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The involvement of nuclear factor kappa B (NF-�B) in several processes in the postnatal and adult brain, ranging from neuronal
survival to synaptogenesis and plasticity, has been documented. In contrast, little is known about the functions of NF-�B during
embryonic brain development. It is shown here that NF-�B is selectively activated in neocortical neural progenitor cells in the
developing mouse telencephalon. Blockade of NF-�B activity leads to premature cortical neuronal differentiation and depletion
of the progenitor cell pool. Conversely, NF-�B activation causes decreased cortical neurogenesis and expansion of the progenitor
cell compartment. These effects are antagonized by the proneuronal transcription factor Hes6, which physically and functionally
interacts with RelA-containing NF-�B complexes in cortical progenitor cells. In turn, NF-�B exerts an inhibitory effect on the
ability of Hes6 to promote cortical neuronal differentiation. These results reveal previously uncharacterized functions and
modes of regulation for NF-�B and Hes6 during cortical neurogenesis.

Development of the mammalian cerebral cortex initiates with
mitotic neural progenitor cells located in the ventricular zone

(VZ) of the embryonic neocortex. These cells initially undergo
symmetric divisions to generate two new undifferentiated progen-
itors. At the onset of neurogenesis, certain neural progenitors be-
gin to undergo asymmetric divisions that generate a new progen-
itor and a neuron. Regulation of the balance between progenitor
maintenance and neuronal differentiation is essential for correct
cortical development, but the mechanisms regulating these pro-
cesses remain incompletely characterized (1, 2).

Hairy/enhancer of split (Hes) transcription factors, including
Hes1 and Hes5, are important regulators of the balance between
proliferation and differentiation during cortical neurogenesis.
Hes1 and Hes5 act downstream of the Notch receptors to inhibit
neuronal differentiation and promote maintenance of the undif-
ferentiated progenitor state (3–5). The antineurogenic role of
Notch-induced Hes proteins is antagonized, at least in part, by a
related Hes family member, Hes6, which is not activated by Notch
signaling and instead functions downstream of proteins that pro-
mote neuronal differentiation (6–8).

Functions of the Notch pathway are often modulated by cross
talk with the transcription factor, nuclear factor kappa B (NF-�B)
(9, 10). NF-�B is a heterodimer that controls the expression of
many genes involved in regulating cell proliferation, survival, and
differentiation during numerous physiological processes (11, 12).
NF-�B dimers are ubiquitously expressed but are usually main-
tained in an inactive state in the cytosol by mechanisms that pre-
vent and/or revert their nuclear translocation, including the asso-
ciation with factors generally referred to as inhibitors of NF-�B
(I�Bs). A variety of different stimuli lead to the activation of
NF-�B by causing the phosphorylation and degradation of I�Bs
(13, 14).

NF-�B is important for nervous system processes like neuronal
survival, dendrite development, synaptic plasticity, and learning
(15–18). Little is known, however, about the involvement of
NF-�B in early stages of brain development. Here, we show that
mouse NF-�B is selectively activated in neocortical neural progen-

itor cells, where it inhibits neuronal differentiation and maintains
the undifferentiated progenitor state. This effect is antagonized by
Hes6, which interacts physically and functionally with NF-�B.
This antagonism is bidirectional, since NF-�B suppresses Hes6-
mediated promotion of cortical neurogenesis. Together, these re-
sults reveal a previously uncharacterized function for NF-�B dur-
ing cortical neurogenesis and provide evidence that mutually
repressive interactions between NF-�B and Hes6 drive signaling
events that are critical for normal cerebral cortex development.

MATERIALS AND METHODS
DNA plasmids. The following expression and reporter plasmids have
been described previously: pCAGGS-GFP (where GFP is green fluores-
cent protein) (19); pcDNA3-I�B�M (20); pAd-Track-IKK�-DN (where
IKK�-DN is dominant negative form of I�B kinase subunit beta) (21,
22); pCMV2-FLAG-Hes6WT, pCMV2-FLAG-Hes6�55-95, pCMV2-
FLAG-Hes6�WRPW, pCMV2-FLAG-Hes1WT, and pEGFP (23, 24);
pCMV-p65/RelA (pCMV-RelA) and pNF-�B-luciferase (25); and pRSV-
�-gal (7, 24). The I�B�M coding sequence was subcloned as an EcoRI
fragment into the EcoRI site of the pCIG2 vector, which contains a cDNA-
internal ribosome entry site (IRES)-enhanced GFP (EGFP) expression
cassette under the control of a cytomegalovirus (CMV) enhancer and
chicken �-actin promoter (26). The IKK�-DN coding sequence was sub-
cloned as a blunt-ended NotI/HindIII fragment into the SmaI site of
pCIG2.
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Animals. Animal procedures were conducted in accordance with the
guidelines of the Canadian Council on Animal Care and were approved by
the Montreal Neurological Institute Animal Care Committee. NF-�BLacZ

reporter mice were generated and genotyped as described previously (20).
For analysis of staged embryos, NF-�B male mice were crossed to
C57BL/6 females to obtain heterozygous embryos containing a single
transgenic allele. For staging of mouse embryos, the day of the appearance
of the vaginal plug was considered embryonic day 0.5 (E0.5).

Analysis of NF-�B reporter mouse embryos. Heterozygous NF-
�BLacZ embryos containing a single transgenic allele were recovered, fixed,
and cryostat sectioned as described previously (27). �-Galactosidase (�-
Gal) activity in NF-�BLacZ embryos was detected histochemically by rins-
ing sections from staged embryos three times in solution A (80 mM
Na2HPO4, 20 mM NaH2PO4 [pH 7.4], 2 mM MgCl2, 0.2% IGEPAL [oc-
tylphenoxypolyethoxyethanol], 0.1% sodium deoxycholate), followed by
incubation overnight at 37°C in solution A containing 5 mM potassium
ferricyanide, 5 mM potassium ferrocyanide, and 1 mg/ml 5-bromo-4-
chloro-3-indolyl-�-D-galactopyranoside (X-Gal) (Invitrogen). After this,
sections were extensively rinsed in phosphate-buffered saline (PBS) and
counterstained with eosin before being mounted with Fluoromount-G
(SouthernBiotech). For immunohistochemical analysis, sections from
staged embryos were rinsed twice in HEPES-buffered saline (HBS) and
then preincubated for 1 h in blocking solution. With primary antibodies
raised in mice, the blocking solution was provided by the “mouse-on-
mouse” (MOM) kit purchased from Vector Laboratories Inc. With pri-
mary antibodies raised in other species, the blocking solution consisted of
5% normal donkey serum (Jackson ImmunoResearch Laboratories),
0.1% Triton X-100, and 0.5 mg/ml bovine serum albumin (Sigma) in
HBS. Sections were then incubated for 1 to 2 h at room temperature in
blocking solution containing the following primary antibodies: rabbit an-
ti-�-Gal (1/2,000; Cappel), goat anti-�-Gal (1/1,000; Biogenesis), mouse
anti-�-Gal (1/50; Developmental Studies Hybridoma Bank), rabbit anti-
Hes6 (1/1,000; Abcam), rabbit anti-FoxG1 (1/500; Abcam), rabbit anti-
Pax6 (1/500; Covance), mouse anti-intermediate filament protein nestin
(1/10; Developmental Studies Hybridoma Bank), guinea pig anti-Hes1
(1/500) (28), or mouse anti-type III �-tubulin (�III-tubulin) (1/300; Pro-
mega) antibody. Sections were then extensively rinsed in blocking solu-
tion, followed by incubation with the appropriate secondary antibodies
for 1 h at room temperature. Secondary antibodies against primary re-
agents raised in various species were conjugated to Alexa Fluor 555 or
Alexa Fluor 488 (1/1,000; Invitrogen). Sections were then rinsed twice
with blocking solution and several times with PBS, counterstained with
Hoechst 33258 (1/5,000; Sigma) for 5 min, rinsed twice with PBS,
mounted with Fluoromount-G, and examined by fluorescence micros-
copy. Images were acquired using either a digital video camera mounted
on a Zeiss Axioskop 2 microscope or a Retiga EXi camera (Qimaging) on
a Zeiss Axio Imager.M1 microscope. Images were digitally assigned to the
appropriate red, green, or blue channels using Northern Eclipse image
acquisition software (Empix).

