen concentrations alter metabolic substrates including lactate and prostaglandin E2, resulting in the vasodilatation of the arterioles (Scafidi, Fagel et al. 2009). It has been hypothesized that the ischemic damage due to the inappropriate vasoconstriction contributes to the pathology of this type of lesion and this is suggested in the first and the most often used model of white matter damage - Rice-Vanucci model, introduced in the year 1981 (Rice, Vannucci et al. 1981; Vannucci and Vannucci 2005). In this model the H/I is induced by unilateral ligation of the common carotid artery, followed by exposure to systemic hypoxia (exposure to 1-3h of 8% oxygen) for a variable period of time, resulting in the significant reduction in the cerebral flow and oxygen delivery for the ligated hemisphere to the control hemisphere. Blood flow in the ligated hemisphere returns to control levels when the animal is returned to normoxia. Depening on the time between the ligation of the artery and initiation of hypoxia and the age of the experimental animal, the outcomes are different. If the hypoxia is induced immediately after ligation, a spectrum of focal necrotic injury on the ipsilateral cerebral cortex, white matter, striatum, hippocampus and thalamus occur (Scafidi, Fagel et al. 2009). Recently, the modification of this model on P3 rodent pups has been performed by Segovia 2008, which is more consistent with acute focal stroke. In this model the degeneration of pre-oligodendrocytes was delayed and arrest of maturation was similar to the neuropathological findings.

The other model in which both carotid arteries are occluded, followed by a period of systemic ischemia is an alternative to the unilateral occlusion as seen in Rice-Vanucci model (Cai, Lin et al. 2006; Scafidi, Fagel et al. 2009). P4 rodent pups used showed a preferential white matter injury resulting in hypomyelination with decreased expression of myelin basic protein (MBP) and other markers of mature oligodendrocytes. Furthermore, there was a significant increase in activated microglia and astrogliosis and the evidence of increased apoptosis and the neuronal cells are less injured when compared to the traditional Rice-Vanucci H/I model.

Other animals than rodents have also been used in the model of HI - piglets, shee and non-humat primates. The most of these studies have been performed in newborn animals and the age of the time of insult correlates with full term neonates (Roohey, Raju et al. 1997; Yager and Ashwal 2009). For the premature models, the sheep have been used extensively. The 90 days gestation fetal sheep corresponds to that of 24-28 week human fetus with regards to completion of neurogenesis, sulcal patterns and increased predilection for white matter injury due to pre-oligodendrocyte predominance (Penning, Grafe et al. 1994; Reddy, Mallard et al. 1998; Back, Han et al. 2002; Scafidi, Fagel et al. 2009). Repeated umbilical cord occlusion (Ohyu, Marumo et al. 1999) or restriction of uteroplacentar blood flow have been used (Rees, Stringer et al. 1997).
3.3.2. Inflammation
Intrauterine infection induces an intra-amnionic inflammatory response. This event triggers the release of various cytokines and chemokines, the consequence of the latter being preterm contractions, cervical maturation and the rupture of membranes (Hagberg, Mallard et al. 2005). For years the exact mechanism how the microorganisms initiate this inflammatory-driven response was not known. Recently, it has been discovered that microorganisms interact with the family of toll-like receptors (TLRs), that trigger intracellular activation of nuclear factor kappa B (NFκB) and various kinases, which leads to the production and release of cytokines and anti-microbal pepties (Ulevitch 2004).

The proinflammatory cytokines implicated in the pathology of PVWMI, to name but a few are TNF-α, IL-1β, IL-6 and IL-2 together with the adhesion molecules intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) (Dammann and Leviton 1997; Kadhim, Tabarki et al. 2001; Kaur and Ling 2009). These cytokines are produced by microglia and astrocytes (Sawada, Suzumura et al. 1992; Sawada, Suzumura et al. 1995; Medana, Hunt et al. 1997). It seems that microglia is responsible for the early phase of inflammatory response and astrocytes at the later stages (Sawada, Suzumura et al. 1995). However, more than 50 cytokines are implicated in that process, but very little is known about they role (Hagberg, Mallard et al. 2005), except a few of them. Therefore animal models have been created, which use the lipopolysaccharide to induce the inflammatory reaction (Hagberg, Peebles et al. 2002). Still, the exact mechanism how it induces WM injury is not known.

LPS was administered in newborn cats, dogs, sheep and rats (Gilles, Averill et al. 1977; Young, Hernandez et al. 1982; Cai, Pan et al. 2000; Duncan, Cock et al. 2002). It binds to the surface of the protein CD14 on the immune cells, which facilitates the activation of TLRs and initiates the cascade of events, which ends in the production of the proinflammatory cytokines (Kopp and Medzhitov 1999; Aderem and Ulevitch 2000). The mice that show the deficiency of TLRs and CD14 do not show the inflammatory response after the administration of LPS (Eklind, Mallard et al. 2001). LPS could also be implicated in the mechanisms of hypoperfusion, hypoglycemia, hyperthermia and lactic acidosis, that could also play a role in the pathogenesis of brain lesions (Young, Hernandez et al. 1982). On the cellular level, it caused the massive infiltration of macrophages and polymorphonucleares in the WM, loss of astrocytes and immature oligodendrocyes, with the secondary hipomyelinisation, which is similar to the evens happening in the human preterm brain (Pang, Cai et al. 2003). However, the impact of these phenomena on human brain is not know, although the correlation between IL-6 and IL-8 and the preterm birth was confirmed, as well as the association between the inflammatory reaction and neonatal morbidity, including cerebral palsy and bronchopulmonary dysplasia (Goncalves, Chaiworapongsa et al. 2002; Hagberg, Mallard et al. 2005).
3.3.3. Excitotoxicity
Glutamate is the main excitatory neurotransmitter in the central nervous system, and his implication in PVWMI has been proposed via excess release of this neurotransmitter that provokes the excitotoxic cascade (Johnston, Trescher et al. 2001; Volpe 2001; Johnston, Ferriero et al. 2005). Glutamate excitotoxicity is mediated on two levels: receptor and non-receptor mechanisms.

