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Abstract

The Rel/NF-kB family of transcription factors is implicated in cell proliferation, cell death, cell migration and cell interactions. Here, we
examined by immunohistochemistry the expression pattern of various members of this family during postnatal telencephalon development
and during adulthood, and we used neuronal and glial markers to identify the cells types where they are expressed. Distinct Rel/NF-xB
proteins are highly expressed postnatally in the subventricular zone and in the rostral migratory stream. In particular, Rel A and p50 are
expressed in radial glial cells, in migrating neuron precursors and in a population belonging to the astrocytic lineage. Rel B, on the other
hand, is only expressed in migrating neuron precursors, whereas c-Rel is present in a few cells located at the edges of the rostral migratory
stream. The expression of Rel A and p50 persists into adulthood, particularly in subventricular zone astrocyte-like cells and in migrating
neuron precursors, respectively. The selective expression of NF-kB members in the postnatal subventricular zone and rostral migratory
stream and their persistence into adulthood in regions of ongoing neurogenesis suggests possible mechanisms linking NF-xB expression with
cell proliferation and migration. Their presence in actively proliferating progenitor cells, detected by BrdU staining, further suggests that NF-
kB may be part of a signaling pathway that is important for neurogenesis.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction [11,26,38,39,45,56]; they are relatively quiescent and divide

upon stimulation to give rise to a large population of rapidly

It is now well documented that in rodents and primates,
olfactory bulb interneurons continue to be generated after birth
and throughout adult life in the subventricular zone (SVZ),
which persists as a neurogenic region [2,1,17,22,29,26,43].
Multipotential neural stem cells have been isolated from this
region and have been characterized both in vivo and in vitro

* Corresponding author. Department of Biology, University of Milan,
Via Celoria, 26, Milan 20133, Italy. Tel.: +39 2 5031 4783; fax: +39 2 5031
4781.

E-mail address: suzanne.donini@unimi.it (S. Denis-Donini).

0165-3806/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.devbrainres.2004.10.010

dividing cells, which in turn are able to generate neuron
precursors and astrocytes. From their site of birth, neuron
precursors migrate from the wall of the lateral ventricle over a
long distance without dispersion, following a highly stereo-
typed pathway—the rostral migratory stream (RMS) up to the
ipsilateral olfactory bulb where they differentiate into granule
and periglomerular interneurons [1,27-29]. The orientation of
migration is tangential, and the neuroblasts migrate by sliding
along each other, forming chains held together through
homotypic interactions that are mediated at least in part by
polysialic residues on N-CAM [7,18,47,57]. Interestingly, the
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neuron precursors continue to divide while migrating to the
olfactory bulb [29,34], and in contrast to most migrating cells,
they do not seem to require astroglial guidance at least during
the 1st postnatal week [21,24].

The cell types belonging to the lineage of olfactory bulb
interneurons have been identified in the adult SVZ, and they
present a unique spatial organization. Newborn neuroblasts
(Type A cells) migrate from the site of birth in the SVZ to the
RMS, closely intermingled with clusters of rapidly dividing
cells (Type C cells), through interconnected channels formed
by slowly proliferating GFAP" astrocytes (Type B cells)
[10]. So in the adult SVZ and RMS, in contrast to the
neonate, the chains of migrating precursors are ensheathed
by GFAP" astrocytes whose role in guidance is still unclear.

Little is known about the control of SVZ cell proliferation
and cell fate determination, but some evidence indicate that cell
interactions and local environmental factors may be critical for
regulating these processes (reviewed by Ref. [53]); [32].

In the present study, we searched for the expression of
transcription factors in the SVZ and RMS in the mouse
forebrain at early postnatal stages and in adults. We focused
our attention on the Rel/NF-«B family of transcription
factors which integrate directly extracellular stimuli in a
rapid transcriptional response. Five mammalian proteins of
the Rel/NF-«B family, NF-kB1 (p50, p105), NF-xB2 (p49/
52, p100), Rel A (p65), Rel B and c-Rel have been
described so far. Before stimulation, Rel/NF-«B is retained
in the cytoplasm in an inactive form due to its binding to the
inhibitor (IxB) proteins. In response to a number of different
stimuli, IkB is phosphorylated and targeted to the protea-
some for degradation. This allows Rel/NF-«B to translocate
to the nucleus and activate a new program of gene
expression (reviewed in Refs. [6,12,13,14,42,55].