In utero electroporation. Pregnant CD1 mice at gestational stage
E13.5 were obtained from Charles River Laboratories. Mice were anesthe-
tized with isoflurane, and uterine horns were exposed as described previ-
ously (29). Embryos were injected into the lateral ventricles with an empty
pCIG2 plasmid, a pCIG2-I�B�M construct, or a pCIG2-IKK�-DN con-
struct (2 �g/�l in each case) using an Eppendorf Femtojet microinjector
(30). The head of each embryo was held between tweezer-type circular
electrodes (Harvard Apparatus) across the uterus wall, and five electrical
pulses (amplitude, 50 V; duration, 50 ms; intervals, 950 ms) were deliv-
ered using an ECM830 square wave electroporator (BTX Harvard Appa-
ratus). Gestation was then allowed to continue for 2 days, after which
embryos were collected (E15.5) and fixed in 4% paraformaldehyde. Dou-
ble-labeling immunofluorescence analysis of the expression of GFP and
markers of undifferentiated neural progenitors or postmitotic neurons
was performed as described for embryonic brain sections. The following
primary antibodies were used: mouse anti-intermediate filament protein

nestin (1/10), mouse anti-�III-tubulin (1/1,000), rabbit anti-GFP (1/500;
Invitrogen), and goat anti-Sox2 (1/500; R&D Systems) antibodies.

Organotypic forebrain slice culture and electroporation. E13.5 em-
bryos from staged CD1 pregnant mice were collected, and their brains
were recovered in ice-cold Hanks’ balanced salt solution (HBSS) supple-
mented with 0.7% glucose and 2.5 mM HEPES (pH 7.3). Brains were
embedded in 4% low-melting-point agarose (Invitrogen) in HBSS, fol-
lowed by preparation of 250-�m coronal slices of the forebrain by using a
Leica VT1000S vibratome. Slices were collected on Nuclepore Track-
Etched polyvinylpyrrolidone-free polycarbonate membranes (8.0-�m
pores; Whatman Schleicher & Schuell) floating in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal bovine serum, 1% glu-
cose, and 1% penicillin-streptomycin. Slices were incubated at 37°C for 2
h prior to nucleic acid injection and electroporation. DNA plasmids (1
�g/�l) or small interfering RNA (siRNA) reagents (10 �M; Ambion) were
mixed with Fast green dye and injected into the neocortical VZ. The ratio
of effector nucleic acids (i.e., plasmids encoding I�B�M, IKK�-DN, RelA,
or FLAG-Hes6 or RelA or scrambled siRNA reagents) to GFP expression
plasmid was kept at 4:1 to ensure that GFP-expressing cells also expressed
the effector protein. This approach normally results in overlapping deliv-
ery of the two plasmids in greater than 90% of the electroporated cells
(19). Electroporations were performed using a TSS20 Ovodyne electro-
porator (Intracel) as described previously (19), with the following set-
tings: three pulses (25 V, 5-ms width), 500-ms interval between pulses,
zero resistance, boost option selected. Electroporated slices on polycar-
bonate membranes were transferred to neurobasal medium supple-
mented with 1% B27, 1% glucose, 1% penicillin-streptomycin, and 1%
glutamine. Electroporated slices were incubated at 37°C for either 48 h
(loss-of-function experiments) or 96 h (RelA overexpression experi-
ments), followed by fixation in 4% paraformaldehyde for 20 min, cryo-
protection, and embedding in OCT compound (Tissue-Tek) for section-
ing on a cryostat (16 �m). Double-labeling immunofluorescence analysis
of the expression of GFP and markers of undifferentiated neural progen-
itors or postmitotic neurons was performed as described above for em-
bryonic brain sections. The following primary antibodies were used: rab-
bit anti-GFP (1/500), rabbit anti-Pax6 (1/500), rabbit anti-activated
caspase-3 (1/200; BD Pharmingen), mouse anti-Ki-67 (1/200; BD Phar-
mingen), mouse anti-intermediate filament protein nestin (1/10), mouse
anti-�III-tubulin (1/1,000), mouse anti-MAP2 (1/500; Sigma), mouse
anti-NeuN (1/400; Millipore), mouse anti-glial fibrillary acidic protein
(1/250; Sigma), and goat anti-Sox2 (1/500) antibodies. Two to four days
after electroporation, sections were subjected to double-label immuno-
fluorescence and quantitation of the percentage of GFP-positive cells that
were also positive for the expression of Ki-67, nestin, MAP2, or NeuN. In
each experiment, an average of 5 or 6 slices were electroporated and ana-
lyzed for expression of the different markers mentioned above.

Primary cortical neural progenitor cells. Primary neural progenitor
cells were established from dissociated dorsal telencephalic cortices ob-
tained from CD1 mouse embryos collected between E12.5 and E13.5, as
described previously (24, 27, 31). In transfection experiments, cells were
transfected with a GFP expression plasmid (pEGFP; 200 ng/transfection)
either alone or in combination with pCMV2-FLAG-Hes6 (500 ng/trans-
fection), pCMV2-FLAG-Hes6 (500 ng/transfection) and pCMV-RelA
(800 ng/transfection), or pCMV-RelA (800 ng/transfection). Three days
after transfection, cells were fixed and subjected to double-label immuno-
fluorescence and quantitation of the percentage of GFP-positive cells that
were also positive for the expression of Ki-67, nestin, MAP2, or �III-
tubulin. At least 5 separate experiments were conducted in duplicate. In
pharmacological inhibition studies, cortical progenitor cells were estab-
lished from E13.5 CD1 embryos. Prior to treatment with the NF-�B in-
hibitor SN50, half of the culture medium was removed on day 1 in vitro,
kept as conditioned medium, and replaced with fresh medium together
with 2.5 �M SN50 peptide (Enzo Life Sciences), 2.5 �M mutated peptide
(SN50M), or no peptide. Six hours later, the medium was replaced with a
1:1 mix of conditioned medium and fresh medium and cells were cultured
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for 18 h, followed by a second round of pharmacological treatment as
described above. Cells were fixed on day 3 and subjected to immunocyto-
chemistry for Ki-67, nestin, MAP2, or �III-tubulin. For each condition
and each antibody, 5 different fields were photographed using a 20�
objective, with an average of about 300 cells per field. Cells were identified
manually in Photoshop (Adobe Systems) and quantitated in ImageJ (Na-
tional Institutes of Health). In transduction experiments, primary cortical
progenitor cells were established from E13.5 NF-�BLacZ embryos. After 2
days in vitro, half of the culture medium was removed and replaced with
fresh medium containing no adenovirus or adenovirus expressing either
RelA and GFP (20), IKK�-DN and GFP (21), or GFP alone (27). Cells
were collected and subjected to determination of �-Gal activity as de-
scribed previously (7, 24). RelA overexpression and IKK�-DN expression
were detected by Western blotting with rabbit anti-RelA antibody (1/
5,000; Santa Cruz Biotechnology) or mouse anti-IKK� antibody (1/1,000;
Millipore). For expression studies, cortical progenitor cells obtained from
E13.5 NF-�BLacZ litters were subjected to immunocytochemistry with an-
ti-�-Gal antibody and either anti-intermediate filament protein nestin or
anti-Hes6 (1/1,000; Abcam) antibody. In the latter case (Hes6), cultures were
established from NF-�BLacZ embryos only, while in the former case (nestin),
cultures were derived from mixed NF-�BLacZ and wild-type embryos.

