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ABSTRACT
Three members of the Nuclear Factor I (Nﬁ) gene family of transcription factors; Nﬁa,
Nﬁb, and Nﬁx are highly expressed in the developing mouse brain. Nﬁa and Nﬁb knockout
mice display profound defects in the development of midline glial populations and the
development of forebrain commissures (das Neves et al. [1999] Proc Natl Acad Sci U S A
96:11946 –11951; Shu et al. [2003] J Neurosci 23:203–212; Steele-Perkins et al. [2005] Mol
Cell Biol 25:685– 698). These ﬁndings suggest that Nﬁ genes may regulate the substrate over
which the commissural axons grow to reach targets in the contralateral hemisphere. However, these genes are also expressed in the cerebral cortex and, thus, it is important to assess
whether this expression correlates with a cell-autonomous role in cortical development. Here
we detail the protein expression of NFIA and NFIB during embryonic and postnatal mouse
forebrain development. We ﬁnd that both NFIA and NFIB are expressed in the deep cortical
layers and subplate prenatally and display dynamic expression patterns postnatally. Both
genes are also highly expressed in the developing hippocampus and in the diencephalon. We
also ﬁnd that principally neither NFIA nor NFIB are expressed in callosally projecting
neurons postnatally, emphasizing the role for midline glial cell populations in commissure
formation. However, a large proportion of laterally projecting neurons express both NFIA and
NFIB, indicating a possible cell-autonomous role for these transcription factors in corticospinal neuron development. Collectively, these data suggest that, in addition to regulating the
formation of axon guidance substrates, these genes also have cell-autonomous roles in cortical
development. J. Comp. Neurol. 508:385– 401, 2008. © 2008 Wiley-Liss, Inc.
Indexing terms: cortical development; hippocampus; midline glia; transcription factor; cortical
layers; telencephalon; NFI

The nuclear factor I (NFI) gene family has four members in vertebrates: Nﬁa, Nﬁb, Nﬁc, and Nﬁx, sharing a
conserved sequence of 220 amino acids in the N-terminal
domain. Different isoforms are generated by multiple alternative splicing of individual NFI genes (Santoro et al.,
1988; Inoue et al., 1990; Apt et al., 1994). The Nﬁ genes
encode transcription factors in birds and mammals (Gil et
al., 1988; Meisterernst et al., 1988; Paonessa et al., 1988;
Santoro et al., 1988; Inoue et al., 1990; Rupp et al., 1990).
They are speciﬁc DNA-binding proteins that were identiﬁed through their roles in adenoviral DNA replication,
both in vitro (Nagata et al., 1982; Hurwitz et al., 1985;
Leegwater et al., 1985; Rosenfeld et al., 1987) and in vivo
(Hay, 1985; Wang and Pearson, 1985). The roles of the
© 2008 WILEY-LISS, INC.

NFI gene family in transcription and development have
been reviewed (Gronostajski, 2000).
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Two members of the NFI gene family, Nﬁa and Nﬁb, are
involved in brain wiring during development (das Neves et
al., 1999; Shu et al., 2003; Steele-Perkins et al., 2005).
Direct evidence of a role for NFI proteins in brain development comes from phenotypic analyses of Nﬁa (das
Neves et al., 1999; Shu et al., 2003) and Nﬁb (SteelePerkins et al., 2005) knockout mice. Disruption of either
gene on a C57Bl/6 background causes perinatal lethality.
In the case of Nﬁb mutants, lethality is due to defects in
lung maturation (Steele-Perkins et al., 2005), whereas the
cause for perinatal lethality in Nﬁa mutants is unknown.
Also, both Nﬁa and Nﬁb knockouts display a signiﬁcant
loss of telencephalic midline glial populations (the glial
wedge, GW; indusium griseum glia, IGG; and the subcallosal, or glial, sling, SS). Concomitant with the disruption
in formation of these midline populations are malformations in the major forebrain commissures, particularly the
corpus callosum and the hippocampal commissure (Shu et
al., 2003; Steele-Perkins et al., 2005).
Recently, Nﬁa and Nﬁb have been shown to be potential
downstream candidates of the transcription factors Emx2,
Pax6, and Neurogenin2 (Mattar et al., 2004; Gangemi et
al., 2006; Holm et al., 2007). In each case, differential
screens between wildtype and knockout tissue revealed
that the Nﬁ genes were downregulated in the knockout
tissue of either Emx2, Pax6, or Neurogenin2, indicating
their likely role as downstream targets of these genes.
Emx2, Pax6, and Neurogenin2 are essential for forebrain
patterning, neuronal and glial differentiation, and stem
cell formation (Bishop et al., 2000; Muzio et al., 2002a,b;
Muzio and Mallamaci, 2003; Hand et al., 2005; Britz et al.,
2006), but how NFI proteins contribute to these cellular
processes has not yet been clariﬁed. An expression analysis of the mRNA of each Nﬁ gene has previously revealed
that they exhibit unique but overlapping patterns of expression during mouse development. High mRNA levels
were observed in brain, heart, lung, muscle, liver, and
kidney (Chaudhry et al., 1997). However, any functional
studies of the Nﬁ genes also require a detailed analysis of
NFI protein expression. Here, using antibodies speciﬁc for
either NFIA or NFIB, we examine the protein expression
of these proteins during development of the mouse telencephalon. Additionally, using double labeling, we demonstrate that NFIA and NFIB are expressed in speciﬁc cell
populations. Both proteins are expressed in laterally but
not medially projecting cortical neurons. Prenatally, little
or no NFIA or NFIB expression was found in interneurons, but importantly at this stage, low levels of both
proteins were observed in the ventricular zone (VZ), indicating a role for these proteins in progenitor cells. The
speciﬁc, overlapping, and distinct patterns of NFIA and
NFIB expression in different forebrain regions at different
developmental stages indicates possible functional roles in
the development of speciﬁc forebrain structures. Also, the
lack of NFIA and NFIB expression in callosally projecting
neurons demonstrates that in corpus callosum development the principal function of these genes is to regulate
development of midline glial structures that provide guidance for callosally projecting neurons.