Receptor mediated-glutamate excitotoxicity is mediated by ionotropic and metabotropic glutamate receptors. Ionotropic receptors are AMPA (amino-methyl-propionic-acid) receptors, NMDA (N-methyl-D-aspartate) and kainated glutamate receptors (Grunder, Kohler et al. 2001). The metabotropic glutamate receptors are grouped into three classes according to their aminoacid sequence, pharmacological properties and transuction mechanisms (Conn and Pin 1997). Since oligodendrocytes express both types of glutamatergic receptors (Deng 2004, Salter and Fern 2005), the activation of glutamate receptors is thought to be the main mechanism involved in the hypoxic-ischemic injury to the immature oligodendrocytes (Fern and Moller 2000Rosenberg 2003, Deng 2003).Furthermore, activation of NMDA receptors mediates Ca2+ increase in myelin causing loosening and vacuolation of the myelin sheath in adults (Micu 2006). Glutamate is also involved in the production of the inflammatory cytokines, such as TNF-α (tumor necrosis factor-α). High levels of extracellular glutamate seem to be involved in the disruption of blood-brain-barrier (BBB) as well (Mayhan and Didion 1996), since the endothelial cells express several types of glutamate receptors such as NMDA (Sharp 2003). However, the clear mechanism how glutamate induces endothelial changes at the immature BBB is still not understood.
Non-receptor-mediated glutamate excitotoxicity ADDDDDDD (pogledaj rad Kaur)
The support of these observations comes from the animal model studies. The experiment on the fetal sheep after the repeated umbilical cord clamping showed the proporticonal increase in glutamate levels according to the lesions in the WM (Loeliger, Watson et al. 2003). This study is the direct argument that supports the connection between glutamate and excitotoxicity in the WM lesions after hypoxia-ischemia. In order to reproduce the equivalent model, many studies concentrated on the administration of excitatory neurotransmitters in rodents. The administration of the analogues of glutamate, ie. NMDA and AMPA agoinists, into the rat brain at 7th -14th postnatal day has been shown to induce lesions in the striatum, hippocampus and cerebral cortex, which were 40 times larger than the corresponding lesions in adult rats (McDonald, Silverstein et al. 1988). In the same way, the subcortical injection of ibotenate (agonist of metabotropic and ionotropic NMDA glutamatergic receptors) in the 5-postnatal day mice produced cortical and WM injury (Marret, Mukendi et al. 1995). Depending on the postnatal days of injection, these WM lesions can be accompanied by cortical injury (impaired neuronal migration and polimicrogyria). This study reproduces well the spectrum of PWMI in humans (cysts in the WM, microglial reaction and astroglial scars) and is therefore an excellent model of PVWMI. Furthermore, the microglial activation and the expression of the NMDA receptors on the cytoplasmatatic membrane of cerebral macrophages seems to be implicated in the lesions induced by ibotenate (Tahraoui, Marret et al. 2001). The advantage of this ibotenate model is also that it allows discovering the possible neuroprotective targets. The models that prevented this type of the lesion used the intracerebral or intraperitoneal antagonist of NMDA receptors (Marret, Mukendi et al. 1995; Tahraoui, Marret et al. 2001).
HYPOTHESIS AND AIMS OF THE RESEARCH
Hypothesis: Glial cells (astrocytes, oligodendrocytes, microglia) of the dorsolateral frontal lobe are distributed according to cellular laminas and segments of the telencephalic wall during the normal fetal development and show selective changes according to laminas and glial cell types in focal and diffuse white matter injury in premature infants with encephalopathy.

General aim: To describe the main phenotypic features of different glial cells in superficial and deep subplate of dorsolateral frontal lobe in normal premature infants and following white matter injury.
Specific aims:
1. To compare the change in arrangement, shape and expression of glial molecular markers specific for astroglia (GFAP), microglia (Iba1) and oligodendroglia (Olig2) in chosen layers of the telencephalon (cortex, superficial subplate, deep subplate, „normal white matter“) and segments of the white matter (deep and superficial white matter) in control cases of premature infants in different developmental stages (24-29 postconceptional weeks, pcw and 30-35 pcw)

2. To compare the change in arrangement, shape and expression of the same molecular markers for astroglia, microglia and oligodendroglia of control cases with the same areas of the brain in premature infants after cystic and non-cystic periventricular white matter injury (PWMI).
MATERIALS AND METHODS

Materials and methods:
On postmortal material of premature infants from Zagreb Neuroembriological Collection (that has the Ethical committee approval, as well as the project „The development of the cortical pathways in human“108-1081870-1876, the leader of the group being professor Kostović) and Paris collection (INSERM U.676, Institut national de la santé et de la recherche médicale, hospital Robert Debré, ethical commitee approval N°90294) the available brains were analyzed on paraffin sections. The study analyzed 25 premature infant brains, age range from 24 until 35 PCW after periventricular white matter injury (PVWMI) and 10 premature infant brains that were control group and died without proven neurological illnesses.

