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Establishment of the corpus callosum involves coordination between
callosal projection neurons and multiple midline structures, including
the glial wedge (GW) rostrally and hippocampal commissure caud-
ally. GW defects have been associated with agenesis of the corpus
callosum (ACC). Here we show that conditional Lhx2 inactivation in
cortical radial glia using Emx1-Cre or Nestin-Cre drivers results in
ACC. The ACC phenotype was characterized by aberrant ventrally
projecting callosal axons rather than Probst bundles, and was 100%
penetrant on 2 different mouse strain backgrounds. Lhx2 inactivation
in postmitotic cortical neurons using Nex-Cre mice did not result in
ACC, suggesting that the mutant phenotype was not autonomous to
the callosal projection neurons. Instead, ACC was associated with
an absent hippocampal commissure and a markedly reduced to
absent GW. Expression studies demonstrated strong Lhx2 expression
in the normal GW and in its radial glial progenitors, with absence of
Lhx2 resulting in normal Emx1 and Sox2 expression, but premature
exit from the cell cycle based on EdU-Ki67 double labeling. These
studies define essential roles for Lhx2 in GW, hippocampal commis-
sure, and corpus callosum formation, and suggest that defects in
radial GW progenitors can give rise to ACC.

Keywords: agenesis of the corpus callosum, Cre-lox, glial wedge, Lhx2,
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Introduction

The corpus callosum is one of the largest white matter tracts in
the human brain, serving to physically and functionally
connect the hemispheres of the cerebral cortex. Consisting
roughly of 190 million axons (Tomasch 1954), the corpus cal-
losum plays critical roles in normal cognitive function. In
humans, the corpus callosum does not form in 1:4000 individ-
uals (Guillem et al. 2003; Wang et al. 2004), and 3–5% of all
patients evaluated for neurodevelopmental disorders have
partial or complete agenesis of the corpus callosum (ACC)
(Jeret et al. 1985; Bodensteiner et al. 1994). Successful genesis
of the corpus callosum depends on the integrity of, and
cooperation between, callosal projection neurons and midline
cell populations that guide callosal axons. These axons extend
toward and cross the midline in response to various molecular
cues produced by midline cells, including semaphorins
(Niquille et al. 2009), fibroblast growth factors (Fgfs) (Huffman
et al. 2004; Smith et al. 2006; Tole et al. 2006), netrins (Serafini
et al. 1996; Molyneaux et al. 2009), and slits (Bagri et al. 2002;
Shu, Sundaresan et al. 2003; Andrews et al. 2006).

One of the first midline structures encountered by callosal
axons is the glial wedge (GW). Located between the

rostromedial cortex and septum bilaterally the GW strongly
expresses the astroglial marker Glial Fibrillary Acidic Protein
(GFAP). Midline glial structures were first described by
Bignami and Dahl (1971) following the discovery of GFAP.
The radial glial scaffold of the developing telencephalon was
then extensively detailed by Levitt and Rakic (1980) as part of
their investigation into GFAP expression throughout the
nervous system. The glia at the midline surface of the cerebral
hemispheres were later named midline zipper glia by Silver,
and was hypothesized to function as a barrier (Silver et al.
1982, 1993; Hankin and Silver 1988). The glial structure in the
medial wall of the lateral ventricle was later renamed by Ri-
chards as the GW (Shu and Richards 2001), who showed that
the GW repels ipsilateral callosal axons towards the midline
(Shu and Richards 2001). Once the axons have crossed the
midline, the GW functions to guide the axons towards contral-
ateral cortex (Keeble et al. 2006; Shu, Sundaresan et al. 2003).
The GW is composed of specialized astrocytes that are locally
generated from cortical radial glia between embryonic day 13
(E13) to E17 (Shu, Puche et al. 2003), and represents the first
site where GFAP can be immunohistochemically detected
during cortical development (by ∼E14 in mice) (Shu and
Richards 2001).