MATERIALS AND METHODS
Animals
All procedures in this study were approved by the Animal Care and Use Committee at the University of Mary-

land, Baltimore, and the Animal Ethics Committee at the
University of Queensland. Embryos and postnatal animals were obtained from timed-mated wildtype animals
(C57BL/6J mice, Jackson Labs, Bar Harbor, ME, or bred
on site at the University of Queensland). Antibody speciﬁcity was examined using tissue from Nﬁa and Nﬁb
knockout mice as previously described (das Neves et al.,
1999; Shu et al., 2003; Steele-Perkins et al., 2005).
GAD-67 animals were kindly provided by Dr. Yuchio
Yanagawa (Gunma University Graduate School of Medicine, Maebashi, Japan) and were utilized to examine
NFIA and NFIB expression in GABAergic interneurons.
Embryonic day (E)0 refers to the day on which the presence of a vaginal plug was observed and the day of birth
was designated as postnatal day (P)0. Tissue was collected
from E11 to adult. To obtain embryonic brains, pregnant
dams were anesthetized with an intraperitoneal injection
of sodium pentobarbital (Nembutal; Abbott Laboratories,
Abbott Park, IL). Embryos from E11 to E14 were
immersion-ﬁxed in 4% paraformaldehyde (PFA, prepared
in 1⫻ phosphate-buffered saline [PBS], pH 7.4). Embryos
from E15 to E18 were perfused intracardially with saline
solution (0.9% NaCl) followed by 4% PFA. Older animals
(from P0 to adult) were deeply anesthetized with either ice
(P0 –5) or with sodium pentobarbital (P7-adult) and perfused intracardially with 0.9% saline followed by 4% PFA.

Cortical cell culture
Cultures containing neurons and glia were prepared
from C57Bl/6J cerebral cortex at E16. Brieﬂy, cortices
were dissected, trypsinized at 37°C for 5 minutes, and
then triturated using an 18G needle. A cell count was
performed where the number of dead cells were checked
by Trypan-blue staining. Cells were plated at a density of
4 ⫻ 106 cells/13 mm diameter on poly-D-lysine (50 g/mL)coated glass coverslips. Cells were grown for 7 days in
vitro in DMEM with 10% fetal calf serum and B27 supplement (Invitrogen, La Jolla, CA). Cells were then
washed in 1⫻ PBS and ﬁxed in 4% PFA for 15 minutes,
after which they were processed for immunocytochemistry.

Retrograde tracing
Postnatal C57BL/6J mouse pups (age P1, P2, and P3)
were anesthetized by hypothermia prior to microinjection.
A small volume (⬇1 L; 1 g/L) of true blue chloride
(Invitrogen) retrograde tracer solution was drawn into the
microneedle (diameter tip ⫽ 50 –100 m) connected to a
micropipette holder, which in turn was attached to a
mouse stereotaxic apparatus (Stoelting, Wood Dale, IL). A
small incision was made in the scalp of the right hemisphere or in the dorsal skinfold between the shoulder
blades up to the back of the neck over the pyramidal
decussation at the base of the brain stem. The microneedle
was lowered into the cortex (P1 or P3 for labeling of medial
projections) or into the pyramidal decussation (P2 for lateral projections) with the aid of a micromanipulator pipette holder. The true blue retrograde tracer (0.5–1 L)
was then delivered by a picospritzer (Parker Instrumentation, Cleveland, OH; 30 ms duration, 20 psi) before
removing the microneedle. The scalp/skin was sutured
before returning the pup to its mother and littermates for
overnight recovery. Pups were perfused intracardially (at
P2 or P5 for cortical injections and at P3 for pyramidal
decussation injected pups) as described and brains were
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TABLE 1. Antibodies and Blocking Peptide Used for Western Blot and Immunohistochemistry Analysis
Geneka

Active motif

Isotype

Raised against

Dilutions

Antibodies
NFIA
NFIB

16111460
16021117

39329
39091

Rabbit IgG
Rabbit IgG

478-492 of human NF-1A.
402-415 of human NF-1B2

1/50K-1/75K
1/25K-1/50K

Peptides
NFIA
NFIB

N/A
5021125

N/A
N/A

N/A
402-415 of human NF-1B2

N/A
1/500

NFIA and NFIB antibodies (Table 1) were made by
Geneka Biotechnology (Montreal, Canada) and later purchased from Active Motif (Carlsbad, CA). The rabbit polyclonal anti-NFIA antibody was raised against amino acids
478 – 492 of human NFIA (peptide sequence PSTSPANRFVSVGPR). The NFIA antibody was used at 1/75,000 for
embryonic tissue and at 1/50,000 for postnatal tissue for
Ni-DAB staining and at 1/1,000 for ﬂuorescence. The rabbit polyclonal anti-NFIB antibody was raised against
amino acids 402– 415 of human NFIB (peptide sequence
SPQDSSPRLSTFPQ) and used at 1/50,000 for embryonic
tissue and at 1/25,000 for postnatal tissue when together
with Ni-DAB and at 1/1,000 for ﬂuorescence. The speciﬁcity of each antibody was analyzed using Nﬁa and Nﬁb
knockout mice and by performing peptide blocking experiments (Fig. 1, Table 1). These control experiments conﬁrmed the speciﬁcity of both antibodies.
The immunizing antigen for mouse anti-Tuj-1 (monoclonal; MAB1195; R&D Systems, Minneapolis, MN) was rat
brain-derived microtubules. The speciﬁcity of this antibody has been demonstrated using Western blot analysis
(Gass et al., 1990). In culture the Tuj-1 antibody stained
cells with a neuronal morphology as previously demonstrated (Di Giorgi-Gerevini et al., 2005). Puriﬁed cell
nuclei from mouse brain were used as the immunizing
antigen to produce the mouse anti-NeuN antibody
(monoclonal; MAB377; Clone A60; Chemicon, Temecula,
CA). On a Western blot the antiserum recognizes two
bands in the 46 – 48 kDa range (Chemicon technical information and Mullen et al. [1992]). Staining of sections
through the forebrain produced a pattern of NeuN immunoreactivity that was identical to previous descriptions
(Mullen et al., 1992; Wolf et al., 1996). Puriﬁed GFAP from
porcine spinal cord was used as the immunizing antigen to
produce the mouse anti-GFAP (monoclonal; MAB360;
Clone GA5; Chemicon). On a Western blot the antiserum
recognizes one band at 51 kDa (Chemicon technical information) and in culture only stained cells with the morphology of ﬁbrillary astrocytes as previously demonstrated (Di Giorgi-Gerevini et al., 2005).