Premature infant brains were divided intro three groups:
1. Cystic cases

2. Non-cystic cases

3. Control group
They were be divided in two age groups:
a. 24 pcw-29pcw

b. 30pcw-35 pcw
On coronal sections of the frontal lobe stained with hematoxylin-eosin, PVWMI will be identified as cystic and/or non-cystic, with the help of the two experienced neuropathologists. Superficial and deep subplate will be delineated from the cortex and white matter using different immunohistochemical markers (SMI311, GFAP). The border between subplate zone and layer VI changes dinamically during the development, because the the translocation of the fibers, invasion of the glial cells, the change in extracellular matrix and arrival of the new neurons occur. In control cases the morphology and expression of the glial molecular markers at the top of the gyrus and at the bottom of the sulcus in cortex (layer V/VI), superficial subplate zone, deep subplate zone and the underlying white matter that is just below the deep subplate will be compared. In the premature infants that have the white matter lesion, the morphology and expression of the molecular markers in different developmental stages will be described near the lesion, and especially in the deep and superficial SP. Furthermore, the comparison among the three groups (cystic, non-cystic and control cases) will be performed, with the emphasis on non-cystic lesions, which are the bigest problem of the modern diagnostics, because it is not clear which histopathologic change correlates with the diffuse change of the white matter as seen on the magnetic resonance imaging.
Table 1
A: Control cases (age death: postconceptional weeks+days)

	Cases
	Age

death
	Gender
	Clinical context

	1
	24
	f
	twin,

	2
	25+2d
	f
	medical abortion (cleft lip and palate)

	3
	25+2d
	m
	spontaneous abortion

	4
	25+5d
	m
	medical abortion (growth retardation)

	5
	27
	m
	spontaneous abortion

	6
	29+2d
	m
	medical abortion (posterior urethral valve)

	7
	30+4d
	f
	spontaneous abortion

	8
	32
	f
	uropathy

	9
	33
	m
	spontaneous abortion

	10
	33
	f
	spontaneous abortion


B: Cases with noncystic PWMI : (age: postconceptional weeks+days(d))

	Cases
	Age

birth
	Age

death
	Gender
	Clinical context

	1
	24+2d
	24+5d
	f
	respiratory distress syndrome

	2
	24
	25
	f
	respiratory distress syndrome

	3
	25+5d
	26
	m
	respiratory distress syndrome

	4
	25+6d
	26
	m
	twin-to-twin transfusion syndrome

	5
	26
	26+1d
	f
	respiratory distress syndrome

	6
	26
	26+2d
	m
	respiratory distress syndrome

	7
	27+3d
	27+6d
	m
	respiratory distress syndrome

	8
	27+6d
	27+6d
	f
	respiratory distress syndrome

	9
	27+4d
	28+1d
	m
	Septic shock

	10
	28+5d
	28+6d
	m
	respiratory distress syndrome

	11
	28+6d
	28+6d
	m
	death per partum

	12
	25+6d
	29+3d
	m
	respiratory distress syndrome

	13
	30
	30+2d
	m
	respiratory distress syndrome, pneumothorax

	14
	30+2d
	31
	f
	respiratory distress syndrome, Septic shock

	15
	28
	32
	m
	necrotising enterocolitis

	16
	33
	33
	m
	septic shock

	17
	33
	33+3d
	m
	respiratory distress syndrome

	18
	34
	34+4d
	f
	oligoamnios, renal insuficiency


C: cases with cystic PWMI

	Cases
	Age

death
	Gender
	Clinical context of cystic PWMI

	1
	25
	f
	Twin-to-twin transfusion syndrome

	2
	25+2d
	m
	Respiratory distress syndrome

	3
	26+4d
	m
	Stillbirth, thoracic tumor

	4
	27
	m
	Stillbirth

	5
	28+4d
	m
	Respiratory distress syndrome, materno-fetal infection

	6
	28,5
	f
	Respiratory distress syndrome, materno-fetal infection

	7
	30+1d
	m
	Respiratory distress syndrome, materno-fetal infection


Statististics: Smirnov - Kolmogorov test will be used to determine whether the distribution is normal. If it is normal, the parametric tests will be used, if it is not normal, non-parametric tests will be used. To determine the difference between two groups, t-test or its non-parametric equivalent Mann-Whitney test will be used. To determine the differences of quantitative variables among three or more groups, the analysis of variance or non-parametric Kruskall-Wallis test will be used. X2 (Chi-square) test will be used to determine the differences in the distribution of qualitative variables. All P-values less than 0.05 will be considered as statistically significant.
CLASICAL HYSTOLOGICAL STAININGS:
1. Hematoxylin-eosin staining

2. Nissl staining
IMUNOHISTOCHEMISTRY:
Single and double immunostaining using streptavidin and PAP (peroxidase antiperoxidase) methods for the visualisation of the antigens will be used, regarding the standard protocols on the postmortem human tissue.

Primary antibodies directed to different antigens to visualise:
1.neurons
a)SMI31 (Pan-Neuronal Neurofilament Marker)

b) SMI32 (Pan-Axonal Neurofilament Marker)
2. glial cells
a) astroglia:

-GFAP (Glial Fibrillary Acidic Protein)

-MCT1 (Monocarboxylate transporter)

-vimentin - visualisation of the radial glia-astrocytes

b) microglia/macrophages:

-IBA1 (Ionized Calcium Binding Adapter Molecule 1) - specific marker for both activated and non-activated microglial cells

- CD68 (Cluster of Differentiation 68)

c) oligodendroglia:

-Olig2 (Olygodendrocyte Transcription Factor 2)

-MBP (Myelin Basic Protein)

d) vessel walls (double-labelling)

- MCT1

- CD34

As diagnosed by 2 experienced neuropathologists, 29 postmortem premature brains with PWMI and 10 control brains were selected (25 to 35 post-conceptional weeks (pcw) (Table 1). Most cases were obtained in France and some control cases in Croatia (Verney et al., Submitted). The procedures were approved by the Institutional Review Board of Paris North Hospitals, Paris7 University, AP-HP (N° 09-062) and the Internal Review Board of the Ethical Committee, School of Medicine, University of Zagreb (N°108-1081870-1876). The postmortem delay was not more than 24 hours. The specimens were formalin-fixed and paraffin embedded brains (Biran et al). Ten micron thick sections were cut on a microtome and placed on superfrost slides. All cases were processed for standard histological examination.
Immunocytochemistry
Serial paraffin sections were processed for hemalun-phloxin (HP) staining and immunocytochemistry. The primary antibodies were directed against different antigens (Table 2): GFAP (glial fibrillary acidic protein) for astrocytes, Iba1 (ionized binding adapter molecule 1) as microglial / macrophagic marker, CD 68 for macrophages, CD34 for vascular endothelial cells (Monier et al., 2006), MCT1 (monocarboxylate transporter 1) to visualize vessel walls and astrocytes (Fayol et al., 2004), Olig2 for pre-oligodendrocytes . and SMI31for phosphorylated and non-phosphorylated neurofilaments (Verney and Derer, 1995). Monoclonal mouse SMI32 antibodies are directed against non-phosphorylated epitopes on neurofilament proteins label preferentially the neuronal cell bodies and SMI31 antibodies are directed against the phosphorylated epitopes on the same neurofilament proteins label the axonal field (Ilinsly et al. JCN in press) (Sternberger Monoclonal Inc., Baltimore).