The hippocampal commissure is a midline structure that is
thought to facilitate caudal callosal development independent
of the GW. The hippocampal commissure lies directly beneath
(i.e., ventral to) the caudal corpus callosum, but does not
underlie its rostral portion. Because hippocampal commissural
axons cross the midline before callosal axons (Wahlsten 1981),
it has been hypothesized that the hippocampal commissure
serves as a scaffold for the caudal corpus callosum (Ozaki and
Wahlsten 1992; Livy and Wahlsten 1997; Paul et al. 2007;
Donahoo and Richards 2009). The concept of independent
roles for the GW and hippocampal commissure in rostral and
caudal callosal development, respectively (Donahoo and Ri-
chards 2009), is supported by mouse mutants with GW defi-
cits, but intact hippocampal commissures, which are
associated with ACC rostrally, but not caudally (Shu, Butz et al.
2003; Piper, Moldrich et al. 2009).

One molecule that is well positioned to regulate GW and cal-
losal development is the LIM homeodomain transcription
factor Lhx2. In neuroepithelial cells, Lhx2 acts as a selector
gene that cell-autonomously specifies cortical identity over
alternative cortical hem and antihem fates (Mangale et al.
2008). Using conditional Lhx2 null mice and different Cre re-
combinase strategies, we defined an E8.5–10.5 critical period
for this selector gene activity. Importantly, Lhx2 inactivation
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driven by Emx1-Cre, which begins around E10.5, did not result
in the selector gene phenotype (Mangale et al. 2008). This has
allowed us to study the consequences of Lhx2 loss from speci-
fied cortical radial glia, which like neuroepithelial cells,
express Lhx2 at high levels (Bulchand et al. 2001; Monuki et al.
2001; Suter et al. 2007). Lhx2 is also expressed in upper layer
cortical neurons (Bulchand et al. 2003; Abellan et al. 2010),
which raises the possibility of essential Lhx2 functions in the
callosal projection neurons themselves.

Here we explored the role of Lhx2 in corpus callosum devel-
opment by inactivating Lhx2 in cortical radial glial lineages or
in cortical projection neurons. Loss of Lhx2 in cortical radial
glia using either Emx1-Cre (Jin et al. 2000) or Nestin-Cre
drivers (Tronche et al. 1999) resulted in complete and fully pe-
netrant ACC. In contrast, Lhx2 inactivation in postmitotic corti-
cal neurons with Nex-Cre (Goebbels et al. 2006) did not result
in an acallosal phenotype, with our studies instead implicating
the hippocampal commissure and GW—and radial GW pro-
genitors in particular—in the ACC phenotype.

Materials and Methods

Mice
All animal work was done in accordance with UCI institutional guide-
lines and IACUC protocol #2001-2304. Homozygous floxed Lhx2 con-
ditional knockout (cKO) females, Lhx2tm1(cre)Monu (Mangale et al.
2008) were mated with males carrying the fixed “standard” Lhx2 null
allele, Lhx2tm1Dra (“Lhx2 sKO”) (Porter et al. 1997), and a Cre recombi-
nase allele (Emx1-Cre (Tg(Emx1-cre)5Yql), Nestin-Cre (TgN(NesCre)
1Kln), or Nex-Cre (Neurod6tm1(cre)Kan)). The Lhx2 cKO mice were
derived from TG2a ES cells (129 strain) and backcrossed with C57BL/
6N or CD1 mice (Charles River) for at least 10 generations, or main-
tained on a mixed C57BL/6N;CD1 (50:50) background via sibling
matings for over 10 generations. Unless otherwise specified, Lhx2 cKO
females on this mixed background were used. The Emx1-Cre line
(courtesy of Yuqing Li) (Jin et al. 2000) consists of a lacZ-IRES-Cre cas-
sette inserted into the first exon of the Emx1 gene, and was maintained
on a C57BL/6N background. The Emx1Cre/+;Lhx2sKO/+ X Lhx2cKO/cKO