Immunoprecipitation and Western blotting. Dissected alar telen-
cephalon from E14.5 CD1 mouse embryos was quickly rinsed in ice-cold
HBSS and then incubated in 10 packed-tissue volumes of hypotonic buf-
fer (20 mM Tris-HCl [pH 7.8], 10 mM KCl, 1.5 mM MgCl2) supple-
mented with 20 mM iodoacetamide, 10 �M MG132 (Boston Biochem),
Complete protease inhibitor cocktail (Roche Applied Science), and 1 mM
phenylmethylsulfonyl fluoride (PMSF) (32). Tissue was mechanically
triturated and incubated for 15 min on ice, followed by the addition of 0.5
packed-tissue volume of hypertonic buffer (20 mM Tris-HCl [pH 7.8], 1
M KCl, 30 mM MgCl2, 20 mM iodoacetamide) supplemented with pro-
tease inhibitors. Tissue suspension was thoroughly mixed and centrifuged
at 1,500 � g for 10 min. The resulting supernatant (postnuclear superna-
tant) and pellet (crude nuclear fraction) were collected. The crude nuclear
pellet was rinsed and then resuspended in 2 packed-tissue volumes of lysis
buffer (30 mM HEPES, pH 7.6, 150 mM NaCl, 1 mM EDTA, 1% Triton
X-100, 20 mM iodoacetamide) supplemented with protease inhibitors,
followed by mechanical trituration and a brief sonication. The ensuing
suspension was centrifuged at 14,000 � g for 15 min, and the supernatant
was recovered (nuclear extract). This fraction was subjected to immuno-
precipitation of endogenous RelA using rabbit anti-RelA or control rabbit
antibodies using protein A/G-Plus agarose beads (Santa Cruz Biotechnol-
ogy). Collected and rinsed immunoprecipitates were resuspended in 60
mM Tris-HCl (pH 6.8), 10% glycerol, and 2% SDS, followed by incuba-
tion at room temperature for 10 min and recovery of the eluted material
by quick centrifugation. Eluates, together with 1/10 of input lysate, were
incubated in the presence of 5% �-mercaptoethanol, followed by SDS-
polyacrylamide gel electrophoresis on 12% gels, transfer to nitrocellulose,
and Western blotting with rabbit anti-Hes6 (1/1,000; Novus Biologicals)
or rabbit anti-RelA antibody. Human embryonic kidney 293 (HEK293)
cells were transfected with plasmids encoding FLAG epitope-tagged Hes1
or Hes6 proteins (200 ng/transfection) using the SuperFect reagent (Qia-
gen). Lysates from transfected cells were subjected to immunoprecipita-
tion with either anti-FLAG (Sigma) or anti-RelA antibody as described
previously (23, 31). This step was followed by Western blotting of immu-
noprecipitates, together with 1/10 of each input lysate, with anti-FLAG
(1/5,000) or anti-RelA antibody. Western blotting of p50 was performed
using a mouse anti-p50 antibody (1/500; Santa Cruz Biotechnology).

Transcription assays. To examine the effect of Hes6 on RelA-medi-
ated transactivation, HEK293 cells were transfected with the pNF-�B-
luciferase reporter plasmid (500 ng/transfection) in the absence or pres-
ence of pCMV-RelA (50 ng/transfection) and increasing amounts of
pCMV2-FLAG-Hes6WT (100, 500, and 1,000 ng/transfection). Assays
performed to determine the effect of RelA on the ability of Hes6 to sup-
press Hes1-mediated transcriptional repression were performed by

FIG 1 Activation of NF-�B signaling in neocortical neural progenitor cells
during neurogenesis. (A) Coronal view of �-Gal activity (blue staining) in the
telencephalon of E11.0 NF-�BLacZ embryos. The arrow and arrowhead point
to the first detectable �-Gal activity in ventral and lateral telencephalon, re-
spectively. Dorsal is at the top and ventral is at the bottom. (B) Sagittal view of
�-Gal activity in the brain of E13.5 NF-�BLacZ embryos showing preferential
activation in the telencephalon, with little or no expression in other brain
regions. (C and D) Coronal views of �-Gal activity in the brain of E13.5 NF-
�BLacZ embryos showing robust activation in the VZ of the lateral pallium
(neocortex) but little or no activation in the ventromedial pallial VZ (cortical
hem). Strong �-Gal expression is also observed in both lateral and medial
ganglionic eminences in the subpallium. The section in panel C is rostral to the
section in panel D. Dotted lines roughly demarcate the boundary of the �-Gal�

territory in the VZ of the medial pallium. Abbreviations: Crh, cortical hem;
GE, ganglionic eminence; Hth, hypothalamus; LGE, lateral ganglionic emi-
nence; LV, lateral ventricle; Mbr, midbrain; MGE, medial ganglionic emi-
nence; MZ, mantle zone; Ncx, neocortex; Spt, septum; Th, thalamus; VZ,
ventricular zone. Scale bars, 100 �m. (E to G) Double-label immunofluores-
cence analysis of �-Gal and Pax6 (E) or �III-tubulin (�III-tub) (F and G)
expression in the pallium of E13.5 NF-�BLacZ embryos showing �-Gal
expression in neural progenitor cells in the neocortical VZ (E) and in
postmitotic neurons in the pallial MZ, both laterally (F) and medially (G).
The iv panels represent high-magnification views of the boxed areas in the
iii panels. Arrows point to examples of double-labeled cells. Dorsal is at the
top and lateral is to the right in all panels. CP, cortical plate; IZ, interme-
diate zone. Scale bar, 100 �m.
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transfecting HEK293 cells with the pFOX-neurogenin3 promoter-lucifer-
ase plasmid (7) in the absence or presence of pCMV2-FLAG-Hes1 (100
ng/transfection), pCMV2-FLAG-Hes6WT (750 ng/transfection), and in-
creasing amounts of pCMV-RelA (500 and 1,000 ng/transfection). In each
case, a pRSV-�-gal plasmid (250 ng/transfection) was used to normalize
for transfection efficiency. Twenty-four hours after transfection, cell ly-
sates were subjected to determination of luciferase and �-Gal activities as
described previously (7, 23, 24).