Following deparaffinization, the slides were put in the citrate buffer 0.01 M (pH=6) at 94 ºC for 45 minutes.The sections were pretreated in hydrogen peroxide (H2O2, 0.25%) in phosphate buffer saline (PBS, 15 min) and rinsed in PBS (3x10 min). After a rinse in PBS/Triton X-0.5% / gelatin 2%0 (PBS-TX-gel, 2 x 10 min), the sections were incubated with appropriately diluted primary antibody (Table 2) in PBS-TX-gel with 8% human albumin and 0.02% sodium azide for 3-4 days at +4 °C. The primary antibodies were visualized using streptavidin-biotin-peroxidase (Amersham, Buckinghamshire, UK) method as described in Verney et al 1993. The substrate H2O2 0.005% was put in presence of chromogen diaminobenzidine 0.02% (DAB) in Tris (0.05M, pH 7,4-7,6) associated with 0.6% nickel ammonium sulfate. Sections were counterstained with neutral red (1%), dehydrated and mounted. The labeled antigen appeared black under the light microscope.
Double labeling immunostaining
Different double labelings in which the primary antibodies belong to different species were performed: GFAP-Iba1 and MCT1-CD34. In the first labeling primary antibodies were visualized as a black reaction product using streptavidin-biotin-peroxidase method, as described previously. Then, the sections were subjected to a second series of incubations with primary antibodies visualized by the peroxydase-antiperoxydase (PAP) (Dako, Glostrup, Denmark) method as described in Monier et al., (2006). Peroxydase reacted with H2O2 (0.005%) in the presence of DAB (0.05%) in 0.1 M PBS (pH 7.5) and yielded a brown reaction product. For both methods, controls were done without primary antibody to check for absence of cross-reactivity.
Table 2 - Primary antibodies used in the study

	Antibodies
	Labeled cells
	Source
	Species
	Dilution

	GFAP
	astrocytes
	Sigma (Saint Louis, USA)
	mouse
	1:500

	Iba1
	ramified and activated microglia
	Waco (Richmond, USA)
	rabbit
	1:200

	CD68
	macrophages
	Dako (Glostrup, Denmark)
	mouse
	1:300

	CD34
	endothelial cells
	Serotec (Oxford, UK)
	mouse
	1:200

	MCT1
	Vessel walls+astrocytes
	Chemicon (Temecula, USA)
	chicken
	1:1000

	Olig2
	pre-oligodendrocytes
	IBL (Gunma, Japan)
	rabbit
	1:200

	SMI31+SMI32
	neurofilaments
	Affinity (Exeter, UK)
	mouse
	1:2000


MICROSCOPY:
The analysis of the slides will be performed using the optic microscope Zeiss, Axioplan (Jena, Germany), and Olympus AX70 mikroskop with Nikon DXM 1200 camera. The examiner that is not aware with the age of the premature infrants will take the photos of the differents glial cells in ther middle of the superficial and deep SP, layer V and white matter that is just below the deep SP. The glial cells in the cystic and non-cystic PWMI will be photographed as well. The quantitative anaysis of the number of the immunoreactive cells will be performed regarding the markers Olig2 and GFAP in four visual fields, surface area being 0.065 mm2, magnification of the objective being 40x and their density will be calculated. For the marker Olig2 the cells within the lesion, near the lesion; far from the lesion and in the middle of the SP will be counted. For the marker GFAP the cells in the middle of the layer V of the cortex, superficial SP, deep SP and white matter that is just below the SP will be counted. In the control case at the same areas the photograps will be taken
RESULTS

Neuropathologic survey of cystic and noncystic PWMI in the cohort of preterm cases
Each case was stained using HP staining and examined blindly by 2 neuropathologists to detect control cases free of neuropathological abnormalities and cystic and noncystic PWMI (Table 1). We focused on the observation of the frontal lobe in the cerebral wall located above the axonal crossroads in the white matter (WM) named C2, one part of the semi-ovale center (Fig.1A-C) and C1 lateral to the lateral angle of the lateral ventricle at the margin of the internal capsule (the peduncular part of corona radiata) (Judas et al., 2005, Verney et al, 2011). Cystic cases showed necrotic foci with neural tissue loss (cysts) of various sizes mostly including C1 and C2 crossroads and the surrounding white matter (WM). Non-cystic PWMI displayed in very preterm, parenchymal cell rarefaction intermingled with axonal lesions present in crossroad area C1 and spongiosis located in crossroad area C2 whereas necrotic foci associated or not to spongiotic areas were dispersed in the WM in preterm PWMI (Verney et al, 2011). Moreover different immunocytochemical markers in these lesioned areas showed intense microglial activation with restricted astrogliosis in very preterm PWMI whereas an astrogliosis with less microglia/macrophages activation were detected in preterm PWMI.
Layering of the cerebral wall of frontal lobe in preterm infant
The cortical regions studied were located in the posterior part of the superior, middle and inferior frontal gyri and sulci and the precentral gyrus and central sulcus according to levels 4 to 8 of the atlas (Bayer S.A., Altman J., 2004. [The human brain during the Third Trimester, Volume 2, CRC Press.} p.p. 233-237) The levels studied varied in each case but always included the basal ganglia and the anterior thalamic nuclei. Our observation focused on the presumptive level of the premotor and motor areas (8-6-4) and the contiguous prefrontal areas. The cortical wall was composed of the ventricular and subventricular zone, the prospective white matter (WM), the extended subplate zone (SP) and the cortical plate (CP) (Kostovic and Rakic 1990) (Fig. 1A-C). Hemalun-phloxin staining, GFAP labelling and in particular SMI31+ neurofilament labelling (Fig.1) allowed a better delineation of the upper layers of the cerebral wall in particular the outer limit for the intermediate zone, the prospective superficial white matter (WM) (level 2), the deep subplate (SP) (level 3), the superficial SP (level 4) and cortical plate (level 5) (Figs.1 D-H). The crossroad area C2 was defined in the WM as level 1 (Fig. 1D,E). As described in the submitted article Verney et Al.,(2011), the PWMI was primarily detected in C2, part of the semioval center particularly visualized by a patch of GFAP+ astrocytes (Fig. 1B,D).
1. CROSSROADS