lingame, CA) and 0.2% Triton X-100 (v/v; Sigma, St. Louis,
MO) in 1⫻ PBS for 2 hours. Sections were then incubated
in primary antibodies (see antibodies section) at room
temperature overnight. After three washes in 1⫻ PBS,
sections were incubated in biotinylated goat antirabbit
secondary antibody (BA-1000, 1/500, Vector Laboratories)
for 1–2 hours at room temperature. Sections were then
immersed in nickel-3,3⬘-diaminobenzidine (Ni-DAB) chromogen solution (2.5% nickel sulfate and 0.02% DAB in
0.175 M sodium acetate) activated with 0.01% (v/v) hydrogen peroxide until formation of a purple-to-black colored
precipitate. The reaction was stopped with 1⫻ PBS and
the sections were washed several times in 1⫻ PBS, after
which they were mounted on gelatin-coated slides (0.5%
gelatin) and dried overnight. Sections were then dehydrated through increasing ethanol concentrations, immersed in xylene, and coverslipped with D.P.X. mounting
medium (Electron Microscopy Sciences, Fort Washington,
PA). Sections for confocal ﬂuorescence imaging were
blocked as described, then incubated in primary antibody
overnight at room temperature. Primary antibodies used
were rabbit anti-NFIA or rabbit anti-NFIB (both used at
1/1,000; see below), and mouse anti-NeuN (1/1,000;
Chemicon, MAB377). After three washes in 1⫻ PBS, sections were incubated for 2 hours at room temperature with
ﬂuorescent-conjugated secondary antibody (1/1,000, goat
antirabbit AlexaFluor594, or goat antimouse AlexaFluor488, Invitrogen). DAPI (300 nM) was used as a counterstain and sections were mounted for ﬂuorescence microscopy in PVA/DABCO (Fluka, Buchs, Switzerland).
Immunocytochemistry on ﬁxed, cultured cells was performed by ﬁrst blocking and permeabilizing the cells in 1⫻
PBS containing 2% normal goat serum and 0.5% Triton
X-100. Cells were incubated in primary antibodies for 2
hours at room temperature according to the following:
rabbit anti-NFIA and rabbit anti-NFIB at 1/5,000; mouse
anti-TuJ1 (R&D Systems, MAB1195) and mouse antiGFAP (Chemicon, MAB360) at 1/1,000. Following washes
in 1⫻ PBS the cells were incubated in the following secondary antibodies at 1/1,000 for 1 hour at room temperature: goat antimouse AlexaFluor488 or goat antirabbit
AlexaFluor594 (Invitrogen). DAPI was used as a counterstain and the cells on coverslips were mounted for ﬂuorescence microscopy as described.

Immunohistochemistry

Western blot analysis

After perfusion all tissues were postﬁxed in 4% PFA
until use. Brains were blocked in 3% agar and cut at
40 –50 m on a Vibratome (Leica, Deerﬁeld, IL). Whenever possible, NFIA and NFIB immunohistochemistry
were done on adjacent sections of the same brains for a
better comparison of the protein expression. Sections were
washed three times in 1⫻ PBS, blocked in a solution of 2%
normal goat serum (v/v, S-1000, Vector Laboratories, Bur-

Cell extracts containing speciﬁc NFI proteins were prepared by transfection of JEG-3 choriocarcinoma cells with
vectors expressing hemagglutinin (HA)-tagged NFIA, NFIB,
NFI-C, and NFI-X as described previously (Chaudhry et al.,
1997). Samples were lysed in 1⫻ SDS sample buffer, subjected to SDS-polyacrylamide gel electrophoresis, blotted to
PVDF membranes, and detected using monoclonal antisera
directed against the HA tag (C125A, Roche, Nutley, NJ) or

processed for NFIA and NFIB immunohistochemistry (see
below).

Antibodies
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Fig. 1. Speciﬁcity of NFI antibodies. Extracts from control JEG-3
cells and cells transfected with vectors expressing the indicated NFI
proteins were subjected to SDS-polyacrylamide gel electrophoresis
and Western blot analysis using anti-hemagglutinin (HA) sera (A), an
anti-NFIA antibody (B), and an anti-NFIB antibody (C). The bands
obtained in each blot correspond to the appropriate molecular weight
of the NFI proteins, respectively (HA-NFIA1.1, 57614 Da; HA-NFIB2,
49129 Da; HA-NFI-C2, 50425 Da; HA-NFI-X2, 46294 Da). The sizes of
molecular weight standards are indicated on the left and the arrows
in the center indicate the bands corresponding to HA-tagged NFIA,
NFIB, NFI-C, and NFI-X. To test the speciﬁcity of the anti-NFIA and

NFIB antibodies we performed immunohistochemistry with a Ni-DAB
chromogen on Nﬁa (D) or Nﬁb (F) knockout tissue and compared this
to immunolabeling on wildtype sections (E,G, respectively). Since we
also used these antibodies at a higher concentration for ﬂuorescence,
we tested their speciﬁcity using a ﬂuorophore-conjugated secondary
antibody (H–K). For ﬂuorescent immunolabeling, DAPI was used as
counterstain. In both cases, no labeling could be detected in any
knockout tissue, indicating the speciﬁcity of each antibody. All sections shown are in the coronal plane. Scale bars ⫽ 500 m in F
(applies to D–G); 100 m in J (applies to H–K).

antipeptide sera speciﬁc for NFIA or NFIB (39329 and
39091, respectively, Active Motif, Carlsbad, CA; see Table 1)
followed by chemiluminescence (ECL) reagents (Amersham,
Arlington Heights, IL).

tion, and knockout tissue analysis (Fig. 1). For the Western blot analysis we used JEG-3 choriocarcinoma cells
transfected with vectors expressing HA-tagged NFIA,
NFIB, NFI-C, or NFI-X (Chaudhry et al., 1997). Each
HA-tagged NFI factor was detected using an anti-HA antibody (Fig. 1A), and the band for each NFI protein was
detected at its appropriate molecular weight. Similar
blots, containing peptides of each of the four NFI family
members, were immunostained with either the NFIA (Fig.
1B) or the NFIB (Fig. 1C) antibody. Each blot showed
speciﬁc labeling of either the NFIA or NFIB lanes. Thus,
these antibodies are speciﬁc for NFIA and NFIB and do
not crossreact with other NFI family members. To further
examine the antibody speciﬁcity we immunostained tissue
from Nﬁa and Nﬁb knockout mice (das Neves et al., 1999;
Steele-Perkins et al., 2005) using the NFIA and NFIB
antibodies, respectively. No positive staining was detected
in knockout brain sections for either the NFIA antibody
(Fig. 1D,H, compared to wildtype tissue in Fig. 1E,I) or the
NFIB antibody (Fig. 1F,J compared to wildtype tissue in

Image processing
Immunolabeling was analyzed with an upright light
microscope (either Leica or Zeiss) and images were
scanned with a digital camera (PhaseOne, Copenhagen,
Denmark; or AxioCam HR, Zeiss). Fluorescent confocal
microscopic images were obtained with a laser scanning
microscope (Zeiss 510 META) microscope and software.
All images were processed with Adobe Photoshop software
(San Jose, CA).

RESULTS
Speciﬁcity of the NFI antibodies
To examine the speciﬁcity of the NFI antibodies used in
this study we used Western blot analysis, immunoabsorp-
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Fig. 1G,K). Finally, an NFIB blocking peptide, which had
been used for immunizations when the antibody was
made, was used in additional control experiments. Here
the NFIB antibody was preabsorbed with the blocking
peptide, after which no immunostaining was observed in
sections (data not shown). No NFIA blocking peptide was
available. From the control experiments we conclude that
the NFIA and the NFIB antibodies speciﬁcally recognize
the peptides they were designed against, and also that
they do not give rise to any nonspeciﬁc background or
crossreactivity with other NFI family members.