RESULTS
Spatiotemporal activation of NF-�B signaling during embry-
onic brain development. Little is known about the spatial and
temporal pattern of NF-�B activation in the developing mamma-
lian brain. To address this lack of information, we took advantage
of previously characterized NF-�BLacZ reporter mice in which an
NF-�B-responsive promoter drives transcription of a LacZ gene

expressing a nuclear �-Gal isoform. These mice were shown to
provide a reliable means of monitoring NF-�B activation in the
nervous system (16, 20). The first detectable expression of �-Gal
in the brain of NF-�BLacZ embryos was observed in the ventral and
lateral telencephalon between E10.5 and E11.0, near the onset of
telencephalic neurogenesis (Fig. 1A). NF-�B continued to be pref-
erentially activated in the telencephalon at E13.5, a period of active
telencephalic neurogenesis, with little or no expression detected in
other brain regions (Fig. 1B to D). In the pallial (alar) region of the
telencephalon, NF-�B activation was particularly robust in the VZ
of the lateral pallium (neocortex), with no or undetectable activa-
tion in the VZ of the ventromedial sector. This situation occurred
at various rostrocaudal pallial levels (Fig. 1C and D). Robust
NF-�B activation was also observed in the lateral and medial gan-
glionic eminences in the subpallial (basal) region of the telenceph-

FIG 2 NF-�B signaling is important to prevent premature neuronal differentiation in the developing neocortex in vivo. (A to C) Double-label immunofluo-
rescence analysis of GFP and either nestin (A), Sox2 (B), or �III-tubulin (�III-tub) (C) expression 48 h after in utero electroporation of E13.5 mouse embryos
with either a bicistronic plasmid expressing both I�B�M and GFP or the empty vector expressing GFP alone. Bottom rows, high-magnification views of the areas
indicated by rectangles in the right-hand panels. Where shown (when I�B�M was used), dotted lines roughly demarcate the GFP� electroporated area in the VZ.
Hst, Hoechst. Scale bar, 100 �m. (D) Quantification of the fraction of GFP� cells coexpressing nestin, Sox2, or �III-tubulin. Results are shown as the means �
standard errors of the means (SEM) (*, P 	 0.05; **, P 	 0.01; n 
 5 electroporated embryos per condition; t test). (E) Quantification of the fraction of GFP�

cells coexpressing nestin, Sox2, or �III-tubulin 48 h after in utero electroporation of E13.5 embryos with either a bicistronic plasmid expressing both IKK�-DN
and GFP or the empty vector expressing GFP alone. Results are shown as the means � SEM (***, P 	 0.001; n 
 3 electroporated embryos per condition; t test).
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alon of E13.5 NF-�BLacZ embryos, where �-Gal-expressing cells
were present in both the VZ and the mantle zone (MZ; where
postmitotic neurons are located) (Fig. 1B to D). NF-�B continued
to be preferentially activated in the neocortical region of the pal-
lium at E17.5, near the end of cortical neurogenesis, when activa-
tion was robust in the germinative zone (GZ), decreased in the
intermediate zone (IZ; where migrating neurons are located), and
again robust in the cortical plate (CP; where more developmen-
tally mature neurons reside) (see Fig. S1A and B in the supplemen-
tal material). Activation of NF-�B in postmitotic cortical neurons
has been described previously (20). Similar to earlier embryonic
stages, little or no NF-�B activation was observed in the GZ of the
ventromedial pallium, including the developing hippocampus
(see Fig. S1A and B). NF-�B activation persisted in the subpallium
at this stage and was also detected in a region likely corresponding
to the preoptic area (see Fig. S1A). Western blotting of dissected
telencephalon showed endogenous expression of the NF-�B sub-
units RelA and p50, suggesting that NF-�B complexes of these
proteins are present in the developing neocortex (see Fig. S1C).
These results provide evidence for a selective activation of NF-�B
signaling in the dorsolateral pallium during cortical neurogenesis.

Activation of NF-�B signaling in neocortical neural progen-
itor cells. In agreement with the activation of NF-�B in the VZ, we
observed that �-Gal was expressed in neocortical cells that also
expressed the neural progenitor marker protein Pax6 in NF-
�BLacZ embryos (Fig. 1E). Neocortical cells expressing �-Gal also
expressed the neural progenitor markers FoxG1, Hes1, and nestin
at this stage (see Fig. S1D to F in the supplemental material). �-Gal
immunoreactivity also overlapped with nestin expression in pri-
mary cultures of cortical neural progenitor cells from NF-�BLacZ

embryos (see Fig. S1G). In contrast, the majority of �-Gal� cells in
the lateral pallium of NF-�BLacZ embryos did not express the neu-
ronal protein �III-tubulin at E13.5; a partial overlap of �-Gal and
�III-tubulin was observed only in the MZ at this stage (Fig. 1F). A
converse situation was observed in the ventromedial pallium,
where the few detectable �-Gal� cells were absent from the VZ
and were instead located in the MZ, where they coexpressed �III-
tubulin (Fig. 1G). These findings provide evidence that NF-�B is
activated in neocortical neural progenitor cells during telence-
phalic neurogenesis.

Premature differentiation of cortical neurons by inhibition
of endogenous NF-�B signaling. To study the involvement of
NF-�B in the developing neocortex, we first examined the effect of
inhibiting endogenous NF-�B signaling in neural progenitor cells.
In one approach, we utilized a previously described mutated form
of I�B�, I�B�M, to prevent I�B�-dependent NF-�B activation
(33). In I�B�-dependent pathways, phosphorylation of I�B� by
the beta subunit of the I�B kinase complex (IKK�) (in canonical
and some atypical NF-�B pathways), or independently of the IKK
complex (in most atypical pathways), triggers the polyubiquityla-
tion and degradation of I�B through the proteasome, allowing
p50-RelA NF-�B complexes to translocate to the nucleus and reg-
ulate transcription. I�B�M, which contains S32A and S36A mu-
tations that prevent its phosphorylation by IKKs, is not degraded
in response to signaling pathways that target I�B�, thereby caus-
ing the retention of p50-RelA in the cytosol (33).

A bicistronic DNA plasmid driving the coexpression of I�B�M
and GFP, or a control DNA expressing GFP alone, was injected
into the lateral ventricles of E13.5 mouse embryonic brains fol-
lowed by in utero electroporation. In this procedure, DNA is taken

up by VZ progenitor cells, which subsequently differentiate into
neurons that migrate toward the pial surface. Analysis of electro-
porated embryos collected at E15.5 revealed that expression of
I�B�M caused a significant decrease in the number of electropo-
rated cells expressing the neural progenitor marker proteins, nes-
tin and Sox2 (Fig. 2A, B, and D). Concomitantly, expression of
I�B�M caused a significant increase in the number of cells ex-
pressing the neuronal marker protein �III-tubulin (Fig. 2C and
D). Remarkably, embryos expressing exogenous I�B�M exhibited
many ectopic �III-tubulin� cells in the neocortical VZ, where
little or no expression of this neuronal protein is normally de-
tected. The relative distributions of electroporated cells across the
VZ, IZ, and CP were essentially equivalent in embryos expressing
GFP alone or together with I�B�M, which is suggestive of no
detectable cell displacement or perturbation of postmitotic neu-
ronal migration (see Fig. S2 in the supplemental material). The
same results were obtained in a complementary experimental ap-
proach in which endogenous NF-�B activity was inhibited using a
previously described dominant negative form of IKK� (IKK�-
DN; which is catalytically inactive) to inhibit canonical but not
most forms of atypical or noncanonical NF-�B signaling (34, 35)
(Fig. 2E).