Specific spatial distribution of noncystic white matter injury in crossroad areas in very preterm brains (24-29 pcw)
In very preterm control brains, a crescent of GFAP+ astrocytes was seen in the deep dorsolateral WM encompassing C1 and C2 (Fig. 1 b). In addition, as previously described (Monier, Evrard et al. 2006; Monier, Adle-Biassette et al. 2007; Verney, Monier et al. 2010), a patch of activated microglia was restricted to C2 during this very preterm period (Fig. 1b). Interestingly, cystic PWMI in very preterm cases was located in C1 and C2 (Table 3 and Fig. 1 c, d).

In 8 very preterm cases, we found a subtle but specific pattern of lesions in the WM in C1 and C2 (Fig. 1 e, f). These lesions consisted of parenchymal loss with axonal swellings in C1 and spongiosis in C2 (Fig. 1 e, f). In both areas, we found specific glial reactions that possibly constituted the earliest stage of PWMI in very preterm infants.
Crossroad area C1
Hemalun-phloxine staining of C1 showed parenchymal loss with axonal lesions and, in some instances, karyorrhexis debris (Fig. 2a compared to control 2b). No necrosis was observed. Within C1, GFAP+ astrocytes had smaller cell bodies, were less numerous (Fig. 2c compared to d), and expressed less MCT1 immunoreactivity compared to control cases (Fig. 2e and f). MCT1 immunolabeling demonstrated hyperplastic vessel walls (Fig. 2e compared to 2f). These lesions were infiltrated by numerous Iba1+ cells displaying a macrophagic phenotype (CD68+, CD45+, MCH-II negative) (Fig. 2g compared to 2f). Axonal injury was confirmed by the presence of SMI311-positive spheroids (Fig. 2i compared to 2j). No loss of Olig2+ preoligodendrocytes was observed in PWMI cases compared to control cases (Figs. 2 k, l).
Crossroad area C2
The semioval center exhibited a loose parenchyma with microvacuolar changes, increased cellularity, karyorrhexis debris, and hyperplastic vessels (Fig. 3a compared to control in 3b). The most severe cases displayed parenchymal loss with microcysts and perivascular edema or petechial hemorrhage. In the lesions, GFAP+ astrocytes had small cell bodies with few processes, were less numerous (Fig. 3c compared to d, Fig.4a), and had lost MCT1 expression, compared to controls (Fig. 3e compared to 3f). Most of the vessels expressed comparable MCT1 levels to those in controls (Figs. 3e compared to 3f). Infiltrating Iba1+ microglial cells had a macrophage phenotype (CD68+ and slightly CD45+, MCH-II negative) and were slightly more numerous compared to control cases (Fig. 3g compared to 3h, Fig. 4b). Axonal injury demonstrated by SMI 31 immunostaining was subtler than in C1 (Fig. 3i compared to control 2j and Fig. 2i). No significant decrease in Olig2+ preoligodendrocytes was observed (Fig. 3k, compared to 3l) in very preterm brains compared to controls (Fig. 4c).

Around the focal lesions in C1 and C2, no clear glial reaction or axonal lesions were detected (Table 3, Fig. Suppl. 1).
Dispersed noncystic white matter injury in the preterm cases (30-34 pcw)
In the preterm cases, noncystic PWMI was centered in and around C1 and C2 but was usually more extensive and dispersed than in the very preterm cases (Volpe 2009) (Table 3 and Fig. 5 a). The lesions consisted in paucicellular necrotic foci of various sizes (Fig.5 b-f). In the core of the necrotic foci, only a few GFAP+ or Vim+ astrocytes were detected, associated with a few MCT1-negative vessel walls (not shown). Around the necrotic foci, an inner rim of activated Iba1+ microglia-macrophages was surrounded by a dense and reactive GFAP+ astrocytic reaction (Fig. 5 c, i). In the border of the necrotic foci, the axons were swollen (Fig. 5 b, g) and exhibited SMI31+ spheroids (Fig. 5h).

The WM around the necrotic foci contained hypertrophic/reactive astrocytes (Fig. 6 a-d). Their density was slightly lower than in controls and most of them were MCT1-negative (Fig. 4 a and Fig. 6 c, e compared to d,f). The evenly distributed Iba1+ microglial cells were less dense compared to very preterm PWMI (Fig. 4 b) and only slightly activated (Fig. 5 g compared to 5h). The axonal bundles were disrupted, but no axonal spheroids were detected (Fig. 6j and 6k).
2. Laminar distribution

Glial characteristics in the different layers of the cerebral wall in very preterm and preterm control cases
In premotor and motor areas (areas 8-6-4) and the contiguous prefrontal areas, no obvious phenotypic differences were detected in the expression of GFAP and Iba1 markers in the gyri versus sulci above C2 and C1 (data not shown) of control cases.
Very preterm cases (24-29 pcw)
The GFAP positive astrocytes were dense and showed small round bodies and a few processes in C2 crossroad area (level 1) and deep WM (Fig. 1D,2A,3A). They were more fibrous in superficial WM (level 2, Fig. 2D) and the deep SP (level 3, Fig. 2G) whereas they were sparse with thin processes and small cell bodies in the superficial SP (level 4, Fig. 2J) and cortical plate (level 5, Fig. 2M). Counts showed their decrease in density from deep to superficial layers in the cerebral wall (Fig. 3A).