Expression of NFI proteins in the
developing telencephalon
The protein expression of NFIA and NFIB was analyzed
in coronal and sagittal sections of developing mouse brain.
In early telencephalic development (E12), immunostaining of coronal sections revealed that NFI proteins were
expressed in the roofplate (Fig. 2A,B). NFIA or NFIB,
however, were not expressed in cortical cells until after
the formation of the preplate (Fig. 2C,C’,D,D’). By E15,
NFIA was expressed in layers IV, V, and VI, as well as in
cells of the marginal zone and the subplate (Fig. 2E,E’). At
this time, NFIB was expressed in layer VI, the subplate,
and the marginal zone (Fig. 2F). By E17 both proteins
were expressed in layer VI, the subplate, and the marginal
zone. Essentially, the prenatal protein expression observed here conﬁrms previous ﬁndings on mRNA expression of Nﬁa and Nﬁb in the developing telencephalon
(Chaudhry et al., 1997), and protein expression of NFIA at
E17 (Shu et al., 2003). At E18, NFIA and NFIB expression
was also observed in the ventricular zone (VZ) and in the
subventricular zone (SVZ), but at lower levels compared to
in the neocortex. The expression of NFIA in the VZ and
SVZ was found as early as E15 (Fig. 2E), E17 (Fig. 2G),
and E18 (Fig. 2I,I’), whereas NFIB expression was observed in these proliferating regions at E17 (Fig. 2H) and
at E18 (Fig. 2J,J’).
In postnatal and adult brains, NFI proteins were expressed in speciﬁc layers in a dynamic manner. At P0,
NFIA was highly expressed in layers II/III and V/VI,
whereas NFIB expression was largely conﬁned to layer IV
(Fig. 3A,A’,B,B’). At P7, NFIB was speciﬁcally expressed
in layer VI (Fig. 3D,D’), while NFIA remained expressed
in layers II/III and V/VI (Fig. 3C,C’). However, at this time
NFIA expression began to decline, particularly in the upper layers. At P14, NFIA was speciﬁcally expressed in
layer VI (Fig. 3E,E’) in a similar, but delayed manner
compared to the NFIB expression observed at P7. Both
NFIA and NFIB expression then declined during postnatal cortex development (Fig. 3E–H,E’–H’). However, NFIA
remained expressed in the piriform cortex at both P14 and
in the adult (arrow in Fig. 3E,G), whereas NFIB was
expressed in this area at P14 but not in the adult (arrow
in Fig. 3F,H).
Sagittal sections were used to analyze the rostrocaudal
distribution of NFI protein expression. Analysis of NFIA
and NFIB protein expression in these sections matches
the layer-speciﬁc expression observed in coronal sections
(Fig. 4). In sagittal sections of prenatal brain (E13, E15,
and E17) both NFIA and NFIB displayed a consistent
level of distribution across the neocortex from rostral to
caudal (Fig. 4A–F,A’–F’). However, in postnatal brains (P7
and P14) a lower level of NFIA protein was observed in
rostral (Fig. 4G,G’,I,I’,I”) compared to caudal telencepha-
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lon (Fig. 4G,G”’,I,I”’). No differences in the distribution of
NFIB expression over the rostrocaudal axis was observed
at these timepoints in deep layers of the cortex (Fig. 4H–
H”’, J–J”’) but a graded expression was observed in layers
II/III. The fact that higher levels of both NFIA and NFIB
were observed in caudal compared to rostral telencephalon only at postnatal stages implies that this gene is not
involved in early cortical arealization. However, graded
expression of both these genes in postnatal stages may
reﬂect either regionalized expression in all layers for
NFIA or in layers II/III for NFIB. Still, this graded expression may also simply reﬂect the postnatal maturation
of these telencephalic regions.

Cell type-speciﬁc expression of NFI
proteins
Dissociated E16 cortical cultures were utilized to assess
whether NFIA and NFIB were expressed in neurons or
glia (Fig. 5). Both proteins colocalized with both GFAPpositive glial cells (Fig. 5A,B) and with TuJ1-positive neurons (Fig. 5C,D). In these cultures, however, not all GFAPand TuJ1-positive cells expressed NFIA or NFIB. DAPI
staining conﬁrmed the nuclear localization of both NFIA
and NFIB (Fig. 5C,D). We also performed double labeling
using P5 coronal sections and the neuronal marker NeuN
together with either NFIA (Fig. 5E) or NFIB (Fig. 5F). In
upper layers we found that NFIA did not colocalize with
NeuN (arrows in Fig. 5E’), whereas in layer VI most
NFIA-positive cells were NeuN-positive (arrowheads in
Fig. 5E”). The majority of NFIB-positive cells throughout
the cortical plate were NeuN-positive (arrowheads in Fig.
5F’,F”). To investigate whether NFIA or NFIB were expressed in interneurons, we utilized the GAD67-GFP
mouse, in which GABAergic neurons express GFP (Fig.
5G,H). We found that NFIA did not colocalize with
GAD67-GFP in the marginal zone (Fig. 5G’), the cortical
plate (Fig. 5G”), or in the dentate gyrus of the hippocampus (data not shown). Similar to NFIA, the majority of the
NFIB-expressing cells did not express GAD67-GFP (Fig.
5H’,H”), including cells in the dentate gyrus (not shown).
However, a subpopulation of GAD67-GFP-expressing cells
in the marginal zone (arrows in Fig. 5H’) and a small
number in the cortical plate (arrow in Fig. 5H”) were
positive for NFIB.
Retrograde tracing was performed to analyze NFIA and
NFIB expression in callosal (Fig. 6) and corticospinal (Fig.
7) projection neurons. The retrograde tracer true blue,
when delivered into one cortical hemisphere at P1 or P3,
retrogradely labeled callosally projecting neurons mainly
in layer III of the contralateral hemisphere at P2 (data not
shown) and at P5 (Fig. 6A,B, and higher magniﬁcation in
A’,B’), respectively. A small subpopulation of these projection neurons expressed NFIA (arrowhead in Fig. 6A’), but
none expressed NFIB (Fig. 6B’). A few cells were true
blue-positive in deeper layers of the cortex at P5 (Fig.
6A”,B”), but none of these cells were positive for either
NFIA or NFIB. When delivered into the pyramidal decussation at P2, true blue retrogradely labeled lateral
projecting neurons of layer V in both hemispheres at P3
(Fig. 7A,B). The majority of these true blue-positive cells
expressed NFIA (arrowheads in Fig. 7A’) and NFIB (arrowheads in Fig. 7B’). Taken together, neither NFIA nor
NFIB is expressed in the majority of neurons projecting
across the midline through the corpus callosum. Most
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Fig. 2. NFI protein expression in embryonic dorsal telencephalon.
We examined the expression of NFIA and NFIB proteins in coronal
sections during the development of embryonic dorsal telencephalon.
NFIA and NFIB proteins were detected in the roof plate (rp) at E12
(A, and higher magniﬁcation in A’ for NFIA; B, and higher magniﬁcation in B’ for NFIB). At E13, both proteins were expressed in the
preplate and marginal zone (pp, mz, C,C’ and D,D’). At E15, NFIA
was expressed throughout the cortical plate and in the marginal zone
(mz, E,E’), whereas NFIB became restricted to the deeper layers of
the cortex and a few cells in the subplate (sp) and the marginal zone
(F,F’). At E15, both NFIA and NFIB were also expressed in the
cingulate cortex (arrows in E,F). At E17, NFIA expression was lower