Virtually identical results were observed when the expression
of I�B�M or IKK�-DN was forced in organotypic forebrain slices
from E13.5 mouse embryos by focal DNA injection in the neocor-

FIG 3 NF-�B signaling is important to prevent premature neuronal differen-
tiation in the embryonic neocortex ex vivo. (A and B) Double-label immuno-
fluorescence analysis of GFP and either Ki-67 (A) or MAP2 (B) expression in
organotypic slice cultures from E13.5 mouse forebrain, 48 h after electropora-
tion of plasmids encoding the indicated proteins. Columns ii to iv, high-mag-
nifications from boxed areas in column i. Scale bars, 100 �m. (C) Quantifica-
tion of the fraction of GFP� cells coexpressing either Ki-67 or MAP2 (means �
SEM; **, P 	 0.01; n 
 16 electroporated slices per condition; t test).
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tical VZ, followed by ex vivo electroporation. As in in utero elec-
troporation studies, expression of I�B�M caused a significant de-
crease in the number of cells expressing the cell proliferation
marker Ki-67 (Fig. 3A and C) or nestin (see Fig. S3A in the sup-
plemental material). This effect was paralleled by a remarkable
increase in the number of cells expressing neuronal marker pro-
teins like MAP2 (Fig. 3B and C), NeuN (see Fig. S3B), or �III-
tubulin (see Fig. S3C). In these experiments, a GFP-expressing
plasmid was electroporated alone or together with an I�B�M-
expressing vector, with the amount of the latter being 4 times the
amount of the GFP vector, to ensure that most, if not all, GFP�

cells would coexpress I�B�M (19). This situation most likely ex-
plains why the ensuing phenotypes were observed over an area
larger than the domain containing GFP� cells, as a number of cells
probably expressed only I�B�M and not GFP. We observed no
detectable changes in the number of cells expressing the apoptotic
marker, activated caspase-3, in the CP of control and I�B�M-
expressing cells (GFP, 4.7% � 2.8%; GFP and I�B�M, 9.6% �

7.1%; n 
 5 electroporated slices per condition from each of 5
separate electroporations). Moreover, no changes in the expres-
sion of glial fibrillary acidic protein were detected following ex-
pression of I�B�M, suggesting no alterations of astrocyte differ-
entiation (see Fig. S3D). Exogenous expression of IKK�-DN also
promoted neuronal differentiation and resulted in reduced num-
bers of mitotic progenitor cells (Fig. 4A to C).

To confirm these results, additional experiments were per-
formed based on RNA interference and pharmacological NF-�B
inhibition approaches. Electroporation of organotypic slices with
RelA siRNA caused a remarkable decrease in the number of GFP�

cells expressing neural progenitor markers compared to control
conditions, with a concomitant increase in the number of GFP�

cells expressing neuronal markers (Fig. 4D to F). Similarly, treat-
ment of primary cultures of cortical neural progenitor cells with
the SN50 peptide, a robust inhibitor of p50-RelA nuclear translo-
cation (36), resulted in increased neuronal differentiation and re-
duced numbers of progenitor cells, whereas a mutated control

FIG 4 NF-�B signaling is important to prevent premature cortical neuronal differentiation ex vivo and in vitro. (A and B) Double-label immunofluorescence
analysis of GFP and either Ki-67 (A) or MAP2 (B) expression in organotypic slice cultures from E13.5 mouse forebrain, 48 h after electroporation of plasmids
encoding the indicated proteins. Scale bar, 100 �m. (C) Quantification of the fraction of GFP� cells coexpressing Ki-67 or MAP2 (means � SEM; ***, P 	 0.001;
n 
 21 electroporated slices per condition; t test). (D and E) Double-label immunofluorescence analysis of GFP and either Ki-67 (D) or MAP2 (E) expression in
organotypic slice cultures from E13.5 mouse forebrain, 48 h after electroporation of the indicated siRNA reagents together with GFP. Scr., control scrambled.
Scale bar, 100 �m. (F) Quantification of the fraction of GFP� cells coexpressing Ki-67 or MAP2 (means � SEM; *, P 	 0.05; n 
 23 electroporated slices per
condition; one-way analysis of variance [ANOVA]). (G) Double-label immunofluorescence analysis of cortical progenitor cells incubated in the absence
(control) or presence of either SN50 or SN50M peptides, as indicated. Nestin and Ki-67 were used as progenitor cell markers, while �III-tubulin (�III-tub) and
MAP2 were used as neuronal markers. Scale bar, 100 �m. (H) Quantification of the percentage of Hoechst-positive cells expressing either Ki-67, nestin,
�III-tubulin, or MAP2 under the three experimental conditions (means � SEM; �500 cells were counted in each case; *, P 	 0.05; **, P 	 0.01; n 
 4 separate
experiments; one-way ANOVA).
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peptide had no effect (Fig. 4G and H). Together, these results
provide evidence that NF-�B signaling is required for mainte-
nance of the undifferentiated neocortical neural progenitor state
by inhibiting/delaying the neocortical progenitor-to-neuron tran-
sition. They suggest further that canonical NF-�B activation is
involved in this function.

Inhibition of cortical neurogenesis by activation of NF-�B
signaling. We next examined whether NF-�B activation was suf-
ficient to inhibit/delay neuronal differentiation in cortical progen-
itor cells. Forced overexpression of RelA caused increased �-Gal
activity in primary cultures of cortical progenitor cells from NF-
�BLacZ embryos (see Fig. S4C in the supplemental material), in
agreement with previous evidence that forced RelA overexpres-
sion is sufficient to cause NF-�B activation (20, 37). Organotypic
forebrain slices were subjected to focal electroporation of GFP
alone or together with RelA. Four days later, the number of cells
expressing GFP was quantitated in each of 5 radial sectors ema-
nating from the GZ (sectors 1 and 2) toward the CP (sector 5) (Fig.
5A). Compared to the expression of GFP alone, exogenous RelA
resulted in increased numbers of electroporated cells in sectors 1
and 2, where neural progenitor cells are mostly located, and a
concomitant decrease in electroporated cells in sector 5, where
migrated neurons are positioned (Fig. 5B). Expression of RelA
caused neither a detectable alteration of the thickness of the neo-
cortex (GFP, 484.1 � 30.5 �m; GFP and RelA, 471.9 � 10.2 �m;
n 
 20 slices from 4 separate electroporation experiments) nor a
significant change in the number of GFP� cells present 4 days after
electroporation (GFP, 119.4 � 27.2; GFP and RelA, 105.3 � 9.5;
n 
 25 slices from 5 separate electroporation experiments), sug-
gesting that the observed changes were not due to morphological
alterations of the tissue or differential survival of the electropo-
rated cells.