crosses resulted in control and mutant animals that were obligate het-
erozygotes for the Lhx2 cKO allele; Cre-positive mutants and controls
therefore differed genetically by the presence or absence of the
Lhx2sKO allele alone. Heterozygosity for the Emx1-Cre allele also
avoided the potentially confounding consequences of Emx1 loss of
function (Guo et al. 2000). Nex-Cre (courtesy of Klaus Nave) (Goebbels
et al. 2006), which has Cre recombinase in place of Nex exon 2, was
also maintained on C57BL/6N background. Nestin-Cre, JAX #003771,
courtesy of Grant MacGregor) (Tronche et al. 1999) is a random inte-
gration Cre line driven by the rat Nestin promoter and enhancer.
Because the original Nestin-Cre line (on C57BL/6JMgr background)
carried a potentially deleterious Nnt null mutation (Toye et al. 2005;
Huang et al. 2006; Mekada et al. 2009), Nestin-Cre animals were out-
crossed, then backcrossed with C57BL/6JEi mice (Nnt homozygous
wild-type). Nestin-Cre hemizygous, Nnt homozygous wild-type off-
spring were selected, backcrossed to C57BL/6N mice (Nnt homozy-
gous wild-type), and maintained on this mixed C57BL/6N;C57BL/
6JMgrEi background. ROSA26 reporter (R26R) mice (Gt (ROSA)
26Sortm1sor, JAX #003474) (Soriano 1999) have a floxed stop sequence
upstream of lacZ in the ROSA26 locus, and were maintained on a CD1
background.

Genotypes were determined by PCR as described (Mangale et al.
2008). Mouse pregnancies were timed by vaginal plug (noon of the
plug date was designated E0.5). Embryonic dissections and tissue pro-
cessing were conducted as previously described (Monuki et al. 2001;
Currle et al. 2005; Mangale et al. 2008). Saponin-containing fixative
(Hu et al. 2008; Mangale et al. 2008) was used for tissues prepared for
immunohistochemistry (IHC).

Postnatal mice were perfusion-fixed after inducing anesthesia with
Euthasol (Virbac). Once anesthetized, the anterior ribs were removed
to reveal the heart. The right atrium was punctured, and a 21G butter-
fly needle was inserted into the left ventricle. Phosphate buffered
saline was injected into the left ventricle until the venous blood was
significantly diluted, then fixative was injected for several seconds.
After perfusion, the brains were dissected and drop-fixed.

Tract Tracing
DiI (1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlor-
ate) crystals were manually placed in the neocortex of dissected brains
that were perfused, then drop-fixed in 4% paraformaldehyde overnight
(Godement et al. 1987). Brains were incubated in fixative at 37 °C for
3–5 weeks, and then sectioned on a vibratome at 100 μm thickness.
Sections were immediately counterstained with Hoechst 33342,
mounted on slides, and examined under epifluorescence on an upright
Nikon E600 microscope.

In utero electroporations with pCAG-GFP plasmids (Mutch et al.
2009) were carried out at E14.5 following standard protocols (Saito
and Nakatsuji 2001). Pregnant mice were anesthetized with 90 mg/kg
pentobarbital intraperitoneally; 0.05 mg/kg buprenorphine was used
for analgesia. One microliter of DNA (5 μg/μL) diluted in 0.01% fast
green dye solution was injected into a single fetal lateral ventricle. The
following electroporation settings were used (BTX ECM 830, Harvard
Apparatus): LV (Low Voltage mode) 30 V, 5 × 50 ms pulses, 950 ms
intervals.

Histology, Histochemistry, In Situ Hybridization, and RT-qPCR
H&E, Xgal staining, colorimetric digoxigenin-based in situ hybridiz-
ation, and RT-qPCR were carried out following standard protocols
(Monuki et al. 2001; Currle et al. 2005; Hu et al. 2008; Mangale et al.
2008). The following in situ hybridization probe templates were used:
Bmp6 cDNA (Furuta et al. 1997), Draxin (IMAGE clone 6853328), and
mouse Lhx2 cDNA (Robertson et al. 1994). Some X-gal sections were
counterstained with eosin to provide additional contrast.