in the upper cortical layers, but high in layer VI and the subplate
(G,G’). NFIB expression remained high in the deep cortical layers,
marginal zone, and subplate. NFIA and NFIB expression was also
observed at low levels in the VZ and in the SVZ (at E15 for NFIA only,
E), at E17 (G,H) and E18 (I,I’,J,J’). cp, cortical plate; iz, intermediate
zone; mz, marginal zone; pp, preplate; rp, roof plate; sp, subplate; svz,
subventricular zone; vz, ventricular zone; I, IV, V, VI, cortical layers.
Scale bars ⫽ 600 m in H for A–D; 520 m for E,F; 480 m for G,H;
150 m in H’ for A’,B’; 80 m for C’,D’; 50 m for E’–H’; 100 m in J,J’
for I–J’. [Color ﬁgure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Fig. 3. Dynamic NFI expression in the postnatal mouse cerebral
cortex. The expression of NFIA and NFIB proteins were examined in
coronal sections of mouse cerebral cortex from P0 to adult. The expression pattern of the two genes was dynamic and differed during
this period. At P0, NFIA was expressed throughout the cortical plate
but higher expression levels were detected in layers II/III and in
deeper layers (A, higher magniﬁcation of the cortical layers in A’).
NFIB, on the other hand, was speciﬁcally expressed in layer IV (B and
higher magniﬁcation in B’). At P7, NFIA was expressed more uni-

formly throughout the cortical layers (C,C’). NFIB expression was
highest in layer VI (D,D’). At P14, NFIA expression was observed in
layer VI (E,E’), whereas NFIB expression was observed throughout
the cortical layers (F,F’). At this stage and in the adult, NFIA and
NFIB were also expressed in the piriform cortex (Pir, E–G). In the
adult the expression of both proteins declined (G,G’ and H,H’). Pir,
piriform cortex; I, IV, V, VI, cortical layers. Scale bars ⫽ 400 m in H
for A,B; 625 m for C–H; 200 m in H’ for A’,B’; 100 m for C’,D’; 250
m for E’–H’.

layer V neurons projecting laterally, however, express
both NFIA and NFIB.

expression had increased by E18, and both NFIA and
NFIB were observed in the midline in regions overlapping
the location of all midline glial populations (Fig. 8C,D).
During postnatal development, NFI proteins were still
detected at the midline and also lining the ventricles (Fig.
8G,H). In the adult, cells within the subventricular zone
expressed both NFIA and NFIB (Fig. 8I,J) and both proteins were expressed in nonoverlapping populations
within the IGG (Fig. 8I’,J’).

NFI expression at the midline of the
developing cerebral cortex
Four midline populations are positioned at the corticoseptal boundary: the GW (Shu and Richards, 2001), the
IGG, the midline zipper glia (MG) (Silver et al., 1993), and
the SS (Silver et al., 1982; Shu et al., 2003). At E15, NFIA
and NFIB protein was detected in the cingulate cortex
(Fig. 8A,B), but only NFIA was expressed in midline glial
populations (Fig. 8A) at this time. We previously demonstrated that NFIA in fact colocalizes with GFAP in both
the GW and the IGG at E17 (Shu et al., 2003). NFIB

Expression of NFI proteins in thalamus and
ventral telencephalon
As early as E12, weak NFIA labeling was detected in
the posterior thalamus, hypothalamus, and optic chiasm
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Fig. 4. Rostrocaudal distribution of NFIA and NFIB expression.
The protein expression of NFIA and NFIB was analyzed in sagittal
sections of pre- and postnatal mouse brain. In prenatal telencephalon
(E13, E15, and E17) an even neocortical expression along the rostrocaudal axis was observed for both NFIA (A,A’,C,C’,E,E’) and NFIB
(B,B’,D,D’,F,F’). In postnatal telencephalon, NFIA was expressed at
lower levels in rostral compared to caudal neocortex (P7, G; higher
magniﬁcation of the three boxed regions in G’, rostral; G”, middle;
and G”’, caudal neocortex, and P14, I; higher magniﬁcation of the
three boxed regions in I’, rostral; I”, middle; and I”’, caudal neocor-

tex). No differences in the levels of NFIB expression could be detected
over the rostrocaudal neocortical axis at P7 (H; higher magniﬁcations
of the boxed regions from rostral to caudal in H’, H”, and H”’, respectively). However, changes in levels of NFIB expression in layers II/III
were detected over the rostrocaudal neocortical axis at P14 (P14, J;
higher magniﬁcation of the three boxed regions in J’, rostral; J”,
middle; and J”’, caudal neocortex). Cortical layers are delineated by I,
II/III, IV, V, and VI. Scale bars ⫽ 500 m in F for A–F; 100 m in F’
for panels A’–F’; 500 m in J for G–J; 100 m in J”’ for G’–J”’.
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Fig. 6. NFI expression in neurons projecting across the midline
through the corpus callosum. The retrograde tracer true blue was
injected into one hemisphere of cortex at P3 to label contralaterally
projecting neurons. Brains were then ﬁxed at P5. True blue-positive
cells were observed mainly in layer III and in lower numbers in deeper
layers. Coronal sections were analyzed at P5 for NFIA (A–A”) and
NFIB (B–B”) expression, respectively. In layer III a small subpopu-

lation of true blue positive cells were NFIA positive (arrowhead in A’),
whereas no double-labeled cells were found in deeper layers (arrows
in A”). NFIB was not observed in any true blue-positive cells throughout the cortex (higher magniﬁcation of layers V and VI in B’ and B”,
with arrows pointing to true blue-positive cells). Cortical layers are
delineated by I, II/III, IV, V, and VI. Scale bars ⫽ 100 m for A,B; 20
m for A’–B”.