To determine whether the observed accumulation of exoge-
nous RelA-expressing cells in inner sectors of the neocortex was
the result of arrested/delayed neuronal differentiation resulting in
increased numbers of progenitor cells, we first compared the
numbers of GFP� cells expressing the mitotic marker Ki-67 in
each of the five radial sectors. This analysis revealed a significant
increase in GFP�/Ki-67� cells in sectors 1 and 2 when RelA was
expressed compared to the number of cells with GFP alone (Fig.
5C and D). Consistent with this phenotype, we also observed that
exogenous RelA expression led to increased numbers of electro-
porated cells expressing the progenitor markers Pax6 and Sox2 in
the same sectors (Fig. 5E to G). Analysis of electroporated cells
expressing the neuronal marker protein MAP2 revealed no evi-
dence of increased numbers of neuronal cells at, or near, the GZ
following exogenous RelA expression; instead, these numbers
were decreased (GFP, 16.4% � 1.7%; GFP and RelA, 9.1% �
0.3%; P 
 0.014; n 
 15 electroporated slices per condition; t test)
(see Fig. S5 in the supplemental material). This observation argues
against a block/delay of neuronal migration, a phenotype that
could be predicted to result in an accumulation of postmitotic
neurons outside the GZ. Taken together, these results show that
the NF-�B activity that is present within cortical progenitors is
necessary and sufficient to inhibit neuronal differentiation and
promote maintenance of the undifferentiated progenitor state.

Suppression of NF-�B-mediated inhibition of cortical neu-
ronal differentiation by Hes6. If cortical progenitors are to dif-
ferentiate, the NF-�B signaling that is present during phases of
active neurogenesis must be regulated in some manner. We ob-

served that most �-Gal� neocortical progenitor cells in E13.5 NF-
�BLacZ embryos coexpressed the proneuronal basic helix-loop-
helix (bHLH) protein Hes6 in vivo (Fig. 6A). The same situation
was observed in primary cultures of cortical neural progenitors
established from NF-�BLacZ embryos (see Fig. S6A in the supple-
mental material). More importantly, immunoprecipitation stud-
ies using dissected cortices from E13.5 mouse embryos showed
that precipitation of endogenous RelA resulted in the coprecipi-
tation of an endogenous protein of �28 kDa that was recognized
by anti-Hes6 antibodies (Fig. 6B; see also Fig. S6B in the supple-
mental material). The 28-kDa band recognized by these antibod-
ies was abolished after transduction of primary cortical progenitor

FIG 5 NF-�B is sufficient to inhibit/delay the progenitor-to-neuron transi-
tion during cortical neurogenesis ex vivo. (A) Depiction of GFP� cell distribu-
tion in slice cultures from E13.5 mouse forebrains, 96 h after electroporation of
plasmids encoding GFP or GFP-RelA. Neocortex was operationally divided
into 5 sectors; sector 1 is in the GZ, sector 5 is close to the pial surface. Scale bar,
100 �m. (B) Quantification of the fraction of GFP� cells (percentage of total)
in each of the 5 different sectors (means � SEM; **, P 	 0.01; n 
 25 electro-
porated slices per condition; two-way ANOVA). (C) Double-label immuno-
fluorescence analysis of GFP and Ki-67 expression in organotypic slice cultures
from E13.5 mouse forebrain, 96 h after electroporation of plasmids encoding
GFP or GFP plus RelA. (D) Quantification of the fraction of GFP� cells coex-
pressing Ki-67 in each of the 5 different sectors (means � SEM; **, P 	 0.01;
n 
 13 electroporated slices per condition; two-way ANOVA). (E and F) Dou-
ble-label immunofluorescence analysis of GFP and either Pax6 (E) or Sox2 (F)
expression in organotypic slice cultures from E13.5 mouse forebrain, 96 h after
electroporation of plasmids encoding GFP or GFP plus RelA. (G) Quantifica-
tion of the fraction of GFP� cells coexpressing either Pax6 or Sox2 (means �
SEM; *, P 	 0.05; n 
 12 electroporated slices per condition; t test).
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cells with a lentivirus expressing an Hes6 short hairpin RNA
(shRNA) reagent, indicating that it corresponded to endogenous
Hes6 (see Fig. S6C and D). Additional coimmunoprecipitation
studies in HEK293 cells expressing FLAG epitope-tagged Hes6
also demonstrated that Hes6 could be coprecipitated with endog-
enous RelA (Fig. 6C and D). This association was specific, because
RelA did not coprecipitate with the related Hes family member
Hes1, which performs an antineurogenic function that is antago-
nistic to Hes6 activity. Because both Hes6 and RelA can interact
with the transcriptional corepressor Groucho/TLE (7, 25), we
tested whether Groucho/TLE might act as a bridge between RelA
and Hes6. A mutated form of Hes6 lacking the C-terminal WRPW
tetrapeptide required for Groucho/TLE binding was competent to
interact with RelA, indicating that the ability of Hes6 to form a
complex with the latter did not require the Groucho/TLE associ-
ation (Fig. 6D). In contrast, deletion of helix 2 of the Hes6 bHLH
domain completely abolished the coimmunoprecipitation of
Hes6 with RelA, suggesting that this interaction requires an intact
Hes6 bHLH domain (Fig. 6D).

To determine the functional significance of the Hes6-RelA in-
teraction, we examined whether Hes6 could modulate the ability
of RelA to activate transcription. In transient-transfection/tran-
scription assays, the expression of RelA alone led to a significant
activation of a luciferase reporter gene under the control of tan-
dem NF-�B binding sites (Fig. 7A). Hes6 inhibited RelA-mediated
transactivation in a dose-dependent manner (Fig. 7A, second to
fifth bars) but had no significant effect on reporter gene expres-
sion in the absence of RelA (Fig. 7A, sixth to eighth bars). This
result suggests that Hes6 can negatively regulate the transactivat-
ing ability of RelA-containing NF-�B complexes. Based on this
finding, we next tested if Hes6 could antagonize the inhibition of
neuronal differentiation and expansion of the progenitor pool
caused by forced RelA overexpression (Fig. 7B and C). Compared

to expression of GFP alone, expression of Hes6 in organotypic
slice cultures caused a detectable decrease in the number of elec-
troporated cells located in the inner sectors (Fig. 7C, sector 2, first
and fourth bars), with a concomitant increase in the number of
cells in the outer region (Fig. 7C, sector 5, first and fourth bars).
More importantly, the coexpression of Hes6 with RelA abolished
both the RelA-mediated accumulation of electroporated cells in
sectors 1 and 2 and the concomitant decrease of electroporated
cells in sector 5 (Fig. 7C, sectors 1 and 5, second and third bars).
Furthermore, exogenous Hes6 antagonized both the increase in
Ki-67� progenitor cells and the decrease in MAP2� neuronal cells
caused by RelA (Fig. 7D and E). Taken together, these results
identify Hes6 as a previously uncharacterized modulator of
NF-�B biochemical activity and suggest that Hes6 can antagonize
the antineurogenic effect of RelA-containing NF-�B complexes
during cortical neurogenesis.