As described in (Verney et al, 2010) intermediate Iba1 positive microglia were dense in C2 (level 1, Figs. 2B, 3C). Conversely, in the above WM and the deep SP they were less dense with a ramified phenotype characterized by dots on their processes (level 2,3, Fig. 2E,H, Fig. 3C). They were sparse (Fig 3C) with less ramified processes in the superficial SP (level 4, Fig. 2K) and in the cortical plate (level 5, Fig. 2N). At this stage almost all vessel walls expressed CD34 labelling (Fayol et al., 2004). MCT1+CD34 double labelling showed that most vessel walls expressed MCT1 in the crossroad area C2 (level 1, Fig. 2C), the WM, the SP (levels 2-4, Figs. 2F,I,L) and the cortical plate (level 5, Fig. 2O). But, most astrocytes expressed slightly MCT1 in C2, whereas sparse expression was detected in the above WM (levels 1 and 2, Fig. 2C,F). In contrast, in the SP (level 3,4, Fig. 2I, L) and the cortical plate (level 5, Fig. 2O) almost no expression of MCT1was detected in the astrocytes.
Preterm cases (30-34pcw)
GFAP positive astrocytes showed bigger cell bodies compared to those detected at very preterm throughout the layers (Fig. 2A',D',G',J') in a similar density to that detected in very preterm cases (Fig. 3B).

Microglial cells visualized by Iba1 were ramified with dots of various density on their processes and sometimes intermediate (Fig. 4B',E',H',K',N') with a decreasing density from the WM to cortical plate (Fig. 3D). Almost all vessel walls were MCT1 positive (Figs. 4C',F',I',L',O'). Numerous astrocytes displayed MCT1 positive cell body in the WM (Fig. 4 C',F'), a few in the deep SP (Fig. 4I') and almost none in the superficial SP and cortical plate (Fig. 4 L',O').
Glial features in the cerebral wall of cystic periventricular white matter injury (PWMI)
Almost all cystic cases of our cohort displayed lesions centered in and around C1 and C2 crossroad areas (Verney et al. Submitted). However the cyst was confined to the WM in almost all cases without extending the superficial layers of the cerebral wall as the SP and the cortical plate (Fig. 4). In only one case, the lesion was so large that it invaded all the layers of the cortical wall. In the WM surrounding the cyst, GFAP+ astrocytes showed different states of activation (Fig. 5A,E) decreasing in the deep and superficial SP (Fig. 5L,M) without almost no activation in the cortical plate. Around the cyst, numerous Iba1+ and CD68+ macrophages were present (Figs. 4A,B, 5A,E) confined to the WM and were restricted to the WM. Only some Iba1+ (CD68+) intermediate-ramified microglial cells were distributed in the upper layers of the cerebral wall (Fig. 5 I,M,Q). No change in MCT1 labeling was detected in the SP and the cortical plate compared to age-matched control cases. The SMI32 and 31 immunolabeling showed spheroids around the WM tissue loss (Fig. 4C, D) without neuronal lesion in the Sp and cortical plate (Fig. 4E).
Glial features in the cerebral wall of noncystic periventricular white matter injury
In very preterm, GFAP+ astrocytes displayed various reactive expression from PWMI centred in C1 and C2 crossroad areas towards the cortical plate (Fig. 5B,F,J,N,R) with a similar density in each layer compared to control cases (Fig. 3A). Interestingly they displayed more processes in the WM surrounding lesions and the contiguous deep SP (Fig.5J compared to 2G) and were still more reactive in the superficial SP and the cortical plate (Fig. 5N,R compared to 2J,M). Iba positive microglial cells were rather macrophagic in the crossroad areas and in the above WM and displayed a ramified-intermdiate phenotype in the upper layers. Their density was significantly increased in the WM, the deep and superficial SP decreasing towards the cortical plate (Fig. 3C).

In preterm noncystic PWMI, the GFAP+astrocytes were more reactive with different phenotype in the different layers. Some big astrocytes displayed numerous hairy processes in the WM (Fig. 5G) and in the deep SP (Fig. 5K) different from the protoplasmic astrocytes detected in the deep SP in very preterm cases (Fig 5J). In the superficial SP and CP they displayed more end-feet towards the vessel walls (Fig. 5O,S).

In some preterm cases the necrotic foci invaded the SP (Fig. 6A-D). The GFAP reactive astrocytes were numerous in the deep SP similar to the WM whereas they were less dense in the superficial SP and only few in the cortical plate (Fig. 6C). In parallel, Iba positive microglial were rather macrophagic around the necrotic foci in the deep SP (Fig. 6 D,E) whereas they were rather in intermediate in the superficial SP (Fig. 6F) and cortical plate. Moreover disrupted SMI31+ axons were observed around the foci located in the deep SP (Fig.6H).