Fig. 5. Cell type-speciﬁc expression of NFIA and NFIB. Cell typespeciﬁc expression of NFIA and NFIB was examined in dissociated
cortical cultures (A–D) as well as in coronal sections of either wildtype
(E–F”) or GAD67-GFP brains (G–H”). Dissociated cortical cultures
were double-labeled with either glial-speciﬁc GFAP (A,B), or neuronspeciﬁc TuJ1 (C,D) antibodies, together with either NFIA or NFIB.
NFI expression was observed in both neurons and glial cells (arrows)
but not all TuJ1⫹ cells expressed NFIA or NFIB (arrowheads). DAPI
was used as a counterstain, which revealed the nuclear localization of
both NFIA (C) and NFIB (D). Coronal sections of P5 brains were
labeled with the neuronal marker NeuN together with either NFIA
(E) or NFIB (F). NFIA-positive cells were observed in layer VI and
scattered throughout layer II–V. NFIA did not colocalize with NeuN

in upper layers (arrows in E’), whereas in layer VI the majority of the
NFIA-positive nuclei were NeuN-positive (arrowheads in E”). NFIBpositive nuclei were observed in layers V and VI (F), and the majority
of these colocalized with NeuN positive nuclei (arrowheads, in F’,F”).
E18 GAD67-GFP brains were utilized for analysis of NFI expression
in GABAergic interneurons (G,H). No colocalization of NFIA with
GAD67-GFP-positive cells was observed (G–G”). The majority of
NFIB-positive cells also did not colocalize with GAD67-GFP, but a
small subpopulation of cells in the marginal zone and a few cells in the
cortical plate expressed both GAD67-GFP and NFIB (arrows in
H’,H”). Cortical layers are delineated by I, II/III, IV, V, and VI; cp,
cortical plate; mz, marginal zone. Scale bars ⫽ 20 m for A–D; 50 m
for E,F; 20 m for E’–F”: 100 m for G,H; 10 m for G’–H”.
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Fig. 7. NFI expression in laterally projecting neurons. The retrograde tracer true blue was injected into the pyramidal decussation of
P2 mice and NFIA and NFIB expression was analyzed in ﬁxed coronal
sections at P3. True blue-positive cells were observed only in layer V,
and the majority of these cells were colabeled with NFIA (A, and

arrowheads in A’) and NFIB (B, and arrowheads in B’). Arrows in A’
and B’ point to cells in layer VI, which are not double-labeled with
true blue and either of NFIA and NFIB, respectively. I, II, III, IV, V
and VI, cortical layers. Scale bars ⫽ 100 m for A,B; 20 m for A’,B’.

(Fig. 9A,A’,C,C’). A similar pattern of expression was observed for NFIB, except no expression was detected in the
optic chiasm at this timepoint (Fig. 9B,B’,D,D’). At E12
and E13, NFIA was also expressed in the amygdala (Fig.
9A,C, respectively) where it continued to be expressed at
E13 (Fig. 9C). At E18, cells expressing NFIA and NFIB
were observed in the hypothalamus (Fig. 9E,E’,F,F’) and
in cells lining the third ventricle (Fig. 9E’,F’). At P2, NFIB
expression could no longer be detected in the thalamus
(data not shown), whereas at P5, NFIA was expressed in
the dorsal thalamus (Fig. 11A), but disappeared by P7
(Fig. 11C).

10A,A’,B,B’). By E15 the distinct layers of the hippocampus appeared, expressing NFIA throughout (Fig. 10C,C’),
whereas NFIB expression was highest in the hippocampal
stratum radiatum (sr, Fig. 10D,D’). At E17 the dentate
gyrus expressed both NFIA and NFIB (Fig. 10E,E’,F,F’).
Expression in the stratum radiatum ceased by E17 for
both proteins. At this time NFIB expression was most
apparent in the stratum oriens (Fig. 10F,F’), whereas
NFIA expression was observed in both the stratum oriens
and the stratum pyramidale (Fig. 10E,E’). In the ﬁrst
postnatal week the hippocampal Cornu Ammons (CA) areas 1–3 and the dentate gyrus were positive for NFIA (Fig.
11A–A”’), whereas NFIB labeled the dentate gyrus specifically (Fig. 11B–B”’). At P5, NFIA expression was also
observed in the stratum pyramidale (Fig. 11A’). Both
NFIA and NFIB strongly labeled the dentate gyrus
throughout development and into adulthood (Fig. 11).
Outside the dentate gyrus, NFIA was expressed in a dynamic manner in the CA regions. At P5, NFIA expression
was higher in CA3 than in CA2, and expression in CA2

NFI proteins are dynamically expressed in
speciﬁc hippocampal cell populations
Around E12/E13 in mouse the neuroepithelium in the
dorsomedial wall of the telencephalon begins to protrude
into the lateral ventricle to form the future hippocampus
(Bayer, 1980). NFI proteins were detected in this area as
soon as the hippocampal primordium appeared (Fig.
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Fig. 8. NFI expression at the midline of the cerebral cortex. NFIA
and NFIB protein expression was investigated at the midline in
coronal sections from E15 to adult. At E15 both NFIA and NFIB were
strongly expressed in the cingulate cortex (white arrow in A,B, respectively). NFIA was more widely expressed throughout the ventricular zone and in cells of the indusium griseum and the glial wedge (A)
compared to NFIB (B). At E18 (NFIA in C, NFIB in D) and P0 (NFIA
in E, NFIB in F), both NFIA and NFIB proteins were detected in the
indusium griseum, the glial wedge, and also in the subcallosal sling.
At P14, NFIA expression at the midline was higher than NFIB expression (G compared to H). Both genes were expressed in the ven-

tricular zone/ependymal layer at P14 and in the adult (arrowheads in
G,H, and I,J, respectively). I’,J’ are higher magniﬁcations of the
boxed regions in I,J, respectively, and demonstrate the expression of
both genes in the indusium griseum of the adult. Different NFIA- and
NFIB-positive populations were observed in the indusium griseum,
where NFIA-positive cells (arrows in I’) were present more dorsomedially than the NFIB-expressing cells (arrows in Panel J’). All sections
shown are in the coronal plane. IG, indusium griseum; GW, glial
wedge; SS, subcallosal sling; CiCtx, cingulate cortex; LV, lateral ventricle. Scale bars ⫽ 70 m in F for A,B; 100 m for C–F; 200 m in J
for panels G–J; 30 m in J’ for I’,J.

was higher than in CA1 (Fig. 11A”, CA3⬎CA2⬎CA1). At
P7 and P14, NFIA expression increased in CA1, whereas a
decrease was observed in CA2 and CA3 (Fig. 11C’,E’). In
the adult, NFIA was weakly expressed throughout the
hippocampus (Fig. 11G–G”’), except from some residual
cells that were NFIA-positive in the inner granule layer of
the dentate gyrus (Fig. 11G”’). NFIA expression was low
but still present in CA3 (Fig. 11G”), whereas low NFIB
expression was detected in CA2 (Fig. 11H”). NFIB was
predominantly expressed in the dentate gyrus throughout
hippocampal development, and its expression remained
high in the adult, especially in the granule layer (Fig.
11H”’).

NFIA and NFIB in both glial structures and neurons
suggests that the role of these proteins in formation of
forebrain neural networks could be a combination of cellautonomous and nonautonomous developmental processes.