Suppression of Hes6-mediated promotion of cortical neuro-
nal differentiation by NF-�B. We next examined whether NF-�B
activation could inhibit Hes6 biochemical and biological func-
tions. Hes6 suppresses Hes1-mediated transcriptional repression,
an effect thought to underlie at least some of the functions of Hes6
during cortical development (6, 7, 24). Hes6 suppressed Hes1-
mediated transcriptional repression from the promoter of the
neurogenin3 gene (Fig. 8A, first to third bars), as previously shown
(7). The exogenous expression of Hes6 increased promoter activ-
ity above starting levels, due to promoter derepression through
inhibition of endogenous Hes1 (7, 24). Coexpression of RelA an-
tagonized the inhibitory effect of Hes6 on Hes1 transcription re-
pression activity in a dose-dependent manner, causing decreased
promoter activation; in contrast, RelA caused a modest increase in
promoter activity in the absence of Hes6 (Fig. 8A, fourth to sev-
enth bars). To extend these observations, primary cortical progen-
itor cell cultures were transfected with GFP in the absence or pres-

FIG 6 Hes6 is expressed in neocortical progenitor cells in which NF-�B is activated and forms complexes with NF-�B subunit RelA. (A) Double-label
immunofluorescence analysis of �-Gal and Hes6 expression in the neocortex of E13.5 NF-�BLacZ embryos. The bottom row depicts high-magnification views of
�-Gal and Hes6 coexpression in VZ cells. MZ, mantle zone. Scale bars, 200 �m or 25 �m, as indicated. (B) Nuclear extracts from dissected cortices from E14.5
CD1 mouse embryos were subjected to immunoprecipitation (IP) with anti-RelA or control antibody. Immunoprecipitates were analyzed with each input lysate
by Western blotting (WB) with anti-RelA (top) or anti-Hes6 (bottom) antibody. The arrow points to the position of the Hes6 immunoreactive band. HC,
immunoglobulin heavy chain; LC, immunoglobulin light chain. (C) Protein extracts from HEK293 cells transfected with empty FLAG vector (FLAG), FLAG-
tagged Hes6 (FLAG-Hes6), or FLAG-tagged Hes1 (FLAG-Hes1) were subjected to immunoprecipitation with anti-FLAG antibody. Immunoprecipitates (bot-
tom two panels) were analyzed together with each input lysate (top two panels) by Western blotting with anti-RelA or anti-FLAG antibodies. (D) Protein extracts
from HEK293 cells transfected with empty FLAG vector (FLAG), FLAG-tagged wild-type Hes6 (WT), FLAG-Hes6 lacking most of helix 2 (i.e., amino acids 55
to 95) (�55-95), FLAG-Hes6 lacking the WRPW motif required for Gro/TLE binding (�WRPW), or FLAG-Hes1 were subjected to immunoprecipitation with
anti-RelA antibody. Immunoprecipitates (bottom two panels) were analyzed together with each input lysate (top two panels) by Western blotting with anti-RelA
or anti-FLAG antibody.
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ence of Hes6 alone or Hes6 and RelA together, followed by
quantification of the numbers of transfected cells displaying hall-
marks of undifferentiated progenitors or postmitotic neurons. As
shown (24), exogenous Hes6 expression led to decreased numbers
of progenitor cells (expressing Ki-67 or nestin) and promoted an
increase in the number of �III-tubulin� (or MAP2�) neurons
(Fig. 8B, first and second bars). Both of these effects were blocked
by the coexpression of RelA (Fig. 8B, second and third bars). Ex-
pression of RelA alone caused a modest but significant increase in
the number of progenitor cells (Fig. 8B, fourth bar), with no de-
tectable effect on neuronal cell number under these conditions.
The latter observation may be due to the fact that any decrease in
neurons caused by RelA-mediated inhibition/delay of differenti-
ation might have been partly compensated by the ability of NF-�B
to promote cortical neuronal survival in culture (20). Taken to-
gether, these results provide evidence that NF-�B and Hes6 are
coexpressed in neocortical neural progenitor cells, physically and
functionally interact, and exert cross-inhibitory actions on each
other. These observations suggest that NF-�B and Hes6 are part of
antagonistic developmental programs during cortical neurogen-
esis.

DISCUSSION

Roles for NF-�B in the regulation of neuronal survival, synapto-
genesis, learning, and memory have been demonstrated. In con-
trast, little is known about the involvement of NF-�B in the con-
trol of neuronal differentiation in the developing brain. We have
demonstrated that NF-�B signaling becomes activated in neural
progenitor cells in the dorsolateral pallium (precursor of the ce-
rebral cortex) at developmental stages coinciding with the onset of
neurogenesis in this region of the brain (2, 38). NF-�B activation
then persists in neocortical progenitor cells throughout the period
of cortical neurogenesis. More importantly, experimental strate-
gies that either inhibited or activated NF-�B signaling in neocor-
tical progenitor cells have shown that NF-�B signaling is necessary
and sufficient to maintain the neural progenitor state and inhibit/
delay neuronal differentiation during cortical development. Spe-
cifically, in vivo inhibition of NF-�B activity caused the differen-
tiation of a significant number of supernumerary neurons, with a
concomitant decrease in cells expressing markers typical of undif-
ferentiated neural progenitors. A converse situation was observed
after NF-�B activation through RelA overexpression. Our studies
did not suggest a perturbation of postmitotic neuronal migration
as a result of NF-�B inhibition, because the relative distribution of
cells with impaired NF-�B activity was essentially equivalent to

FIG 7 Hes6 antagonizes RelA-mediated transactivation and inhibition of cortical
neuronal differentiation. (A) Quantification of luciferase activity in HEK293 cells
transfected with a reporter plasmid in which luciferase expression is under the

control of NF-�B binding sites. Reporter was transfected alone or together
with plasmids encoding RelA (0.05 �g/transfection) or Hes6 (0.1, 0.5, or 1.0
�g/transfection). Results are shown as the means � standard deviations (SD)
(**, P 	 0.01; n 
 4 separate experiments performed in duplicate; t test). (B)
Distribution of GFP� cells in slice cultures from E13.5 mouse forebrain, 96 h
after electroporation of plasmids encoding the indicated combinations of pro-
teins. Neocortex was operationally divided into 5 sectors. Scale bar, 100 �m.
(C) Quantification of the fraction of GFP� cells present in each of the 5 differ-
ent sectors (means � SEM; *, P 	 0.05; **, P 	 0.01; n 
 19 electroporated
slices per condition; t test). (D) Double-label immunofluorescence analysis of
GFP and either Ki-67 or MAP2 expression in organotypic slice cultures from
E13.5 mouse forebrain, 96 h after electroporation of plasmids encoding the
indicated combinations of proteins. (E) Quantification of the fraction of GFP�

cells coexpressing either Ki-67 or MAP2 (means � SEM; **, P 	 0.01; ***, P 	
0.001; n 
 14 electroporated slices per condition; t test).
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control cells across the VZ, IZ, and CP. Moreover, RelA overex-
pression studies provided no evidence for an accumulation of
postmitotic neurons near the proliferative zone, as one would ex-
pect if neuronal migration were inhibited. Instead, these experi-
ments showed a significant increase in the number of undifferen-
tiated progenitors in response to NF-�B activation, consistent
with a delayed/blocked progenitor-to-neuron transition. Based
on these observations, we propose that NF-�B promotes mainte-
nance of the undifferentiated cell compartment at the expense of
neuronal differentiation, ensuring that the pool of undifferenti-
ated cortical progenitors not be prematurely depleted by differen-
tiative cell divisions (Fig. 9).

