1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
J Comp Nevurol. 2005 October 17; 491(2): 109-122. doi:10.1002/cne.20714.

Contributions of Cortical Subventricular Zone to the
Development of the Human Cerebral Cortex

Nada Zecevic, Yanhui Chen, and Radmila Filipovic
University of Connecticut Health Center, Department of Neuroscience, 263 Farmington Ave,
Farmington, 06030-3401, CT, USA

Abstract

The cortical subventricular zone (SVZ), a proliferative compartment in the forebrain, has a
uniquely important role during the second half of intrauterine development in human. This is best
observed in numerous neonatal pathologies that result from prenatal SVZ damage. These
conditions highlight a need to better understand the contribution of the SVZ to the development of
the human cerebral cortex. With this goal in mind, we analyze histological organization, cell
proliferation, and molecular diversity in the human fetal SVZ, from 7 to 27 gestational weeks
(gw), using light and electron microscopy, immunohistochemistry, and in vitro methods. Complex
histological organization distinguishes human cortical SVZ from that of other mammals. In vitro
quantification showed that approximately 50% of cells in the VZ/SVZ region are neurons, 30%
are astroglia, 15% are nestin™ cells, with other cell types representing smaller fractions.
Immunolabeling with BrdU, showed that a considerable number of cells (approximately 10%) are
generated in the human cortical SVZ during midgestation (18-24gw), in in vitro conditions.
Immunofluorescence with cell type specific markers and BrdU revealed that all major cell types,
neural precursors (nestin*), astroglia including radial glia (GFAP*, vimentin*), and
oligodendrocyte progenitors (PDGFR-a™*), were proliferating. An increase in the ratio of the size
of the SVZ to VVZ, protracted period of cell proliferation, as well as cellular and histological
complexity of the human fetal SVZ, are directly related to the evolutionary expansion of the
human cerebral cortex.
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INTRODUCTION

One of the main characteristics of the developing CNS is that the majority of neural cells
(neurons and macroglia) originates in the proliferative region near the lumen of the cerebral
ventricle, the ventricular zone (VZ), and then migrates to their final destinations. In the
human embryonic telencephalon (5-6 gestational weeks, gw), the VVZ is the only
proliferative zone. At 7-8 gw, the cortical plate appears, and the secondary proliferative
zone, designated as the subventricular zone (SVZ), forms above the VZ (Cajal, 1911,
Boulder Committee, 1970; Sidman and Rakic, 1982; Zecevic, 1993). In this zone,
proliferation continues for the next several months, to the end of 40 gw long intrauterine
period. The substantial development of the cerebral cortex in the second half of gestation in
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primates is mainly related to cell proliferation in the SVZ. Two classes of cortical neurons,
subplate and interneurons, continue to be generated during that time. Formation of the
transient subplate layer, which achieves maximal size in the primate forebrain (Kostovic and
Rakic, 1990), is mainly due to cell proliferation in the SVZ (Smart et al., 2002). Moreover,
in contrast to rodents, where almost all cortical interneurons originate in the ganglionic
eminence (Anderson et al., 1997; rev. Marin and Rubenstein, 2001), a subpopulation of
interneurons might originate locally, in the cortical VZ/SVZ in the human brain (Letinic et
al., 2002; Rakic and Zecevic, 2003a; Filipovic and Zecevic, 2004). In addition, two types of
macroglia, oligodendrocytes and astrocytes (Back et al., 2001; Rakic and Zecevic, 2003b;
Zecevic, 2004; Jakovcevski and Zecevic, 2005), as well as stem-like cells (Flax et al., 1998;
Vescovi et al., 1999; Ourednik et al., 2001) are generated and reside in the human fetal SVZ.
Simultaneous proliferation, migration, and differentiation of these various cell types within a
confined space, provide opportunities for interaction that are not yet fully understood.

The remains of this proliferative zone persist as the subependymal zone, a source of stem-
like cells, that contribute to the repair processes of the CNS in the adult brain (e.g., Reynolds
and Weiss, 1992, Sanal et al., 2004).

In clinical practice, the cortical SVZ is an important site of common neonatal pathology
typically observed in premature babies and neonates (Back et al., 2001; Volpe, 1997, 2001).
Abnormal myelination in the forebrain observed in periventricular leukomalacia (PVL) may
be related, in part, to selective targeting of oligodendrocyte progenitors by the insult (\Volpe,
1997; Back et al., 2001, 2002), whereas cognitive disorders after hypoxic-ischemic insult
may be related to selective damage of subplate neurons (McQuillen et al., 2003). Increased
cell proliferation, or altered rate of cell death in the SVZ region, may result in childhood
tumors (Lewis, 1968).

In addition to its clinical importance, the cellular organization of the SVZ in primates is
significantly different than in other animals (Smart et al., 2002). In the human brain, due to
its larger size and prolonged development, these differences are more pronounced. Indeed,
compared to other mammals, the cortical SVZ increases during evolution and achieves its
peak in size and complexity in humans. This prompted us to study the complex cellular and
molecular organization of the human fetal SVZ, with emphasis on its contribution to the
cerebral cortex.