During brain development, previous studies have dem-
onstrated with different methodologies the presence not only
of rel A/p50 heterodimers but also of other combinations of
Rel family proteins both in an inducible and activated state
[5,15,19,48].

The existence of multiple combinations of NF-xB
subunits raises the possibility that dimers of various
composition may play a variety of roles in the developing
and adult CNS. These predicted roles depend in part on the
cell type localization and on their temporal window of
expression. To determine the regional and cellular local-
ization of NF-kB proteins during postnatal telencephalon
development and into adulthood, we have used antibodies to
various members of the family combined with lineage
markers of neuronal and glial precursors.

2. Materials and methods
2.1. Animals

CDI mice (Charles River) were used in all experiments.
The mice were handled according to the standards of animal

experiments in our University in accordance with the
guidelines established in the Principles of Laboratory
Animal Care (NIH Publication no. 86-23, revised 1985).

2.2. Immunohistochemistry

A total of 20 neonate pups (postnatal days 4—7; P4-7)
and six adult mice (2 months old, 30 g) were anesthetized
with 4% chloral hydrate (1 ml/100 g i.p.) and intracardially
perfused with a buffered solution of 4% paraformaldehyde.
The brains were immediately dissected out and postfixed
overnight in the same fixative at 4 °C. They were
dehydrated in graded ethanol and embedded in paraffin.
Sagittal sections (8 pum) were mounted on gelatin-coated
slides. Alternatively, brains were embedded in 6% agarose,
and 50-pm-thick serial sagittal or coronal sections were cut
by means of a Vibratome VT1000S (Leica, Heidelberg,
Germany).

For single immunohistochemistry, paraffin sections
were incubated 10 min in 1% H,0O, in PBS to inactivate
endogenous peroxidase, permeabilized 30 min in PBS
containing 2% normal goat serum and 0.3% Triton X-100
and immunodecorated overnight at 4 °C with primary
antibodies (dilutions as described below in 1% normal goat
serum and 0.03% Triton X-100), washed five times for 10
min in PBS and incubated in biotinylated secondary
antibodies (Vector) for 45 min. Immunoreactivity was
revealed with a conventional ABC kit Elite (Vectastain-
Vector). Some sections were counterstained with thionin.
For double-staining immunofluorescence, both free-float-
ing Vibratome sections and paraffin sections were used.
They were incubated overnight at 4 °C with primary
antibodies (alone or in combination), washed five times for
10 min in PBS and incubated for 1 h with the appropriate
fluorochrome-conjugated secondary antibodies. Fluores-
cence images were captured with a confocal laser scanning
microscope (Leica Lasertecknik GmbH, Heidelberg, Ger-
many). Single optical sections of 1.5 um were selected, or
Z-series images were collected at I-um steps on a PC
using a Leica Power Scan software. To show colabelling of
two antigens, only sections in the same focal plane were
used for producing merge figures except for projection
data, as explained in the text. Primary antibodies were
obtained from the following sources and used at the
indicated dilutions: rabbit polyclonal anti-NF-kB p50 was
raised by M. Grilli against a bacterially produced and
affinity purified mouse p50 protein, as previously
described [20] (dilution 1:100-1000); rabbit polyclonal
anti-Rel A, Rel B and c-Rel (Santa Cruz Biotechnology,
Santa Cruz, CA; 1:100-1000), mouse monoclonal anti-
PSA-CAM (kind gift from G. Rougon [46]; 1:200-1200),
rabbit polyclonal anti-GLAST (kind gift from G. Pietrini
[44]; 1:500), mouse monoclonal anti-GFAP (Boerhinger;
1:500), mouse monoclonal anti-RC2 (Developmental stud-
ies Hybridoma bank, University of Iowa, 1:500), mouse
monoclonal anti-type III R-tubulin (TuJ1; Sigma; 1:100),
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mouse monoclonal anti-BrdU antibody (DAKO; 1:100).
Secondary antibodies were conjugated to Alexa Green
(Molecular Probes, Eugene, OR; 1:400) or TRITC
(Jackson ImmunoResearch, West Grove, PA; 1:200).
Controls were performed for the Santa Cruz antibodies
by preincubation with blocking peptides and for the other
antibodies by omitting the first antibody and incubating
with secondary antibody alone. In all cases, the controls
resulted in no detectable staining. The specificity of the
anti-pS0 antibody has also been checked by Western blot
on brain extracts from p105/p50-deficient mice (B6, 129P-
NF-«B1) and their respective controls B6/J129 obtained
from Jackson Laboratories.