In one case, neuronal disorganization was detected in the cortical plate on HP staining (Fig.6I). On contiguous sections, patches of reactive astrocytes were detected in the cortical plate (Fig.7J) which were intermingled with Iba1+ patches (Fig.7 K,M). Interestingly, these last patches correspond to a disruption in the SMI31+SMI32 expression in the developing pyramidal neurons of the cortical plate (Fig. 7L). MCT1 labeling associated with CD34 immunolabeling displayed similar features to that observed in the controls except that in the cortical plate some CD34 positive vessels do express MCT1 which could correspond to more energy supply (data not shown).
Discussion

1. crossroads
The key finding of the present study is that tissue loss in very preterm brains was restricted to crossroad area C1 and spongiosis to crossroad area C2, whereas the areas of necrosis and spongiosis in preterm brains were more extensively distributed throughout the WM. Intense microglial activation with limited astrogliosis in the very preterm brains contrasted with limited microglial activation and massive astrogliosis in the preterm brains. Signs of axonopathy were evident in both groups. Neither group had a significant decrease in the density of Olig2-positive cells.

The differing PWMI patterns in very preterm and preterm infants may reflect different pathophysiological mechanisms linked to the difference in brain maturation. However, we cannot exclude that the PWMI patterns in very preterm and preterm infants correspond to two successive stages of the same pathophysiological process. Indeed, if we assume that the insult starts in utero, PWMI restricted to the crossroad areas C1 and C2 in very preterm infants may correspond to the early postinsult stage and a more extensive pattern of PWMI distribution including C1 and C2 in preterm infants to a later postinsult stage. Serial MRI studies of very preterm and preterm infants would be useful to assess this hypothesis.

Evidence suggests that ischemic-hypoxic and/or inflammatory processes may not only damage growing axons, but also permanently impair axon navigation (Olivier, Baud et al. 2005). Therefore, we looked at two axonal crossroads where a complex axon pathfinding process occurs during development. One of these crossroads is C1, which is part of the junction of the external capsule to the anterior limb of the internal capsule (Vasung, Huang et al. 2010). C1 contains several cortico-subcortical bundles that include the pyramidal tract and thalamo-cortical reciprocal connections. The other crossroad area, C2, consists mainly of cortico-cortical connections (callosal and intrahemispheric fibers), as opposed to cortico-subcortical connections. Axonopathy was detected in both C1 and C2 in our study. Conceivably, axonopathy may further disrupt axon pathfinding. The result would be motor and cognitive function impairments for C1 and somatosensory and cognitive function impairments for C2. Thus, in very preterm infants, whose axons are still growing out toward their targets, functional deficits may result not only from direct lesions to specific cortical areas, but also to fiber bundle lesions that prevent normal target finding by spared processes (Vasung, Huang et al. 2010).

The microglia-macrophage activation in axonal crossroads found in our study is a well-documented characteristic of the very preterm brain. Interestingly, during normal human brain development, the junction of the external and internal capsules (C1) contains an increased number of microglia-macrophages at about 14-17 pcw (Monier, Evrard et al. 2006), and the semioval center exhibits a similar increase in microglia-macrophage density from 19 to 30 pcw (Monier, Adle-Biassette et al. 2007; Verney, Monier et al. 2010). The developmentally regulated accumulation of microglia-macrophages in these areas may explain the selective distribution of PWMI in crossroad areas of very preterm infants. Indeed, a pathophysiological role for activated microglia-macrophages has been described in several animal models of PWMI caused by excitotoxicity, inflammatory, hypoxic, or hypoxic-ischemic insults (Tahraoui, Marret et al. 2001; Mallard, Welin et al. 2003; Baud, Daire et al. 2004; Olivier, Baud et al. 2005). Microglia-macrophage activation may be either deleterious or neuroprotective depending on the time since the insult, type of lesion, and location within the lesion. We found no MCH-II-positive cells in PWMI, in agreement with an earlier study (Billiards, Haynes et al. 2006), suggesting that this reaction may be unrelated to an immunological stimulus.

We found only a few reactive GFAP+ astrocytes in PWMI in very preterm brains contrasting with intense astrogliosis in PWMI in preterm brains. The low level of MCT1 expression by astrocytes in very preterm PWMI suggests astrocyte immaturity, which may explain the absence of astrogliosis in very preterm brains (Baud, Fayol et al. 2002; Fayol, Baud et al. 2004).

Preoligodendrocyte cell death has been considered a key factor in the pathogenesis of PWMI (Back, Han et al. 2002; Rezaie and Dean 2002 ; Haynes, Folkerth et al. 2003; Volpe 2009). However, in keeping with a recent study by Billiards et al.(Billiards, Haynes et al. 2008), we found no decrease in Olig2+ cell density in PWMI compared to controls. This finding indicates that preoligodendrocyte cell death is probably not a major pathogenic factor in PWMI in very preterm or preterm neonates. However, our data do not exclude impairment of oligodendroglial cell maturation with subsequent myelination defects in very preterm and preterm survivors.