MATERIALS AND METHODS

Human embryos and fetuses, ranging in age from 7 to 27 gestation weeks (gw), were
obtained from abortions and autopsies performed at the University of Belgrade, Serbia and
Montenegro, as well as from the Brain Bank, The Albert Einstein College of Medicing,
Bronx, NY, USA. Tissue was collected with proper consent and with the approval of the
Ethics Committees. Ultrasonic and neuropathological examination found no evidence of
disease or developmental abnormalities. The time between collected tissue and fixation was
on average 5-15 minutes. The age of embryos and fetuses was estimated on the basis of
weeks after ovulation, crown-rump length (Olivier and Pineau, 1962), and anatomical
landmarks (O'Rahilly et al., 1987).

Immunofluorescence

Brain blocks were fixed in 4% paraformaldehyde in 0.1M phosphate buffer, pH 7.4, for 8—
12 hrs., cryoprotected by immersion in 30% sucrose in 0.1M phosphate buffer (PBS), and
frozen in isopentane cooled up to —70°C. Frozen brain blocks were serially sectioned in
either coronal or sagittal planes at 14um, and collected on poly-L-lysine-coated slides.
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Alternating sections were processed for immunocytochemistry, or stained with Toluidine
Blue (Sigma, St. Louis, MO, USA).

Frozen sections were incubated for 30 minutes in blocking serum (1% bovine serum
albumin, 5% normal goat serum, and 0.5% Tween in PBS buffer), followed by incubation
with appropriate markers or antibodies overnight at room temperature (Table 1). The next
day secondary antibodies conjugated with either Fluorescein or Rhodamine (Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA), were applied for 2 hrs. and sections
were counterstained with bisbenzamide (Sigma) to label cell nuclei necessary for
quantitative analysis. Sections were viewed and analyzed with a conventional fluorescent
microscope (Leitz, Orthoplane 2, Wetzler, Germany) or a confocal laser-scanning
microscope (Carl Zeiss, LSM 410). Pictures were adjusted for brightness and contrast with
PhotoShop program 6.0 (Adobe Systems, CA, USA). We used controls for antibody
specificity described earlier (Saper and Sewchenko, 2003). First, some primary antibodies
were tested by Western blot analysis, and only a band at the appropriate molecular weight
was demonstrated. Second, incubation of sections only with secondary antibodies resulted in
a lack of immunostaining. We also relied on data from the literature that used the same
antibodies and showed their specificity (Table 1). In addition, in our double labeling studies
antibodies specific for one cell class, such as neurons for example, labeled cells that by their
morphology and size corresponded to neurons, and did not label other classes of cells such
as oligodendrocytes, radial glia, astrocytes, or microglia.

Light and electron microscopy

Tissue blocks from the lateral telencephalic wall of embryos (7-9 gw), or frontal and
occipital poles from fetuses (15-27 gw) were dissected, fixed by immersion in mixed
gluteraldehyde/paraformaldehyde fixative, and embedded either in paraffin or Epon. Other
details of light and electron microscopic procedures were described previously (Zecevic,
1993, 1998). Light microscopy was done either using toluidine blue stained | um thick Epon
embedded sections, or 8 um thick paraffin sections stained with cresyl violet or Nissl stain.

In vitro methods

Brain tissue collected from fetuses at midgestation (18-24 gw) was placed in a medium
containing modified Hank’s Balanced Salt Solution (HBSS) (Sigma, St. Louis, MO), 2 mM
glutamine (Invitrogen, Carlsbad, CA), 10 mM HEPES buffer (Sigma, St. Louis, MO), 20
pg/ml gentamycine sulfate, and shipped on ice. Upon arrival, the tissue was immediately
used for dissociated cell cultures or organotypic slice cultures.

Organotypic slice cultures—Frontally cut fetal hemispheres were used to obtain tissue
blocks (1x1x0.5 cm) containing the VZ/SVZ. These blocks were embedded in 3% low-
melted agarose (Invitrogen), and cut into 400 um-thick slices using a Vibroslice (World
Precision Instruments). Slices were transferred onto 30mm membrane inserts (0.4pum
porosity, Millipore Corp, Bedford, MA), and placed in 6-well plates containing Dulbecco’s
modified eagle medium (DMEM) (Sigma) with 0.24% D-glucose, 2mM L-glutamine, N2
(Invitrogen), 5% fetal bovine serum (FBS). Using the interface technique (Stoppini et al.,
1991), slices were kept in a humidified incubator at 37°C with 5% CO, for three days. Cell
proliferation in slice culture was studied by incorporation of BrdU (see bellow), upon which
slices were fixed in the 4% paraformaldehyde for 6 hrs., cryoprotected with 30% sucrose
over night, and frozen at —70°C. Each slice was re-sectioned on cryocut into 14-20 pum thick
sections.