2.3. Western blotting

Brain extracts were obtained from minced pieces of
telencephalon by lysis and sonication at 4 °C in RIPA (Tris
20 mM pH 7.5, NaCl 150 mM, EDTA 2 mM, DOC 1%,
TritonX-100 1%, SDS 0.25% and 1 mM PMSF). Protein
concentration was determined using a Pierce assay. Protein
extracts (10 pg) were fractionated on 7.5% SDS—polyacry-
lamide gels and transferred to nitrocellulose membranes.
The membranes were probed with primary anti-p5S0 anti-
bodies (1:1000), then incubated with a horseradish perox-
idase-conjugated goat antirabbit secondary antibody
(Sigma; 1:2500). Specific proteins were visualized by
enhanced chemiluminescence (ECL, Amersham).

2.4. BrdU treatment and BrdU immunohistochemistry

To label the rapidly dividing cells, two male mice (2
months old) were perfused 90 min after a single intra-
peritoneal injection of a sterile solution of BrdU (Sigma; 10
mg/ml in PBS, 50 mg/kg of body weight).

Vibratome sections were treated for 30 min at 37 °C with
HCI 2N in PBS containing 0.5% TritonX-100. They were
rinsed in sodium tetraborate buffer (0.1 M, pH 8.5) and
processed for immunohistochemistry as described above,
using an anti-BrdU antibody.

3. Results

3.1. Expression of various members of the NF-kB family:
p30, Rel A, Rel B, and c-Rel in the postnatal telencephalon
(P4-7)

During postnatal telencephalon development, the highest
signal intensities for all antibodies, except for c-Rel, are
associated with the lateral ventricular and subventricular
zone, the RMS and the olfactory bulb.

pS0 immunoreactivity is mainly detected along the wall
of the lateral ventricle, in the anterior subventricular zone
and in the RMS up to the core of the olfactory bulb. In the
olfactory bulb, immunoreactivity is also present in the

granular and periglomerular cell layer (Fig. 1A). In the SVZ/
RMS, p50 immunoreactivity reveals the presence of tightly
packed cells (Fig. 1B). Radially oriented cells in the white
matter (WM) originating from the dorsal border of the SVZ/
RMS are also labelled (Fig. 1B). The specificity of the anti-
p50 antibody has been checked by Western blot on brain
extracts from wild type and p50 null mice. The antibody
recognizes two bands of MW 105 and 50 kD in wild-type
extract and none in the p50 null extract (Fig. 1C).

The pattern of Rel A immunoreactivity is quite similar
to that of p50. Immunoreactivity is concentrated along the
border of the lateral ventricle and in the SVZ/ RMS where
tightly packed immunoreactive cells are observed (Fig.
1D). Radially oriented cells in the WM are also labelled
(Fig. 1E).

Rel B is also expressed predominantly in the SVZ/RMS,
but the immunoreactive cells appear loosely organized in
ropes or chains, suggesting that they are migrating
precursors (Fig. 1F). c-Rel expression was not detectable
at P4-5. However, at P7, it is highly expressed in a few
cells located at the dorsal and the ventral border of the RMS
(Fig. 1G).