Immunofluorescent and EdU Labeling
Antibody labelings were performed using standard procedures (Monuki
et al. 2001; Currle et al. 2005; Mangale et al. 2008). For Lhx2/phalloidin
double labeling, phalloidin-TRITC (Sigma; 1:1000) was incubated con-
currently with secondary antibody. For EdU visualization, the Click-IT re-
action (Invitrogen) was carried out according to manufacturer’s protocol
after secondary antibody incubation. Tbr1 and Ki67 staining included an
antigen retrieval step with sodium citrate buffer. Antibodies used were
rabbit polyclonal anti-Lhx2 (1:100) (Mangale et al. 2008), mouse mono-
clonal anti-GFAP (1:500, Sigma G3893), rabbit polyclonal anti-Tbr1
(1:1000, Chemicon AB96818), goat polyclonal anti-Calretinin (1:1000,
Millipore AB1550), mouse monoclonal anti-TuJ1 (1:500, Sigma T8660),
rabbit polyclonal anti-cleaved Caspase 3 (1:1000, Cell Signaling Technol-
ogy 9661S), mouse monoclonal anti-Satb2 (1:100, Abcam AB51502),
rabbit polyclonal anti-Ctip2 (1:1000, Abcam AB28448), rabbit polyclonal
anti-Ki67 (1:1000, Abcam AB15580), and goat polyclonal anti-Sox2
(1:500; Santa Cruz sc-17320). Photomicrographs were taken on a Nikon
E600 upright microscope with Spot RT3 camera. Monochrome images
were later pseudocolored in Adobe Photoshop CS. For all fluorescent
image comparisons shown, identical acquisition parameters and parallel
brightness/contrast adjustments were used. Postacquisition adjustments
were restricted to brightness and contrast adjustments only. For bright-
field images, color balance and contrast were adjusted.

For EdU-Ki67 studies, confocal images and Z-stacks were acquired
using a Zeiss LSM700 confocal microscope and Zen LE software. Image
analyses were performed in Imaris 7.4.2. Quantifications of EdU and
Ki67 were performed by manually counting immunopositive nuclei in
320 × 320 μm stacks composed of 10 confocal images totaling 5.16 μm
in thickness. Each EdU-positive cell was individually analyzed for Ki67
positivity within an individual confocal slice and cross-checked for val-
idity in 3D renderings (Imaris). Ki67 positivity was conservatively as-
sessed using Ki67-negative areas outside of the VZ/SVZ to threshold
for specific nuclear signal. Three sections from 2 biological replicates
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each of E14.5 control and mutant embryos were used for the EdU-Ki67
analyses.

Callosal Thickness Quantification
Rostral and caudal H&E sections of adult Nex/Lhx2 corpus callosum
were photographed under low power microscopy and subsequently
coded. The region of greatest vertical thickness was measured by a
blinded individual after calibration using ImageJ software. The
measurements were averaged after decoding, and a Student’s t-test was
applied to the sample set.

Results

Emx1/Lhx2 and Nestin/Lhx2 Mice Exhibit ACC
We used Emx1-Cre (Jin et al. 2000) and Nestin-Cre (Tronche
et al. 1999) lines to drive Lhx2 inactivation in radial glia near
the onset of cortical neurogenesis, and examined at least 2
litters at E18, P7, and adult stages (P21, P56, and P84) for both
conditional null models. (These are Emx1Cre+/−;Lhx2cKO/sKO