In sum, our results show that the growing axonal crossroad areas are the cellular compartments most vulnerable to PWMI in very preterm brains. Research focusing on these axonal crossroad areas within the WM (Judas, Rados et al. 2005) can be expected to shed new light on the imaging characteristics and pathophysiology of PWMI.
2. laminar
In modern intensive care, noncystic lesions identified by brain imaging are detected in more than 95% of infants compared to cystic cases (Counsell, Allsop et al. 2003; Inder, Anderson et al. 2003; Miller, Cozzio et al. 2003). Interestingly this study shows in noncystic PWMI, the glial reaction extending in the upper subplate and the cortical plate whereas in cystic PWMI, glial reaction was rather restricted to the WM with almost no extention in the cortical layers. Moreover this study shows that Iba1+ microglia and GFAP+ astrocytes show characteristic laminar distribution and age dependant changes in noncystic PWMI. Indeed, microglial reaction in the cortical wall was a characteristic of very preterm PWMI, whereas astrogliosis in the cerebral wall was more proeminent in preterm PWMI. These glial reactions showed an inside-out gradient in density from the WM, the deep and the superficial SP and in the cortical plate. As observed for lesions in the PWMI (Verney et al. Submitted), no differences in density was detected for Olig2+ preoligodendrocyte in the subplate compared to control cases.
1. Microglia in PWMI and SP pathology
Our results show Iba1+, CD68+ macrophages around the cystic lesions. The activation of microglia around the cystic hypoxic lesions in developing cortex was also described in experimental material (Tahraoui SL et al 2001, Cai Z et al 2001, Ivacko JA et al 1996, McRae A et al 1995) and human pathologic material (Haynes RL et al 2009 Kadhim H et al 2001, Billiards SS et al 2008, Haynes RL et al 2005, Volpe JJ 2009). Our finding shows that this occurs more frequently in very early preterm and this is consistent with finding of (REFERENCE?). Microglia was more activated in deep cerebral layers, while cortical plate did not show significant changes. Non affection of cortical plate with pathological changes in white matter are consistent with the general notion that in hypoxic ischaemic lesion of the early developing cerebrum white matter is the main target, while cortical cells are spared (Haynes RL et al 2005, Volpe JJ 2009, McQuillen PS et al 2003). Microglia is considered as a key player in pathological sequelle followed by hypoxia (Tahraoui SL et al 2001, Kadhim H et al 2001, Volpe JJ 2009). Therefore microglia was considered as a potential target for neuroprotection (Tahraoui SL et al 2001, Deng W et al 2008, Dommergues MA et al 2003). At the moment it is difficult to disclose whether increased number of microglia means specific laminar related pathology or this phenomenon reflects developmental increase of microglia in developing fetal cortex. Namely, microglia shows early invasion of the whole telencephalon during normal development (Verney C et al 2010, Monier A et al 2007, Rezaie P et al 2005, Billiards SS et al 2006) and was observed in periventricular crossroads of “normal” preterms (Judas M et al 2005, Verney C 2011 submitted).
2. Astrocyte distribution and morphology in PWMI
In our material astrocytes were present in both control and PWMI cases in all cerebral layers throughout developmental period covered in the study. In very preterm infant, in both control and PWMI cases, astrocytes show differences in number expressed per surface area. Highest number of astrocytes per surface area was observed in WM, intermediate number was found in subplate, while cortical density was the lowest indicating ascending pattern of astrocytes differentiation (deep to superficial). This is consistent with data on origin of astrocytes from radial glia cells whose cell bodies are predominantly located in deep layers (Schmechel DE and Rakic P 1979, Rakic S and Zecevic N 2003, Kriegstein and Gotz 2003). Presence of astroglia in developing subplate in human fetal cortex was described by Kostovic et al 1975, deAzevedo et al 2003, Marin-Padilla 1995 and monkey subplate layer (Schmechel and Rakic 1979). The differences in reactive forms of astrocytes in cystic lesions when compared to non-cystic lesions we have observed in our material further support involvement of astroglia in pathology of PWMI (Haynes et al 2009, Rodrigues MJ et al 2001, Deguchi K 1997). Changes of astrocyte phenotype in non-cystic lesion are consistent with observation that astrocytes change in PWMI (Haynes 2009, Rodrigues MJ 2001, Deguchi K 1997). The characteristic morphological changes of astroglia in subplate and differences between superficial and deep SP strongly suggest involvement of subplate compartment in pathology of PWMI. Pathological changes and abnormalities of subplate neurons in hypoxia ischaemia were depicted as important segment of cortical lesion in preterm infants by Volpe (Volpe 1999), as well as by other researchers (McQuillen PS and Ferriero DM, 2005, McQuillen et al 2003, Sfaello et al 2004, Folkerth RD et al 2008, Inder TE et al 1999, Ferriero DM and Miller SP 2010, Volpe JJ 2009). In this respect our results were first evidence that glial cells of subplate compartment also undergo changes in hypoxia ischaemia of developing brain and that glia cells are also involved in pathology of subplate. The damage of astrocytes may cause the failure of their function in developing subplate. In contrast to the well documented role in astrocytes in adult brain (Kimelberg and Nedergaard 2010, Barres BA 2008, Ransom B et al, 2003, Verkhratsky A 2007 and 2010, Kettenman 1995), very little is known about the role of astrocytes in developing cerebrum. Beside their role in metabolism, neurotransmission, balancing pH and ion concentrations, regulating vasculature and forming blood-brain barriers, they may have a morphogenic role in development of synaptic connections (Slezak M and Pfrieger 2003, Pfrieger FW and Barres BA 1997, Christopherson KS et al 2005, Ullian EM et al 2001) as shown for in cortex, cerebellum, in cell culture. Our results indicate that there are differences in distribution and morphology of hypoxic ischaemic cortex between very preterm and late preterm infants. The differences in pathology and pathogenical mechanism between very preterm and preterm infants are still matter of controversy. One of the likely reasons would be that previous neuropathological studies did not have enough material from very preterm ages (REFERENCES???). In general incidence of PVL is highest between 23 and 32 gw (Volpe JJ 2001, Back SA et al 2007, Billiards SS et al 2008, Rezaie P and Dean A 2002). Recent studies pay more attention to selective vulnerability than developmental differences between early and late preterm infants. The concept of selective vulnerability was elaborated by McQuillen et al 2003, Ferriero DM and Miller SP 2010, Miller SP and Ferriero DM 2009 and Sfaello I et al 2004. Our data in preterm infant on non-cystic PWMI support idea that astrocytes contribute to the selective vulnerability of subplate. This is also in accordance with overall cellular composition of subplate where there is the highest number of synapses and postsynaptic elements and astroglia (Kostovic I and Rakic P1990, Kostovic I and Molliver ME 1974). During the hypoxia these synaptic elements may be source of release of glutamate which in turn can activate NMDA receptors in astrocytes and result in more intense hypoxic-ischaemic sequelle in subplate (Johnson MV et al 2001). In our material we have not observed formation of scar morphologies by astrocytes. In the interesting case we have described on figure 7, necrotic area was surrounded by astrocytes and microglia but without formation of cicatrix. Instead, the plaque or focus was composed of extracellular matrix material (take one and colour it with PAS Alcian - will that be possible?