DISCUSSION
The dynamic expression of NFIA and NFIB observed in
various telencephalic structures, and in different layers of
the developing cortex and hippocampus, indicate that
these genes could play roles in numerous developmental
processes. It is likely that such roles depend not only on
which cells express NFIA and NFIB, but also on the spatial expression of NFI proteins, for example through possible dimer combinations (Kruse and Sippel, 1994), and on
their temporal expression, where NFIA and NFIB could
regulate developmental processes according to input from
the changing environment. In addition, the expression of

NFI protein expression in the developing
cortex
During early telencephalic development, NFIA and
NFIB are both expressed in the roofplate, an epithelial
layer involved in dividing the telencephalon into the two
cortical hemispheres. This structure has been suggested
to constitute an organizing center, regulating the early
transformation and patterning of the dorsal telencephalon
(Monuki et al., 2001; Cheng et al., 2006). Various molecules are involved in the roof plate-mediated patterning of
the cerebral cortex, including Bmp2, Bmp4, and Lhx2
(Monuki et al., 2001; Cheng et al., 2006). The role of NFI
proteins in developmental patterning, however, is still
unclear, but their expression in these regions suggests
that they may be involved in patterning the dorsal telencephalon and/or the formation of the roof plate. Interestingly, in addition to its role in roof plate-mediated patterning, Lhx2 has previously been shown to be important for
formation of midline glia in zebraﬁsh, and like the Nﬁa
and Nﬁb knockout mouse phenotypes, Lhx2 deﬁciency in
zebraﬁsh also leads to a failure of commissural axons to

Fig. 9. NFI expression in the ventral thalamus and ventral telencephalon. NFIA and NFIB were expressed in the ventral thalamus at
E12 (A,B, respectively) and E13 (C,D, respectively), but only NFIA
was expressed in the region of the developing optic chiasm at E12
(A,A’ higher magniﬁcation of the box in A) and at E13 (C,C’). As
shown in B’,D’ (higher magniﬁcation of B,D, respectively), no NFIB
proteins were detected in the optic chiasm at those stages. NFIA
proteins were also observed in the amygdala at E12 (A) and E13 (C).
No NFIB expression was detected in the amygdala. At E18, cells

expressing NFIA and NFIB were found scattered within the ventral
thalamus (E,F, respectively, and higher magniﬁcation of the boxes in
E’,F’). A small number of these cells were double-labeled with GAD67GFP (arrows in E’,F’), whereas most were not (arrowheads). Also, note
the NFIA- and NFIB-positive cells lining the third ventricle (E’,F’). All
sections shown are in the coronal plane. A, amygdala; oc, optic chiasm.
Scale bars ⫽ 300 m in D for panels A–D; 45 m in D’ for A’,B’; 60 m
for C’,D’; 500 m for E,F; 40 m for E’,F’.

The Journal of Comparative Neurology

398

C. PLACHEZ ET AL.

Fig. 10. NFI protein expression in the developing hippocampus
NFIA and NFIB proteins were expressed as soon as the hippocampal
primordium developed (NFIA in A, and higher magniﬁcation in A’ and
NFIB in B, and higher magniﬁcation B’). By E15, NFIA was expressed throughout the hippocampal primordium in both the ventricular zone and differentiating cells that have migrated to form the
stratum radiatum and the stratum pyramidale (C,C’). NFIB expression however is conﬁned to the differentiating cells of these layers
(D,D’). By E17 both NFIA and NFIB were expressed throughout all

differentiating ﬁelds of the hippocampus although NFIB appeared
more strongly expressed than NFIA, particularly in the dentate gyrus
(F, and high power view in F’). All sections shown are in the coronal
plane. hp, hippocampal primordium; ﬁ, ﬁmbria; ne, neuroepithelium;
so, stratum oriens; sp, stratum pyramidale; sr, stratum radiatum;
DG, dentate gyrus; CA, Ammon’s horn. Scale bars ⫽ 270 m in F for
A,B; 360 m for C,D; 400 m for E,F; 60 m in F’ for A’–D’; 90 m for
E’,F’.

cross the midline (Seth et al., 2006), suggesting potential
common genetic pathways. However, identifying and clarifying the role of NFI upstream candidates such as Emx2,
Pax6, and Neurogenin2 (Mattar et al., 2004; Gangemi et
al., 2006; Holm et al., 2007), as well as downstream effectors of NFI proteins, will prove pivotal in understanding
how they may affect the molecular pathways involved in
early telencephalic patterning.
The transcription factors Emx2 and Pax6, both possible
upstream effectors of the Nﬁ genes (Gangemi et al., 2006;
Holm et al., 2007), are involved in regulating the developmental arealization of the cortex (Bishop et al., 2000;
Mallamaci et al., 2000). Emx2 and Pax6 are expressed in
complementary gradients across the developing embryonic neocortex. Emx2 is expressed in a low rostrolateral to
high caudomedial gradient (Mallamaci et al., 1998),
whereas Pax6 is expressed in a high rostrolateral to low
caudomedial gradient (Stoykova and Gruss, 1994). Given
the graded expression of Emx2 and Pax6, and that NFI
proteins may be downstream targets of these genes, we
reasoned that the Nﬁ genes may also be expressed in a
developmental gradient. To investigate this, we analyzed
NFIA and NFIB immunolabeling in sagittal sections of
the developing telencephalon. However, we did not detect
a prenatal graded expression of either protein across the
rostrocaudal axis of the neocortex. Postnatally, however,
NFIA cortical expression as well as NFIB expression in
layers II/III showed a low rostral to high caudal gradient
across the neocortex. Nevertheless, a true developmental
expression gradient would have been consistent over time
and, thus, we conclude that the observed NFIA expression
gradient rather represents cells at different stages of development across the rostrocaudal axis of the neocortex.
Taken together, our ﬁndings suggest that neither NFIA