Acutely dissociated cell culture—Acute cell cultures (n=6) of the VZ/SVZ region at
midgestation were established according to a modified method of Hartfuss et al. (2001).
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Human fetal brains kept in HBSS were cut into approximately 1cm coronal slices, and
meninges were carefully discarded. A tissue band approximately 2000pum above the VZ
surface, cut to include the SVZ, was enzymatically degraded at 37°, in 1.3mg/ml trypsin-
EDTA (Invitrogen) and 0.67mg/ml hyaluronidase (Sigma), triturated through a fire-polished
pipette coated with fetal calf serum (FCS, Sigma), resuspended in serum-free defined
growth medium containing 5pg/ml of insulin, 100ug/ml of transferrin, 20nM progesterone,
100puM putrescine and 30 nM selenium (Bottenstein and Sato, 1979), and seeded into four or
eight well chamber slides pre-coated with poly-L-lysine at a concentration of 1 x 10° cells/
ml or 4 x 104 cells/ml, respectively. Cells were incubated at 37° with 5% CO2 for 4-6 h.
and then fixed in 4% paraformaldehyde for 20 min. and processed for
immunohistochemistry (see bellow). The total number of viable cells, assessed by trypan
blue exclusion, was 90.8+8.5%.

BrdU incorporation

Thymidine analogue, BrdU (5-bromodeoxyuridine) in a dose of 50uM was added to
organotypic slice cultures for 18hrs., or to dissociated cell cultures for 4hrs. in order to label
cells in S phase of the mitotic cycle. After fixation in a mixture of ethanol and acetic acid
(95:5) for 2 min at —20°, slices or cells were denaturated in 2N HCL for 2 min, followed by
incubation with sodium borate buffer (0.1M, pH 8.5) for 10 min. After that, sections were
incubated overnight with mouse monoclonal anti-BrdU antibody (Becton Dickinson or
Fitzgerald) diluted 1:50 in PBS containing 3% natural goat serum. After rinsing, sections
were incubated for 2hrs. at room temperature with secondary antibody (1:400, Alexa Fluor
555, Molecular probes, Eugene, OR), and then cover-slipped with Vectashield (Vector
Laboratories).

Cell counting

RESULTS

Cells in dissociated (n=4) or slice cultures (n=3) labeled with various markers and antibody
to BrdU, were expressed as a percentage of the total number of cells viewed with nuclear
stain (bisbenzimide). Ten adjacent optical fields (surface of one field = 264 pm?2) were
examined at 20x magnification in each culture. Means and standard errors of the mean
(xSEM) were calculated and compared with those from control cultures to determine and
correlate statistical differences, trends and associations. Values of p<0.05 were considered
significant.

Histological organization of the human fetal SVZ

Before the emergence of the cortical plate at 7-8 gw, dividing cells were observed at
considerable distance from the VVZ, indicating the incipient SVZ (Fig. 1, Zecevic, 2004). For
the first time, at 9 gw, a distinct, although small, SVZ could be recognized between the
highly proliferative VZ and the non-proliferative intermediate zone (Fig. 1A). The lower
border of the SVZ appeared as the continuation of radially arranged compact VZ cells,
whereas the upper border with the 1Z was loosely organized. (Fig. 1A). Over the next
several months (10-24 gw), the initial compact cellular appearance of the SVZ changed
considerably due to penetration of tangentially oriented fibers from subcortical regions, as
well as fibers crossing through the corpus callosum (Fig. 1C). Incoming fibers were best
observed at later fetal stages (see bellow, Fig. 3). The appearance of the SVZ changed along
the rostro-caudal axis within each fetal brain, as could be illustrated on coronally cut, Nissl
stained serial sections of the 22 gw fetal brain (Fig. 2). At any rostro-caudal level, the lateral
side of the SVZ was several times wider than the medial side facing the interhemispheric
fissure. For example, in the frontal pole, this ratio was approximately 3:1, as the lateral SVZ
was 1400um and the medial was 450um thick (Fig. 2A). In the lateral SVZ, at the interface
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with the intermediate zone, a characteristic circular arrangement was formed by fiber
bundles and interposed cells (Fig. 2A). At midgestation multiple cell bands radiated from the
SVZ through the intermediate zone (Rakic and Zecevic, 2003a). Occasionally, bands
stretched for more than 2000um to reach the overlaying subplate layer, and were more
pronounced in the medial than in the lateral SVZ (Fig. 2A,C,E). Cells in these bands were
closely linked as observed on the electromicrographs (Fig. 2G). Various glial and neuronal
markers labeled these cells (Fig. 2H,1), which often were dividing as we showed by PCNA
labeling (Rakic and Zecevic, 2003a). Interestingly, although SVZ cell bands were
reminiscent of chain migration in the rat rostral migratory stream (Luskin, 1993), they were
not labeled with PSA-NCAM (Fig. 2I). In the occipital cortex at 20—4 gw, the characteristic
feature of the SVZ in the occipital pole was that incoming fibers partitioned the cell rich
SVZ into the inner and the outer SVZ. This complex histological organization was
particularly well demonstrated in 22gw fetus on sections immunolabeled with the antibody
to phosphorylated neurofilament protein (SMI-31, Fig. 3). The inner layer of closely packed
subventricular cells was located close to the VZ, followed by the inner fiber bundle, and
then the outer SVZ arranged in parallel rows of fibers separated by radially aligned cells
(Fig. 3C). This radial arrangement was originally named “palisades” in the fetal monkey
occipital cortex (Smart et al., 2002). The uniformly running radial GFAP™ fibers were
demonstrated throughout the entire human SVZ, consistent with the idea that “palisades”
were formed by neuronal cell bodies and fibers, and not by glia fibers (Fig. 3C’). In contrast,
the medial SVZ in the occipital pole was thinner and without a specific outer fiber layer
(Fig. 3D).