and NestinCre+/1;Lhx2cKO/sKO which we report as “Emx1/Lhx2”
and “Nestin/Lhx2”, respectively.) At E18 and later stages
(when the corpus callosum is normally detectable), 100% of
Emx1/Lhx2 and Nestin/Lhx2 null mice had complete ACC
(nlitters = 14; nmutants = 36), whereas all control littermates
examined had an intact corpus callosum (ncontrol = 51) (Fig. 1A,
B). In addition to ACC, all Lhx2 null mice lacked the hippocam-
pal commissure (Fig. 1C). In contrast, both Emx1/Lhx2 and
Nestin/Lhx2 mutant mice had intact anterior commissures
(Fig. 1D). Corticothalamic and thalamocortical projections also
appeared normal in these animals, based on DiI tract tracing
(see Supplementary Fig. 2). It is worth noting that none of the
Emx1/Lhx2 mutants were homozygous for the knock-in
Emx1-Cre allele (i.e., all were obligate Cre heterozygotes), thus
avoiding potential confounds related to Emx1 loss-of-function
(Guo et al. 2000). In addition, both mutants and controls were
obligate heterozygotes for the Lhx2 cKO allele; mutants and
controls therefore differed solely by the presence or absence of
the Lhx2 sKO allele. Mice heterozygous for Lhx2 (due to either
the sKO or recombined cKO alleles) had normal callosal phe-
notypes that were indistinguishable from wild-type. These
findings indicate that Lhx2 mutant animals have selective agen-
esis of the corpus callosum and hippocampal commissure.

Mouse strain background is a well-known modifier of
inbred (Wahlsten 1982; Kusek et al. 2007) and genetic forms of
ACC (Magara et al. 1999; Guo et al. 2000). We therefore exam-
ined Emx1/Lhx2 animals on 2 different strain backgrounds by
using Lhx2 cKO females that were backcrossed for at least 10
generations onto either CD1 or C57BL/6N background. (Note:
Neither CD1 nor C57BL6 mice are associated with ACC.) These
crosses resulted in complete ACC in all Lhx2 null animals, with
no ACC in littermate controls (nmutants = 5, ncontrols = 4 for
C57BL/6N background; nmutants = 11, ncontrols = 10 for mixed
C57BL/6N;CD1 background). ACC therefore remained fully pe-
netrant on 2 different strain backgrounds and with 2 different
Cre drivers, revealing that the ACC phenotype can be fully
attributed to the loss of Lhx2.

Lhx2 Mutant ACC is Characterized by Ventrally
projecting Callosal Axons Rather Than Probst Bundles
In H&E sections, the Emx1/Lhx2 and Nestin/Lhx2 ACC pheno-
types were similar, with callosal axons apparently entering the

septum (Fig. 1B). Many ACC mouse mutants possess Probst
bundles (Ozaki et al. 1987; Ren et al. 2007), which are rela-
tively large bundles of aberrantly projecting axons near the
midline that extend longitudinally along the rostrocaudal axis.
However, significant Probst bundles were not detected in the
mutant animals.

To further characterize the callosal axon defects, we per-
formed tract tracing on Emx1/Lhx2 animals with DiI. These
studies confirmed the absence of crossing callosal axons and
delineated their ventral rather than rostrocaudal orientation
(nmutants = 8, ncontrols = 14) (Fig. 2A,B). The same axonal pat-
terns were observed when cortical radial glia were electropo-
rated in utero with GFP at E14, then examined at E19.5 (n = 3)
(Fig. 2C,D, see Supplementary Fig. 7). These findings indicate
that callosal axons in Lhx2 mutant animals project ventrally
toward the septum rather than forming Probst bundles.

Loss of Lhx2 Does not Impair Callosal Projection Neuron
Specification
Callosal projection neurons are normally specified by Satb2
secondary to the repression of Ctip2 (Alcamo et al. 2008; Brita-
nova et al. 2008), which instead specifies corticospinal motor
neurons (Arlotta et al. 2005; Chen et al. 2005; Molyneaux et al.
2005; Baranek et al. 2012). These 2 populations of neurons are
mutually exclusive, and there is normally no co-expression of
Satb2 and Ctip2. Similarly, the E18.5 Emx1/Lhx2 mutant cortex
had relatively normal patterns of Ctip2 and Satb2 expression
(nmutants = 2, ncontrols = 2) (Fig. 3A–D,A′–D′). Similar patterns
were also seen in control and mutant sections in Nestin/Lhx2
mice at E16.5 (nmutants = 2, ncontrols = 2) and E18.5 (nmutants = 3,
ncontrols = 2), and in Emx1/Lhx2 at E16.5 (nmutants = 2, ncontrols-