nor NFIB are involved in the early patterning of the
neocortex into different sensory and motor regions, as has
been shown for Emx2 and Pax6 (Bishop et al., 2000; Mallamaci et al., 2000).
The earliest born cortical neurons in the developing
telencephalon form the preplate, a layer of differentiated
neurons superﬁcial to the proliferative zones. The subsequent wave of migrating cortical cells splits the preplate
into two layers: a superﬁcial marginal zone and a deeper
subplate (Luskin and Shatz, 1985; Marin-Padilla, 1998).
NFIA and NFIB are ﬁrst expressed in the differentiating
cells of the preplate. Later, however, expression was also
observed in the proliferative zones of the cortex (the VZ
and the SVZ), although at lower levels compared to expression in the cortical plate. The preplate is important for
development of the radial glial scaffold, and is thus crucial
for the radial migration of cortical neurons (Xie et al.,
2002). In transgenic mice, where preplate cells have been
ablated, radial glia are malformed and also reduced in
numbers. This deﬁcit subsequently caused impaired radial migration of cortical projection neurons (Xie et al.,
2002). The expression of NFI proteins in the preplate
indicates that they could be involved in regulating processes early in cortical development, but their precise
roles are unclear.
In mouse, callosal axons extend predominantly from
cortical layers II/III and V. After E15, when the ﬁrst axons
of the corpus callosum have crossed the midline, NFIA is
expressed throughout the cortical plate, whereas NFIB
expression is conﬁned to deeper layers. Both Nﬁa- and
Nﬁb-deﬁcient mice display agenesis of the corpus callosum (Shu et al., 2003; Steele-Perkins et al., 2005), and this
abnormality prompted us to investigate whether cortical
NFIA and NFIB expression could be involved in cell-
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Fig. 11. Dynamic expression of NFI proteins in the postnatal and
adult hippocampus. NFI proteins were strongly expressed in the
hippocampus at postnatal stages. At P5 NFIA was expressed in CA3,
CA2, and the dentate gyrus (A and higher magniﬁcation in A’), but
was more highly expressed in CA3 compared to CA2 (A”, high-power
view showing the boundary between CA3 and CA2). At P5 the dentate
gyrus highly expresses both NFIA (A”’) and NFIB (B”’) proteins. The
strong expression of NFIB in the dentate gyrus granule layer remained throughout development and in the adult (D’,F’,H”’), but was
not expressed at high levels in other regions of the developing hippocampus. At P7 and P14, NFIA expression remained within the
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dentate gyrus, but also in the CA1 and CA2 regions of the hippocampus (C,C’ and E,E’). In the adult, NFIA expression declined, with low
levels of expression in CA3 and CA2 (see boundary in panel G”) and
in the inner granular layer of the dentate gyrus (G”’). NFIB expression in the adult hippocampus was high in the dentate gyrus and
particularly in the granule layer (H”’). All sections shown are in the
coronal plane. DG, dentate gyrus; CA, Ammon’s horn; igl, inner granular layer; gl, granule layer. Scale bars ⫽ 600 m in H for A,B; 625 m
for C,D; 700 m for E–H; 200 m in H’ for A’–D’; 260 m for E’,F’; 290
m for G’,H’; 100 m in H”’ for A”–B”’; 150 m for G”–H”’.
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autonomous formation of this commissure. To investigate
this, we used retrograde tracing to label neurons projecting across the midline and through the corpus callosum,
and then colabeled for either NFIA or NFIB. Using this
technique we demonstrated that from P2–5 NFIA is expressed in a small subpopulation of callosally projecting
neurons. Thus, it is possible that NFIA plays a minor
cell-autonomous role in the formation of the corpus callosum. However, this ﬁnding rather emphasizes the importance of NFIA in the development of axon guidance substrates at the midline for the proper formation of the
corpus callosum (Shu et al., 2003). NFIB was not observed
in any neurons that project across the corpus callosum at
P2 or P5, suggesting that the failure of this commissure to
form in Nﬁb knockout mice is largely due to the lack of
midline glial substrates. However, we cannot rule out the
possibility that NFIA and NFIB at some timepoint earlier
than P2 had been expressed in callosally projecting neurons. These ﬁndings suggest that neither NFIA nor NFIB
are involved in cell-autonomous regulation of corpus callosum formation, but that nonautonomous roles are crucial for the development of this structure. In addition, the
expression of NFIA and NFIB in laterally projecting neurons suggests that these proteins may be involved in the
regulation of corticofugal axon targeting. Together, our
ﬁndings imply that NFIA and NFIB play various crucial
roles in cortical development.

Regulation of midline guidance structures
by Nﬁ genes
Accurate formation of the substrate over which commissural axons grow is a prerequisite for the formation of
large ﬁber tracts, including the corpus callosum and the
hippocampal commissure. At the midline, the substrate is
comprised of midline glial populations that constitute an
intermediate target for growing commissural axons. NFIA
colocalizes with GFAP in the GW and the IGG (Shu et al.,
2003). In addition, the loss of midline glial populations has
been demonstrated in both Nﬁa⫺/⫺ and Nﬁb⫺/⫺ mice,
and these animals also display agenesis of major forebrain
commissures (das Neves et al., 1999; Shu et al., 2003;
Steele-Perkins et al., 2005). Therefore, the failure of commissures to form may be due to deﬁcits in midline glial
structures.

Expression of NFI proteins throughout
hippocampal development
Postnatal expression of Nﬁa and Nﬁb mRNA in the
hippocampus has previously been described (Behrens et
al., 2000). In this study, Nﬁa and Nﬁb expression was
analyzed in the P9 mouse brain, and mRNA for both genes
were observed in the dentate gyrus and in the CA1 region.
Here we show that NFIA and NFIB proteins are expressed
in speciﬁc cell populations of the developing hippocampus.
Both proteins are expressed in the hippocampal primordium during early embryonic development, and then become restricted to speciﬁc regions of the hippocampus.
Both NFIA and NFIB are highly expressed in the dentate
gyrus from its formation and into postnatal stages. Importantly, Nﬁb knockout mice display hippocampal defects,
including malformation of the dentate gyrus (SteelePerkins et al., 2005). A similar hippocampal phenotype
has been observed in Emx2 knockout mice (Tole et al.,
2000; Zhao et al., 2006), and microarray analysis in neural
precursors identiﬁed Nﬁa as a downstream target of Emx2
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(Gangemi et al., 2006). Another mouse mutant with similar hippocampal abnormalities is the LRP6 (low-density
lipoprotein receptor-related protein)-deﬁcient mice. These
mice have a generalized defect in the Wnt/b-catenin signaling pathway, resulting in an impaired production of
dentate granule cells along with abnormalities in the radial glial scaffold (Zhou et al., 2004). How NFI proteins
regulate hippocampal development, however, requires
further investigation.

CONCLUSIONS
This study presents the ﬁrst detailed description of NFI
protein expression in the developing telencephalon. The
data provide the basis for further functional studies of
these molecules and how they may regulate telencephalic
development. The highly dynamic pre- and postnatal expression of NFIA and NFIB, as well as their organized
spatiotemporal expression patterns, suggest that different
NFI proteins may regulate sequential developmental
events in a given system. Also, it has been demonstrated
that these proteins may be further modulated posttranslationally (Bandyopadhyay and Gronostajski, 1994). Analyzing such modiﬁcations, as well as identifying upstream
effectors and downstream targets of NFI proteins is crucial to determining the context-speciﬁc roles of these proteins during telencephalic development.
Both Nﬁa and Nﬁb knockout mice display agenesis of
the corpus callosum and a malformed hippocampal commissure as well as severe defects in the formation of midline glial populations. Here, we have revealed a highly
dynamic developmental expression of both proteins in cortex and hippocampus. Our ﬁndings, however, reveal that
in the cortex, NFIA and NFIB are not predominantly
expressed in neurons that project across the midline, but
rather in laterally projecting neurons. These results indicate that the defects in commissural formation observed in
the mutant mice are likely due to nonautonomous processes, such as regulation of axon guidance substrates
within the cortex and at the telencephalic midline. As for
the expression in neurons projecting laterally, the role of
NFIA and NFIB remains to be determined.
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