In a 25-7 gw fetal brain, the latest fetal age studied here, the VZ had been reduced to one
cell-thick ependymal layer, while SVZ was still present around lateral ventricle (Fig. 4). The
thin medial SVZ close to the corpus callosum had characteristic shape with obliquely
oriented cell bands intruding between the axons of the corpus callosum, as seen on coronal
sections through the hemisphere at the level of the thalamus (Fig. 4B). The posterior SVZ
displayed a characteristic stream of cells that extended to the white matter of the temporal
lobe (Fig. 4C).

Cellular compaosition of the human fetal SVZ

All SVZ cells had immature morphology, as could be observed on both light and
electromicrographs (Fig. 5). However, two subclasses of cells could be distinguished: one
cell class had regularly shaped, pale and larger nuclei, whereas the other had irregular,
darker and smaller nuclei on Nissl stained sections (Fig. 5A). Similarly, on the electron
microscope, one cell subpopulation had smooth, elongated nuclei and small amount of dark
cytoplasm with numerous ribosomes, whereas other had irregular nuclei with clumps of
chromatin, and more cytoplasm (Fig. 5B). These morphological differences among the SVZ
cells become even more noticeable around 22-24 gw. However, cell immaturity made
classification of cells solely on the basis of their morphology and nuclear staining difficult.
Various cell types became apparent when cell-type specific immunomarkers were used. This
approach revealed antigenetic differences in SVZ cells already at early fetal stages (8-9 gw).

Immature neurons, labeled with B-111-tubulin, PSA-NCAM, as well as MAP2, were present
in the fetal SVZ at all ages studied (Fig. 21, 6A—C). Antibodies to the transcription factor
Thbr-1 and glutamate labeled a subpopulation of projection neurons, which probably radially
migrated to upper cortical layers (Fig. 6D,E). Other neuronal markers, such NeuN (neuronal
nuclear antigen) and NSE (neuronal specific enolase) labeled predominantly neurons that
already migrated away from the SVZ, and were observed above the SVZ, in the subplate,
the cortical plate and layer I (not shown). GABA, calretinin and calbindin immunolabeled
interneurons in the SVZ, in all cases studied (7-22 g.w). GABAergic cells had simple uni-
or bipolar morphology that suggested their migration (Fig. 6F—I). We considered bipolar
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neurons with one leading and one trailing process on the opposite side of the cell body to
have migratory morphology. Leading processes of these cells were directed randomly, either
towards the pia, or the VZ, or oriented horizontally (Fig. 6H-J). We further characterized
these cells in slice culture (see bellow).

The astroglial cell population, abundant in the cortical SVZ (Fig. 2H), has been previously
described (Rakic and Zecevic, 2003a,Zecevic, 2004, Howard et al., submitted) and will not
be discussed here.

Cortical interneuron progenitors in the slice culture of the fetal SVZ

Previously, we have shown that numerous cells in the fetal SVZ expressed ventral
transcription factors, DIx and Nkx2.1, which is characteristic for cells of ganglionic
eminence (GE) origin (Rakic and Zecevic, 2003a,b). At the same time numerous
interneurons, labeled with either GABA or calretinin, were demonstrated in the SVZ (Fig.
6F-J). Furthermore, in slice cultures from the VZ/SVZ region (22 gw, n=3), GABA*
interneurons occasionally co-expressed transcription factor Nkx 2.1 (Fig. 7A-C). To
determine whether these cells migrated from the GE to the cortical SVZ, or were generated
locally, we studied the proliferation of Nkx2.1* and DIx* cells in the cortical SVZ. From all
cells in the SVZ, a fraction were labeled with BrdU and therefore were proliferating (Fig.
7D,J). Although numerous GABAergic interneurons were present in the SVZ, none of these
cells incorporated either BrdU or expressed proliferation marker, Ki67 (not shown, n=3). In
contrast, a fraction of cells that expressed DIx (pan-DIx antibody) or Nkx-2.1, were co-
labeled with BrdU (Fig. 7E, F). Of the total BrdU™* cells in the SVZ one quarter (25.5+3.2%)
were DIx/BrdU*, whereas 18.95+1.9% were Nkx2.1/BrdU* (Fig. 7J). However, not all of
these cells were neurons. Double staining showed that 55.2+6.5% of DIx* and 80.1+7.2% of
Nkx2.1* cells present in slice cultures (n=3) were double-labeled with PDGFR-a, an early
oligodendrocyte progenitor marker (Fig. 7G-I). From all dividing, BrdU* cells, 35.2+4.2 %
were PDGFRo™ oligodendrocyte progenitors (Fig. 7).