To identify which cells express different NF-xB
members, confocal image analysis was performed on
sections double stained for p50, Rel A or Rel B and
PSA-CAM, the highly polysialilated adhesion molecule
which is expressed by migrating Type A neuroblasts [7,47]
or TuJl a marker of early neuronal differentiation
recognizing class III B-tubulin [25] expressed in migrating
neuroblasts in the RMS [33]. As shown in Fig. 2A and G,
p50™ cells and Rel A" cells appear to fill the entire SVZ/
RMS region. On the other hand, PSA-CAM' cells
identified as Type A neuroblasts form a stream in the
core of the SVZ/RMS (Fig. 2 B, E, H). Merged images
clearly show that the postnatal SVZ/RMS harbors at least
two distinct cell populations, one exclusively p50" (Fig.
2C, F) or Rel A" (Fig. 2I) and the other which is PSA-
CAM/p50", as shown at higher magnification in Fig. 2F,
or PSA-CAM"/Rel A" (Fig. 2I). Double-staining immuno-
histochemistry with Rel A and TuJl shows in the RMS
that some Rel A" cells are TuJ1", thus confirming that Rel
A is expressed in migrating Type A neuroblasts (Fig. 2J—
L). In these cells, Rel A appears to be particularly
concentrated at sites of cell contacts (Fig. 2L).

Type A neuroblasts, in addition to p50 and Rel A, also
express Rel B. Double-staining immunohistochemistry with
Rel B and PSA-CAM shows coexpression of the two
markers in the majority of cells (Fig. 2M-0). Occasionally,
some cells that are exclusively Rel B are found amidst
migrating Type A neuroblasts (Fig. 20).

To identify the Rel A'PSA-CAM ™~ cells in the SVZ/RMS
and the radially oriented cells in the WM, we stained adjacent
sections with Rel A and GLAST, the astrocyte specific
glutamate transporter [8], which is also present in a
subpopulation of radial glial cells [16,49]. In the SVZ/
RMS, a stripe of GLAST" cells oriented parallel to the plane
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Fig. 1. Distinct and partly overlapping expression of various NF-kB proteins in the postnatal telencephalon in sagittal paraffin sections (P4-7). (A and B)
Pattern of p50 immunoreactivity at P4-5. (A) p50 is detected along the border of the lateral ventricle, in the SVZ/RMS (arrows) and in the olfactory bulb. (B)
Detail of the SVZ/RMS showing densely packed immunoreactive cells. Radially oriented cells originating from the dorsal border of the SVZ/RMS are
observed in the WM (arrows). (C) Specificity of the anti-p50 antibody. Western blot of brain extracts from wild-type (WT) and p50 ™'~ mice probed with the a-
p50 antibody. Two bands of MW 105 and 50 kD corresponding to p105 and p50, respectively, are visible in wild-type extracts, whereas none are detected in
p50 null extracts. (D and E) Pattern of Rel A immunoreactivity at P4-5. (D) Rel A staining is prominent in the SVZ/RMS where tightly packed immunoreactive
cells are present. (E) Detail of the dorsal border of the SVZ/RMS showing radially oriented cells in the WM (arrows). (F) Pattern of Rel B immunoreactivity at
P4-5 in the SVZ/RMS revealing a network of loosely organized immunoreactive cells. (G) Pattern of c-Rel immunoreactivity at P7. Only few cells located at
the dorsal and the ventral border of the RMS are c-Rel positive. Section lightly counterstained with thionin. LV—Iateral ventricle; OB—olfactory bulb; St—
striatum; SVZ/RMS—subventricular zone/rostral migratory stream; WM-—white matter. Scale bar, 300 pm (A), 50 um (B), 100 pm (D) and 25 um (E, F, G).

of migration is observed (Fig. 3A). The close similarity to the The selective and partly overlapping expression of many
pattern of Rel A immunoreactivity (Fig. 3B) suggests that the members of the NF-kB family in the SVZ/RMS and in
Rel A'PSA-CAM™ cells belong to the astrocytic lineage. radial glial cells suggests that NF-«B dimers of various

In the WM, as expected, cells with long radial processes composition control a variety of events correlated with the
extending from the ventricle wall to the pia are similarly generation of new neurons and glia and/or with oriented

marked by GLAST (Fig. 3C) and Rel A antibodies (Fig. migration processes.

3D). To support the notion that Rel A and p50 are expressed

in radial glial cells, we double-stained sections with Rel A 3.2. Expression of Rel A and p50 in the adult SVZ
or p50 and RC2, a specific marker of radial glial cells [36].