= 2) and P5 (nmutants = 1, ncontrols = 1) (data not shown). In
addition, the neuronal axonal marker TuJ1, which is normally
expressed in callosally projecting neurons (Chuikov et al.
2010), is also appropriately expressed in the mutant callosal
tract that leads to the septum in the E16.5 Nestin/Lhx2 mouse
(nmutants = 2, ncontrols = 2) (Fig. 3E–E′). These findings suggest
that Lhx2 mutant callosal projection neurons are specified
correctly, thus raising the possibility of non-cell autonomous
factors in the acallosal phenotype.

Corpus Callosum is Present in Nex/Lhx2 Mutants
To further address the possibility of cell autonomy, we used
Nex-Cre to inactivate Lhx2 in cortical projection neurons.
Nex-Cre begins to drive recombination in these neurons by
E11.5, but is not expressed in ventricular zone progenitors,
interneurons, astrocytes, or oligodendrocytes (Goebbels et al.
2006). We confirmed this cell type-specificity of Nex-Cre-
mediated recombination using rosa26 conditional lacZ mice
(n = 2 animals; Fig. 4A′) and by IHC in E14.5 Nex/Lhx2
embryos, which revealed specific Lhx2 loss from the cortical
plate of neocortex, rostromedial cortex, and hippocampus, but
not from the ventricular zone (nmutants = 2) (Fig. 4B′–D′).

Despite the loss of Lhx2, the corpus callosum and hippo-
campal commissure were present in all Nex/Lhx2 mutants
examined at E18.5 (nmutants = 3), P2 (nmutants = 2), P7 (nmutants

= 4), and adult stages (P21, P56, P84) (nmutants = 5) (Fig. 4E).
No obvious differences in thickness or caliber of these com-
missural tracts were seen between Nex/Lhx2 mutant and
control littermates, which was confirmed by quantifying
rostral (P = 0.36) and caudal (P = 0.16) corpus callosum
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thickness (nmutants = 4, ncontrols = 8) (see Supplementary
Fig. 3). These observations indicate that defects in Nex-Cre-
positive neurons, including callosal projection neurons, are
not responsible for the ACC phenotype in Emx1/Lhx2 and
Nestin/Lhx2 animals.

The GW is Deficient or Absent in Emx1/Lhx2
and Nestin/Lhx2 Mutants
The ventrally projecting axonal phenotype in Nestin/Lhx2 and
Emx1/Lhx2 animals is relatively uncommon among ACC
mouse mutants, but has been described in 2 related mutants
(Nfia and Nfib null mice) thought to have primary defects of
the GW (Shu et al. 2003; Piper et al. 2009). We therefore exam-
ined the GW in Emx1/Lhx2 animals. We found that the GW
was virtually undetectable by H&E or GFAP IHC in mutant

animals at stages spanning the initial crossing of callosal axons
(E15-17; n = 10) (Fig. 5A–D). In these mutants, the abnormally
hypocellular GW region also contained the aberrant callosal
axons, consistent with a role for GW in repelling these axons.
Similar GW deficiencies were also observed in Nestin/Lhx2
mutants (data not shown).

We then performed ISH for signaling molecules expressed
in the GW, including Bmps, which have important roles in cal-
losal development, including genesis of the GW (Sanchez-
Camacho et al. 2011). Bmp6 was detected in the GW of Nestin/
Lhx2 controls at E16.5 (Fig. 5E), but not in the mutant GW
(Fig. 5E′), while its expression was maintained in other medial
cell populations in both controls and mutants (asterisks in
Fig. 5E,E′). The repulsive molecule Draxin (Islam et al. 2009)
was detected in the ependymal lining of the GW, but not in
the GW proper of mutants compared with controls (see