Quantification of VZ/SVZ cells in vitro

To determine the contribution of particular cell types to the entire population present in the
SVZ, we did a quantitative study using acutely dissociated cell culture from VZ/SVZ at
midgestation (Fig. 8, n=6). In this type of acute culture, cells were kept in vitro for only 4
hrs. Their viability, tested with Trypan Blue staining, was 90.8+8.5%. This approach
showed that approximately 50% of all SVZ cells were neurons, labeled with either MAP2
(50.9+4.6%) or B-111-tubulin (51.7+£3.8%) (Fig. 8B). Transcription factor Tbr-1, a marker of
pyramidal neurons, was expressed by 35.0+2.6% of SVZ cells, whereas GABAergic cortical
interneurons represented 19.2+3.2%. One third of SVZ cells were astroglia labeled with
vimentin (32.7£1.5%) or GFAP (31.9£3.0%), with both markers co-localized in the same
cells (Fig. 8B). Other cell types, accounted for smaller percentages, such as nestin* cells
(14.6+0.9%), PDGFR-a* oligodendrocyte progenitor cells (6.7+0.6%), and lectin*
microglia/macrophages (1.1+0.1%) (Fig. 8). In acute cell culture the fraction of BrdU™* cells
was calculated to be 11.0+£0.2% of total cells present in SVZ (Howard et al., 2004), which is
slightly higher than the percentage obtained in slice culture at the comparable midgestational
fetal age.

Glial and stem-like cell populations in the human VZ/SVZ

Vimentin, GFAP and 4A4 antibodies labeled radial glia (RG) cells in the human fetal brain
in all stages of development studied, from the earliest embryonic stages to midgestation
(Zecevic, 2004, Howard et al., in prep.) At midgestation, numerous fibers that radiated from
the VZ/SVZ towards the cerebral cortex could still be labeled with both vimentin and GFAP
antibodies (Zecevic, 2004). Cell nuclei, revealed with bis-benzimide, were aligned along
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labeled glia fibers (Fig. 2H), consistent with the role of RG in neuronal migration (e.g.,
Rakic, 1972).

In acutely dissociated cell cultures from the same age VZ/SVZ, nestin and GFAP were co-
expressed in a subset of round cells (Fig. 8 G,H). After ten days in vitro (10DIV), nestin was
expressed in two morphologically different cell types: round cells without processes, which
did not express GFAP, and in astrocytes, where it co-localized with GFAP (Fig. 8 1-K).
Round nestin™ cells represented a distinct cell population that resembled neuronal precursors
or stem-like cells.

Other cells types, such as oligodendrocytes and numerous microglia/macrophages, were
described previously in the human fetal SVZ (Andjelkovic et al., 1998; Filipovic et al.,
2003; Rakic and Zecevic, 2003a,b; Jakovcevski and Zecevic, 2005). Moreover, cell death,
which is very prominent in the human fetal SVZ, has been described earlier (Rakic and
Zecevic, 2000).

DISCUSSION

In this study, we provide details of histological organization, molecular characteristics, and
tempo of cell differentiation in the human SVZ from 7-27 gw. Single and double
immunohistochemistry demonstrate various cell types present in the SVZ, whereas in vitro
methods provide details about their proliferation and more accurate quantification of
different cell types. The question of cortical interneuron origin was addressed, and although
conclusive results cannot be provided, we demonstrate that cells expressing ventral
transcription factors (DIx2, Nkx2.1) proliferate in the cortical SVZ at midgestation. Their
antigen phenotype is consistent with either oligodendrocyte progenitors or neurons. Taken
together with previously published results (Letinic et al., 2002; Rakic and Zecevic, 2003),
these results support the notion that a subpopulation of cortical interneurons may be
generated locally, in the cortical SVZ.

Proliferation and migration in the fetal SVZ

The human cortical SVZ, during the examined fetal period (7 to 27 gw), is a highly
proliferative and heterogeneous zone that contributes to both neurogenesis and gliogenesis.
Around midgestation (18-24 gw) approximately 10% of SVZ cells were proliferating in in
vitro experiments. Such late cell proliferation is important for the generation of upper
cortical layers, when the SVZ is the only proliferative zone. Thus, cell proliferation in the
cortical SVZ is one of the major contributors to the expansion of the brain in the last
trimester of the intrauterine development, when a three fold increase in the number of cells
take place (Badsberg Samuelsen et al., 2003).