Colocalization of Rel A and RC2 (Fig. 3E) and p50 and The SVZ, which is a remnant of the embryonic germinal
RC2 (Fig. 3F) is observed mainly in the processes of radial zone, becomes the predominant neurogenic region into
glial cells, thus demonstrating that Rel A and p50 are adulthood [1,3,52] and SVZ astrocyte-like cells have been
expressed in radial glial cells. identified as the precursors of the newly generated neurons
In conclusion, during postnatal development, Rel A, p50 which continue to arrive in the olfactory bulb [11].
and Rel B are expressed in the SVZ/RMS in Type A The expression of NF-kB members is more widespread in
migrating neuroblasts. In addition, Rel A and p50 are the adult forebrain than in the newborn. Nevertheless, Rel A
expressed in radial glial cells and in another population that and p50 staining are mainly detected along the wall of the
appears to line the entire SVZ/RMS, most probably lateral ventricle and in the SVZ. Confocal image analysis of

belonging to the astrocytic lineage. double-stained sections with Rel A or p50 and GFAP shows
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Fig. 2. Phenotypic characterization of p50, Rel A and Rel B expressing cells in the postnatal SVZ/RMS (P5). Confocal image analysis of Vibratome sagittal
sections double stained with NF-B proteins and PSA-CAM (CAM) or TuJ1. (A) p50 (green) is expressed through the SVZ/RMS. (B) Chains of PSA-CAM"
cells (red) identified as migrating Type A neuroblasts form a stream in the core of the SVZ/RMS. (C) Overlay of the two channels (merge) demonstrates the
existence of two cell populations, one expressing exclusively p50 and the population of migrating neuroblasts where p50 and PSA-CAM are coexpressed
(yellow). (D—F) Detail of the framed region demonstrating that the great majority of Type A neuroblasts express p50 (arrows). (G) Rel A (green) is expressed
through the SVZ/RMS, whereas Type A neuroblasts (red) are located more centrally (H). (I) Overlay of the two channels (merge) identifies two distinct
populations; one expressing exclusively Rel A and the other, PSA-CAM", which also expresses Rel A (yellow). (J-L) In the RMS, Rel A (green) colocalizes
with the neuron precursor marker TuJ1 (red). Overlay of the two channels (merge) clearly shows colocalization at sites of cell contacts (yellow, arrows). (M—O)
Coincidence of the pattern of Rel B (green) and PSA-CAM (red) immunostaining. Overlay of the two channels (merge) show coexpression of both markers
(yellow) in the great majority of cells. Amidst Type A neuroblasts, some cells express exclusively Rel B (arrows). Single optical sections. Scale bar, 50 pm (A—
C, G-I and M-0), 25 um (D-F and J-L).
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Fig. 3. Phenotypic characterization of Rel A expressing cells in the SVZ/
RMS and in the WM. (A, B) Adjacent sagittal sections of the SVZ/RMS
immunostained with GLAST (A) and Rel A (B) show that both antibodies
decorate cells oriented parallel to the plane of migration. (C, D) Similarity
of the staining pattern of GLAST (C) and Rel A (D) in adjacent sections of
the WM. Both antibodies decorate radially oriented cells with the typical
long processes of radial glial cells. (E, F) Coexpression of Rel A (green) or
p50 (green) and the radial glial marker RC2 (red). Rel A (E) and p50 (F)
colocalize with RC2 (yellow) in radial glia processes. SVZ/RMS—
subventricular zone/rostral migratory stream; St—striatum; WM-—white
matter. Scale bar, 50 um (A, B) and 25 pm (C-F).

that some SVZ astrocyte-like cells express Rel A (Fig. 4A).
In contrast, p5S0 is expressed in the nucleus of some cells
lining the ventricle, most probably ependymal cells, but is
not detectable in SVZ astrocyte-like cells (Fig. 4B). In
addition, p50 is expressed in the chains of Type A migrating
neuroblasts (Fig. 4C). Rel A staining is also prominent along
the most ventral portion of the lateral ventricle, identifying a
patch of brightly fluorescent cells (Fig. 4D). Double-labelled
sections with PSA-CAM show that the patch harbors PSA-
CAM™ cells, some of which, located closer to the ventricle,
exhibit the typical organization in chains of migrating Type
A neuroblasts, are brightly fluorescent but do not express Rel
A. The others, located more centrally, exhibit a less intense
PSA-CAM immunoreactivity (Fig. 4E), but some of them
express Rel A (Fig. 4D, E, F).