We have shown further that little or no NF-�B activation can
be detected in the VZ of the ventromedial pallium (precursor of

the hippocampus), in contrast to the robust activation observed in
the dorsolateral pallium. Although it is conceivable that NF-�B
signaling could be activated in the ventromedial pallium at below-
detection levels, the remarkable difference in NF-�B activation
between lateral and medial pallial progenitors suggests that NF-�B
is important for the regulation of cortical but not hippocampal
neurogenesis during embryonic development. In this regard, re-
cent studies have shown that stress-induced activation of NF-�B
signaling in the adult hippocampus causes impaired adult hip-
pocampal neurogenesis (39), suggesting that neuronal differenti-
ation in the ventromedial pallium might be incompatible with
activation of NF-�B signaling. It should be noted, however, that
both the present and previous (20) studies have shown that NF-�B
is activated in postmitotic neurons in the developing cortical hem
and adult hippocampus. Thus, it is reasonable to suggest that
NF-�B has roles in both cortical and hippocampal postmitotic
neurons, in contrast to its specific involvement in cortical but not
hippocampal progenitors.

The role of NF-�B in cortical progenitor cell maintenance is
analogous to the function of the Notch-Hes1/5 pathway, which is
essential for maintenance of the undifferentiated state in neural
stem/progenitor cells (28, 40). Because NF-�B and Notch-Hes1/5
pathways cross talk to enhance each other’s functions in a variety
of cellular contexts (9), it is reasonable that they might also coop-
erate in cortical progenitors during embryonic neurogenesis. This
possibility is consistent with the demonstration that Notch signal-
ing promotes adult neural stem cell self-renewal (41, 42) and that
this function is enhanced by NF-�B, at least in part, through RelA-
mediated potentiation of Notch-mediated Hes1 gene transcrip-
tion (43). A positive effect of NF-�B on Notch-induced Hes1 ex-
pression was also observed in other cellular contexts (44).

Our present results suggest a previously uncharacterized
mechanism through which NF-�B signaling could cooperate with
the Notch-Hes1/5 pathway to promote maintenance of the undif-

FIG 8 RelA antagonizes Hes6-mediated inhibition of Hes1 and promotion of
cortical neuronal differentiation. (A) Quantification of luciferase activity in
HEK293 cells transfected with a reporter plasmid in which luciferase expres-
sion is under the control of an �3.0-kb fragment of the neurogenin3 promoter,
which contains multiple Hes1 binding sites. Reporter plasmid was transfected
alone (luciferase activity is considered 100%) or in combination with plasmids
encoding Hes1 in the absence or presence of Hes6 and increasing amounts of
RelA (0.5 or 1.0 �g/transfection). Results are shown as the means � SD (**,
P 	 0.01; n 
 4 separate experiments performed in duplicate; t test). (B)
Quantification of the percentage of GFP� cells coexpressing Ki-67, nestin,
�III-tubulin (�III-tub), or MAP2 72 h after transfection of E13.5 telencepha-
lon-derived cortical progenitor cells using plasmids encoding GFP alone (con-
trol) or together with the indicated proteins. Results are shown as the means �
SD (�500 cells were counted in each case; *, P 	 0.05; ***, P 	 0.001; n 
 5
separate experiments performed in duplicate; one-way ANOVA followed by
Tukey’s post hoc test).

FIG 9 Proposed role for NF-�B during cortical neurogenesis. NF-�B signal-
ing is robustly activated in neocortical VZ progenitors, transiently downregu-
lated during early stages of neuronal differentiation, and then strongly acti-
vated in more developmentally mature neurons in the CP. NF-�B acts in
undifferentiated progenitors to prevent/delay neuronal differentiation,
thereby supporting progenitor cell maintenance. This role is similar to the
function of the Notch signaling pathway (dotted double-pointed arrow). Hes6
antagonizes NF-�B in progenitor cells that are committed to undergo neuro-
nal cell lineage progression. Conversely, NF-�B antagonizes the proneuronal
activity of Hes6 to promote preservation of the neural progenitor pool. Hes6
also opposes Notch signaling-mediated inhibition of neuronal differentiation.
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ferentiated cortical progenitor state. Earlier studies showed that
the neurogenic Hes family member Hes6 acts antagonistically to
the Notch pathway to promote cortical neuronal differentiation
(6, 7, 24). This function could be mediated, at least in part, by the
ability of Hes6 to suppress Hes1-mediated transcriptional repres-
sion (6, 7). Our results demonstrate that the NF-�B subunit, RelA,
interacts physically and functionally with Hes6, which is expressed
in cortical neural progenitor cells in which NF-�B signaling is
activated. Activation of NF-�B through RelA overexpression sup-
presses the ability of Hes6 to both inhibit Hes1-mediated tran-
scriptional repression and promote neuronal differentiation.
These observations suggest that NF-�B might cooperate with
Notch signaling in cortical neural progenitor cells by antagonizing
Hes6 and therefore enhancing Hes1 protein activity. The latter
effect would be particularly important in cortical progenitor cells
in which the Hes1 expression level is low during its cyclical oscil-
lation (28). The ensuing augmentation of Hes1 activity would
result in an increased ability to repress neuronal differentiation
programs, thereby contributing to maintenance of the undiffer-
entiated state.

The functional interaction between NF-�B and Hes6 appears
to be mutually inhibitory, because the latter can suppress both the
transcriptional activity and the antineurogenic effect of RelA in
cortical progenitor cells. It is therefore possible that the cortical
progenitor-to-neuron transition is regulated in part by the bal-
ance of NF-�B and Hes6 activity (Fig. 9). NF-�B might enhance
Notch-mediated promotion of the undifferentiated state, at least
in part, by antagonizing Hes6 during early phases of cortical de-
velopment, when mostly maintenance divisions are occurring. In
contrast, Hes6 might inhibit NF-�B activity during cortical neu-
ronal fate commitment and progression, concomitant with the
persistent downregulation of Hes1 (and/or other antineurogenic
genes) and the consolidation of neuronal differentiation pro-
grams. These scenarios are hypothesized to be specific to the de-
veloping neocortex and not the ventromedial pallium, where
NF-�B is not activated and Hes6 functions might be modulated by
alternative mechanisms. The cross talk of Notch and NF-�B path-
ways through Hes6 might therefore represent a specific regulatory
process during cortical neurogenesis.

Recent studies have identified mutations associated with intel-
lectual disability within two genes involved in NF-�B signaling.
Specifically, mutations in the TRAPPC9 gene, encoding NIK and
IKK� binding protein (NIBP), were detected in four separate fam-
ilies with individuals affected by autosomal recessive nonsyn-
dromic mental retardation (45–47). Cultured skin fibroblasts
from individuals with homozygous mutations in TRAPPC9 show
impaired NF-�B signaling (47). Importantly, NIBP is expressed
throughout the embryonic cerebral cortex during neurogenesis
and enhances canonical NF-�B signaling in neuronal cells (48).
Mutations in the CC2D1A gene have also been linked to auto-
somal recessive nonsyndromic mental retardation (49, 50).
CC2D1A is expressed in the VZ of the developing brain during
neurogenesis (49), and the CC2D1A protein promotes activation
of canonical NF-�B signaling (51). Taken together with the pres-
ent findings, these results suggest that NF-�B signaling might be
defective in these patients during brain development, resulting in
an impaired generation and/or maturation of cortical neurons.
This possibility is consistent with the microcephaly observed in
some affected individuals carrying TRAPPC9 mutations. In the
future, it will be important to determine whether disruption of the

functions of the mouse orthologs of NIBP or CC2D1A might
cause perturbations of cortical neurogenesis.
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