Various modes of migration, including tangential, radial, and multipolar migration have
been demonstrated by time lapse photography on organotypic slice cultures in the rodent
SVZ (Kakita and Goldman, 1999; rev. Marin and Rubenstein, 2001; Nadarajah et al., 2002;
Ang et al., 2003; Tabata and Nakajima, 2003). Since our results are mainly based on the
fixed human fetal tissue, we did not directly observe migration of SVZ cells. However, the
orientation of the leading processes of SVZ cells suggests that similar types of migration are
present in the human SVZ. While RG fibers provide the anatomical framework for the radial
migration of projection neurons (e.g., Rakic 1972; Sidman and Rakic, 1982), tangential fiber
bundles in the SVZ help migration of cortical interneurons (rev. Marin and Rubenstein,
2001; Kriegstein and Noctor, 2004), and oligodendrocyte progenitors (He et al., 2001;
Marshall and Goldman, 2002; Marshall et al., 2003; Rakic and Zecevic, 2003b). Several
fiber systems, such as cortico-cortical, cortico-thalamic (corticofugal) and thalamocortical
(corticopetal) fibers in the cortical SVZ (Miller et al, 1993; Molnar and Blakemore, 1995),
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may assist in tangential migration. The “palisade” organization of the outer SVZ, typical for
primates, is probably formed in the occipital pole by geniculostriate fibers (Smart et al.,
2002). Vimentin and GFAP labeled glial fibers oriented transversally together with radially
oriented glial fibers and migrating neurons outline a striking 3D mesh organization, both in
the fetal monkey (Zecevic and Rakic, 2001) and human lateral SVZ (Rakic and Zecevic,
2003a; Zecevic, 2004).

In addition, prominent cell bands, characteristic for the human SVZ (Rakic and Zecevic,
2003a), may represent an additional migratory path, similar to the rostral migratory stream
(RMS) in rodents (Luskin, 1993; Lois and Alvarez-Buyilla, 1994). However, cells in S\VZ
bands likely have different adhesion properties, as suggested by the lack of PSA-NCAM
labeling, which is typical for RMS.

Cell diversity in the human SVZ

One of the main characteristics of the SVZ is that all major cell types (cortical neurons,
astrocytes, oligodendrocytes) are being generated in situ during intrauterine development.
On the light microscopic level, various cell subpopulations can be distinguished on the basis
of their nuclear shape, chromatin density, and cytoplasmic appearance, while some
similarities with cell types A (neuronal) and B (astrocytes/stem-cells) described in the
mouse (Doetsch et al., 1997) are noted.

Of special interest is that several subpopulations of cortical neurons: pyramidal, later born
subplate and olfactory neurons, originate in the human cortical SVZ. A large number of
Thr-1* and glutamate* cells observed in the SVZ at midgestation show that projecting,
pyramidal neurons do not yet migrate out of this proliferating zone by that time. These late
generated Tbr-1* and glutamate* cells, are probably destined for upper cortical layers
(Hevner et al., 2001, Englund et al., 2005). Subplate neurons are initially generated in the
cortical VZ (Marin-Padilla, 1978; Kostovic and Rakic, 1990; Zecevic et al., 1999; Meyer et
al., 2000). However, the increase in the size of this layer between 22 and 34 gw in human
(Kostovic and Rakic, 1990; Kostovic et al., 2002), and at the corresponding time in the
monkey, is due to proliferation in the SVZ (Smart et al., 2002).

In rodents, asymmetric radial glia (RG) divisions in the cortical VZ, and later symmetric
divisions of intermediate progenitors (IPC) in the SVZ, produce pyramidal neurons (Noctor
et al., 2004). Similarly, in the human VZ/SVZ, we have reported that RG cells are
proliferating in embryonic and fetal brains (Zecevic, 2004; Howard et al., 2004) and that
some of these cells might be neurogenic (Howard et al., submitted).

Our in vitro study demonstrates that a subpopulation of cells labeled with GE ventral
markers, DIx and Nkx2.1, are co-labeled with GABA, indicating that a fraction of cortical
interneurons are generated locally. This is consistent with previous findings on embryonic
and fetal human brains (Letinic et al., 2002; Rakic and Zecevic, 2003). In contrast, in vitro
studies in rodents do not show proliferation of GE cells tangentially migrating through the
cortical SVZ (Polleux et al., 2002), although this may change with the stage of development.
In fact, in the mouse DIx1 expressing cells are proliferating in the cortical SVZ in later
development (Anderson et al., 2001). In addition, a small fraction of cortical GABAergic
cells express Emx1, a homeobox gene characteristic for cortical SVZ cells and pyramidal
neurons (Chan et al., 2001). Later born cortical interneurons are calretinin* and may
represent interneuron subpopulation that originates locally (Xu et al., 2003). The fact that at
midgestation, almost all GABAergic neurons could be co-labeled with calretinin (Rakic and
Zecevic, 2003a), suggests that, in contrast to rodents, where majority of cortical interneurons
are parvalbumin®, in human a higher percentage of cortical interneurons are calretinin* and
may be generated locally. The observed differences between rodent and human brain in
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relation to cortical interneuron origin may be due to evolutionary changes where the much
larger primate brain needs various sources of neurons that include both the GE and the
cortical VZ/SVZ.

The finding that the majority of Nkx2.1* and DIx™ cells the SVZ at midgestation are co-
labeled with PDGFR-a is consistent with the described tangential migration of
oligodendrocyte progenitors from the GE to the cortical SVZ, both in rodent (He et al.,
2001; Marshall and Goldman, 2002) and human fetal brains (Rakic and Zecevic, 2003b).