The expression of Rel A in SVZ astrocyte-like cells in
cells closely associated to neuron precursors and in some

neuron precursors suggests that it could be correlated with
the generation of new neurons in the adult brain.

To test this hypothesis, we used the proliferation marker
BrdU to label cells in the S-phase of mitosis and double-
stained sections with Rel A. Fig. 5A which is a single optical
section shows coexpression of Rel A and BrdU in cells
located along the wall of the lateral ventricle. Fig. 5B
represents a projection from sets of stacked optical sections
of the lateral wall of the lateral ventricle subjacent the patch
of Rel A" cells along the most ventral portion of the lateral
ventricle, showing that the distribution of actively prolifer-
ating cells largely coincides with that of Rel A expression.

4. Discussion

This study provides the first detailed description of the
expression of Rel/NF-kB proteins in the mouse telencepha-
lon during early postnatal stages and into adulthood. Rel/
NF-xB proteins are a pleiotropic family of transcription
factors whose target genes are implicated in cell prolifer-
ation, cell death, cell migration and cell interactions. We
show that most NF-kB subunits are selectively expressed
during postnatal development in the SVZ/RMS, and that
their expression persists into adulthood in the SVZ, the
predominant neurogenic region in the adult brain. The
selective expression of NF-xB members in distinct cell
types of the SVZ/RMS indicates a multiplicity of potential
roles, particularly in the control of migration processes and
in regulating the generation of new neurons.

At postnatal stages, p50, Rel A and Rel B are present in
migrating Type A neuroblasts. In addition, Rel A and p50
are expressed in radial glial cells, and in another cell
population, that appears to line the entire SVZ/RMS. The
great similarity between the pattern of Rel A immunor-
eactivity and that of GLAST strongly suggests that these
cells belong to the astrocytic lineage. Up to the present time,
the observation that the young SVZ/RMS lacks GFAP
expressing cells had led to the assumption that astrocytes
were not involved in cell migration during the peak of
neurogenesis which occurs during the 1st postnatal weeks
[21,24]. More recently, radial glial processes have been
shown to form a scaffold along the SVZ/RMS [4], and
numerous RC2" cells have been observed in the RMS at P5
[16]. Our data on the expression of GLAST confirm the
notion that various populations of glial cells are present
during the 1st postnatal week in the SVZ/RMS and suggest
that they could provide the substrate for migration and/or at
the same time confine the migrating neuroblasts to the RMS.

In migrating Type A precursors, the transcription factors
appear to be concentrated at sites of homotypic or
heterotypic cell contacts. This suggests the existence of an
abundant inducible pool, possibly activated by discrete
alterations in cell interactions that occur during migration. In
this regard, it is worthwhile to note that N-CAM binding to
neurons and astrocytes rapidly activates NF-«B [23], and in
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Fig. 4. Phenotypic characterization of Rel A and p50 expressing cells in the adult telencephalon. Confocal image analysis of sagittal paraffin sections of the
SVZ double stained for Rel A (green) or p50 (green) and the lineage markers GFAP (red) and PSA-CAM (red) as indicated on the figures. (A) Rel A is
expressed in SVZ astrocyte-like cells (arrows) and in cells lining the ventricle. (B) p50 is expressed in the nuclei of cells lining the ventricle (arrows) but not in
SVZ astrocyte-like cells. (C) p50 is also present in chains of PSA-CAM" Type A neuroblasts (arrows). (D) Rel A expressing cells form a patch located in the
most ventral portion of the lateral ventricle. (E) PSA-CAM" cells are found in this patch. Overlay of the Rel A and PSA-CAM channels is shown in panel (F)
(merge), illustrating that some cells coexpress both markers (arrows), whereas the organized chains of Type A neuroblasts located at the edge of the patch do

not express Rel A (big arrow). LV—Ilateral ventricle. Scale bar, 20 pm.

turn, N-CAM gene expression is regulated by NF-«xB [51].
Rel A and p50 are present postnatally in radial glial cells,
and in the adult brain, Rel A is present in SVZ astrocyte-like

Fig. 5. Coexistence of Rel A and S-phase cells in the SVZ and in the lateral
wall of the lateral ventricle. BrdU labelling (red) in adult mice to identify S-
phase cells and Rel A labelling (green). (A) Optical section through the Rel
A expressing cells along the lateral wall of the lateral ventricle. Overlay of
the two channels showing that S-phase cells express Rel A (yellow, arrows).
(B) Projection data from Z stacks showing in depth the ventral portion of
the lateral wall of the lateral ventricle (LWLW) and the patch of Rel A
positive cells in the ventral SVZ, demonstrating that S-phase cells are
confined to the region of high Rel A immunoreactivity. LV—Iateral
ventricle; SVZ—subventricular zone. Scale bar, 20 pum.

cells, while p50 is expressed in ependymal cells. Several
reports have demonstrated that in the embryonic cortical
ventricular zone, radial glial cells are themselves neuronal
progenitor cells [31,37,40,41], whereas in the adult, SVZ
astrocyte-like cells act as neural stem cells [11]. Recently, it
has been suggested that some radial glial cells might give
rise to multiciliated ependymal cells, and that a subset of
radial glia transforms into SVZ astrocyte-like cells [54]. The
persistent expression of NF-kB members in putative stem
cells from postnatal stages to adulthood strongly suggests
that NF-kB complexes of various composition (hetero and
homodimers) possibly act as transcriptional regulators of
neurogenesis. Remarkably, Rel A immunostaining is prom-
inent in zones of active neurogenesis identified by BrdU
immunostaining, thus confirming the notion that cells
expressing at least Rel A are coinvolved in the generation
of new neurons. It remains to be determined whether NF-xB
acts in a cell autonomous manner, directly regulating the cell
cycle of stem cells or precursors cells, or dynamically
controls the expression of cytokines and growth factors
necessary for creating and maintaining the properties of the
stem cell niche.

In the nervous system NF-«kB is induced by several
molecules that play key roles in neural function and
development. For example, NF-«B is induced by glutamate
in cerebellar granule cells [15,19], and by NGF in
sympathetic and sensory neurons [30]. A number of growth
factors and cytokines, like EGF, FGF2, IGF1 and TGF-a, all
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appear to play critical roles in supporting stem cell
proliferation, whereas CNTF, BMP2 and PDGF appear to
influence the relative proportion of neurons and astrocytes,
as reviewed in Ref. [53]. Most of these cytokines/growth
factors are NF-kB target genes or induce NF-«kB activation
[9,35]. Interestingly, erythropoietin regulates the in vivo
production of neuronal progenitors by forebrain neural stem
cells, and this action is mediated by NF-«B [50].

Regarding the composition of NF-«B dimers in the SVZ/
RMS, p50, Rel A, c-Rel and Rel B are present in postnatal
Type A migrating neuroblasts, suggesting that all possible
combinations of subunits can potentially take place, whereas
in radial glial cells where only p50 and Rel A have been
detected, both the most common heterodimer, p5S0/Rel A
and p50 homodimers may be recruited as well. This holds
also true for the adult brain where only p50 and Rel A are
found. Our results are in agreement with previous studies
showing that p50/Rel A and Rel A/c-Rel heterodimers, as
well as p5S0 homodimers, are present in the postnatal brain
but not in adults where the most abundant complexes are
pS0/Rel A and p50/c-Rel [5]. However, the analysis of
transgenic mice carrying kB-dependent LacZ reporter gene
has suggested that in the developing brain, only the
heterodimer p50/Rel A contributes to NF-«B transcriptional
activity [48].

Understanding the relative contribution of single subunits
to transcriptionally active dimers in regions where neuro-
genesis occurs will be the next goal, as well as elucidation
of the genes activated or silenced by NF-«B complexes in
specific cell populations in the RMS/SVZ. Blocking
function experiments and the careful analysis of knockout
animals will certainly help working towards this goal.
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