Progenitor cells in the human fetal SVZ

The existence of multipotential progenitor cells in the human fetal forebrain has been
documented by several laboratories (e.g., Flax et al., 1998; Vescovi et al., 1999; Ourednik et
al., 2001; Suslov et al., 2002). Our results show that SVZ cells can be labeled with a
combination of markers, which indicates their multipotentcapacity (Jakovcevski and
Zecevic, 2002; Rakic and Zecevic, 2003b). In addition, in long-term cell culture, nestin*
cells have round morphology and no processes, consistent with precursor or stem-like cells,
although a lineage analysis is necessary to confirm this. Nestin is expressed in
undifferentiated cells and RG, as well as in immature astrocytes (Hockfelt and McKay,
1993), and therefore is not cell type specific as much as it is marker of immature cells. RG
cells, with their neurogenetic and gliogenetic capabilities, have qualities of multipotential
progenitor cells. In the human fetal brain, RG proliferate first in the VZ and subsequently in
the SVZ. In fact, the majority of cells that incorporated BrdU in the VZ/SVZ at midgestation
were vimentin® RG cells (Howard et al., 2004).

Clinical relevance

Cortical developmental disorders range from lissencephaly, cortical ectopias with epilepsy
(Gleeson and Walsh, 2000), to complex psychiatric disorders, such as schizophrenia, autism
or bipolar disorder (Akbarian et al., 1995; Lewis, 2000). Due to the prolonged period of
intrauterine development, combined with an apparent developmental immaturity of blood
flow to the periventricular region, the SVZ may be very susceptible to environmental
influences.

Two pathological conditions in particular, periventricular leukomalacia (PVL) and
intracerebral hemorrhage, which are often the cause of motor deficit and mental retardation,
may be the result of damage to specific cell types in the SVZ (Volpe, 2001). The number of
subplate neurons may be reduced during period of particular vulnerability in preterm brain
development. Transient subplate neurons are necessary for the initial organization and later
normal function of the cerebral cortex (e.g., Shatz et al., 1988; Kostovic and Rakic, 1990),
including the structural plasticity after congenital brain lesions (Kostovic et al., 1989; Volpe,
1997; Kostovic and Judas, 2002)

In animal models, the ablation of the subplate compromises the formation of thalamocortical
connections, and visual function (Ghosh et al., 1990; Kanold et al., 2003). Moreover,
cognitive disorders and cortical visual loss can result from hypoxic-ischemic insult and
death of subplate progenitor cells (McQuillen et al., 2003, Cioni et al., 1997; Piecuch et al.,
1997). Oligodendrocyte progenitors may also be deleted in the SVZ lesions, which affect
myelination (Back et al., 2001, 2002; Volpe, 1997).

More subtle damages to the SVZ during development may go unrecognized clinically, but

depletion of stem cells may result in compromised repair processes later in life
(e.g.Reynolds and Weiss, 1992; Morshead et al., 1994; Sanal et al., 2004).
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In summary, the human cortical SVZ is larger, has a more complex histological
organization, and persists longer than in other mammals. Due to prolonged period of
proliferation, the cortical SVZ contributes uniquely to the expansion of the human cerebral
cortex.
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Fig. 1.

VZ/SVZ region in the fetal human brain as viewed by light microscopy. A: At 9 gw Nissl
stained section, the VZ merges with the SVZ without a sharp border; dividing cells
(arrowheads) can be observed in both the VZ and SVZ. B: At 11 gw, in the lateral cortex,
the SVZ/VZ border as well as the upper border with the intermediate zone (1Z) are clearly
pronounced (lines on the right); C and D: Higher magnification of proliferating cells at 11
gw in C: the SVZ, and D: the VZ (arrowheads). E: In the occipital cortex at 17 gw, afferent
fibers in the SVZ form the inner fiber layer (IFL). Scale bars= A, C, D -10um, B-50um,
E-100pum.
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Fig. 2.

Changing appearance of the SVZ along the rostro-caudal axis in the fetal brain at
midgestation (22 gw). Drawings represent Nissl stained coronal sections; small quadrants
mark areas represented on the photographs. A: In the frontal pole, the lateral SVZ (ISVZ) is
five times wider than the medial SVZ (mSVZ) facing the interhemispheric fissure. Note the
cell bands on the medial side (arrows). B: Dorsal SVZ from the same section. VZ is to the
left, pia to the right. Fiber bundles are running at the border of the SVZ with the
intermediate zone (1Z). C, D: More caudally, at the level of the internal capsule (IC), medial
(C) and lateral SVZ (D). E, F: At the occipital pole level, the medial SVZ (E) with cell
bands that stretch to the subplate layer; the lateral SVZ (F) has complex organization (see
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Fig.3 for details). G: On the electron micrograph of the SVZ at 22 gw, the cells in bands are
closely linked. H: Cell nuclei counterstained with bis-benzimide (blue) aligned along
GFAP* fibers (red) radiating from the SVZ. I: Double-labeling with GFAP (green) and
PSA-NCAM (red) reveals that these two markers do not overlap in the SVZ cell bands.
Scale bars= A-500um, B—F (in F)-100um; G-Direct Mg.2000X, H-20um, I- 50pm.
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Fig. 3.

Occipital cortex at midgestation immunostained with SMI-31 antibody to display inner fiber
layer (IFL) close to the inner SVZ, and the outer fiber layer (OFL) between the 1Z and the
outer SVZ (OSVZ). A: lateral and B: medial side of the hemisphere. A much narrower
medial cerebral cortex demonstrates a smaller SVZ. 1Z- the intermediate zone, CP-cortical
plate. C-C”: Higher magnification of the outer fiber layer in the lateral SVZ labeled with an
asterisk on A. Double labeling with SMI-31 (C) and GFAP (C’) reveals characteristic
“palisades” of radially aligned SMI-31* cells and GFAP* fibers. D,D’: In the medial SVZ,
in contrast, this palisade organization is not present; D: SMI-31, and D’: GFAP. Scale bars=
A, B-100pm; C,D- 10um.
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Fig. 4.

Nissl stained frontal section through the mid-brain level at 25gw. A: Contact picture with
boxed areas which are represented on corresponding photographs. B: Medial SVZ in the
intrahemispheric fissure, with cell bands extending into the corpus callosum (cc). C:
Posterior SVZ with cell stream invading the white matter of the temporal pole. SVZ-
subventricular zone, Th-thalamus, sTh- subthalamic nucleus, LV-lateral ventricle, ge-
ganglionic eminence, cc-corpus callosum, ic-internal capsule, Cx-cerebral cortex. . Scale
bars= A-1mm, B, C-100um.
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Fig. 5.

Various shape and staining properties of SVZ cells on the light and electron microscopic
level. A: On a 1um toluidine blue stained section of the 18 gw fetus, diverse staining
properties of SVZ cells could be seen, along with horizontal and vertical mitotic spindles on
the VVZ surface (empty arrowhead) and in the SVZ (arrows). B: On the electron micrograph
at 12 gw darker and lighter cell nuclei are dispersed through the SVZ, whereas two mitoses
are observed at the ventral surface (arrows). Scale bars= A-10um; B - direct Mg. 2000X.
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Fig. 6.

Immunohistochemical labeling of different cortical neuron subtypes in the SVZ at
midgestation. A: MAP2, B: PSA-NCAM, C: B-1ll-tubulin, D: Thr-1 (green), right half is the
combination of Thr-1 and bisbenzimide (blue), E: Glutamate labeling is mostly expressed in
neuronal processes; immunopositive cell in the inset (arrow). F, G: GABAergic cells in the
VZ/SVZ at 17 gw, G: higher magnification of GABAergic cells with leading processes in
various directions (arrows); pia is towards the top; H: At 11 gw two GABAergic cells close
to the ventricular surface, with long leading processes (arrows). I: Calretinin (CalR) in the
same 17 gw fetus as shown for GABA on F. J: Higher magnification of CalR™ cells. Scale
bars- A-C=20um, D-F, 1=100um, G, H, J=50um.
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Fig. 7.

Interneurons in slice cultures from the human fetal SVZ at midgestation. Double-labeling
with A: GABA and B: Nkx2.1 antibodies. C: Overlay image shows Nkx 2.1 in some
GABAY interneurons (arrow) and absence in the others (empty arrow). D: Proliferating cells
in the VZ/SVZ region are labeled with anti-BrdU antibody. E: Pan-DIx (antibody DII, green)
labels nuclei of SVZ cells, some of which are proliferating as seen by their co-labeling with
BrdU (arrows, yellow color). Similar to this, F: several Nkx 2.1 (green) cells in the SVZ are
co-labeled with BrdU (arrows). G-1: OPCs labeled with G: anti-PDGFR-a antibody, H: Nkx
2.1 in the same section. I: Overlay image shows that Nkx2.1 co-localized with PDGFR-o.
(red) in most cells (arrows). Empty arrows point to Nkx2.1* (green) cells only. J:
Quantification of immunolabeled cells demonstrates that 7.2+0.9% of all SVZ* cells are
BrdU*. Of all BrdU* cells 18.9+1.9% are Nkx2.1" cells, 25.5+3.2% are DII/BrdU* cells,
while 35.2+4.2% are PDGFR-a* cells. Scale bars= 40um (in A for A-C), 75 um (D), 25um
(in E for E-I).
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Fig. 8.

Acute and chronic dissociated cell culture of VZ/SVZ region at midgestation. A-E:
Examples of immunostaining with cell-specific antibodies and A’-E’: counterstaining with
bisbenzimide (blue) for cell nuclei. F: Graphical representation of morphometric results for
main cell groups present in the VZ/SVZ. Percentages are calculated in respect to the total
number of cell nuclei in the field of view and averaged for four fetuses (n=4) (for more
details see the text); G—H: Examples of cells in VZ/SVZ acutely dissociated cell culture
which co-express nestin (G) and GFAP (H, arrows). I-K: In chronic cell culture (10DIV),
nestin and GFAP are co-expressed in astrocytes (arrows), but not in round cells (empty
arrows) that are only nestin*. Scale bars= A-E- 50um; G-H and I-K-20um.
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