Figure 1. Absence of corpus callosum and hippocampal commissure, but preserved anterior commissure, in Emx1/Lhx2 and Nestin/Lhx2 mutant adults. H&E histology, coronal
sections; dashed boxes in A–A″ are magnified in B–B″. (A,B) Normal corpus callosum in an Emx1-Cre-positive control littermate. (A′–B′,A″–B″) Emx1/Lhx2 and Nestin/Lhx2
mutants lack a corpus callosum, and misrouted ventrally oriented axons are present in the septum (black arrowheads). Probst bundles are not seen. (C–C″) In contrast to an
Emx1-Cre-positive control, Emx1/Lhx2 and Nestin/Lhx2 mutants lack a hippocampal commissure. (D–D″) Anterior commissure is intact in Emx1-Cre control, Emx1/Lhx2 mutant, and
Nestin/Lhx2 mutant mice. Abbreviations: CC, corpus callosum; HC, hippocampal commissure; AC, anterior commissure. Scale bars: 200 μm.
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Supplementary Fig. 4), although the normal absence of Draxin
from adjacent fimbrial ependyma precluded definitive inter-
pretation. Nonetheless, the Bmp6 and Draxin findings further
support the conclusion of GW loss based on the histological
and GFAP IHC studies.

Lhx2 is Expressed in GW Progenitors
Given the essential role for Lhx2 in GW formation, we studied
Lhx2 expression during GW development. At E15.5, cells
throughout the GW region strongly expressed Lhx2 protein, in-
cluding cells in the GW ventricular zone (VZ) (Fig. 6A–C).

Figure 3. Normal specification of callosal and corticospinal projection neurons in Emx1/Lhx2 and Nestin/Lhx2 mice. (A–D,A′–D′) Satb2 expression is widespread in both Emx1/
Lhx2 control and mutant cortex at E18.5. In the same sections, Ctip2 expression is confined to lower cortical layers. (D,D′) Satb2 and Ctip2 exhibit mutually exclusive staining in
both control and mutant neocortical neurons, suggesting normal specification of callosal and corticospinal neurons, respectively. (E,E′) TuJ1 staining of Nestin/Lhx2 at E16.5 highlight
the normal and abnormal tracts of callosal projection neurons in controls and mutants. Scale bars: 100 μm.

Figure 4. Presence of corpus callosum in Nex/Lhx2 mice. (A,A′) LacZ histochemistry, E18.5 Nex/R26R coronal sections. Widespread lacZ expression occurs in the cortical plate,
but not in the VZ, glial wedge, or other forebrain regions. Xgal staining of the corpus callosum confirms Nex-Cre-mediated recombination in callosal neurons. Boxed region in A is
magnified in A′. (B–D,B′–D′) Lhx2 IHC, E14.5 Nex/Lhx2 coronal sections. Lhx2 expression normally occurs in all regions of the cortical VZ and cortical plate (CP), including lateral
neocortex (C) and rostromedial neocortex (D). In Nex/Lhx2 mutants, little-to-no Lhx2 expression is detected in all CP regions, while VZ expression persists (B′–D′). (E,E′) H&E stains,
P7 Nex/Lhx2 coronal sections. A corpus callosum of similar caliber is present in both control and mutant littermates. Abbreviations: VZ, ventricular zone; IZ, intermediate zone;
CP, cortical plate. Scale bars: 200 μm.

Figure 2. Ventrally oriented callosal axons in Emx1/Lhx2 mutant mice. DiI and in utero electroporation studies, coronal sections. (A–D) Callosal axons cross the midline in Emx1/
Lhx2 control adults following neocortical placement of DiI crystals (A,B) or in control E19.5 animals following GFP electroporation at E14.5 (C,D). (A′–D′) DiI- or GFP labeled callosal
axons (white arrowheads) in Emx1/Lhx2 mutant littermates do not cross the midline and are ventrally oriented. Rostrocaudally oriented axons typical of Probst bundles are not
apparent. White asterisks designate the end of visible DiI labeling in callosal axons. Scale bars: 100 μm.
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In situ hybridizations at P4 revealed continued Lhx2
expression in the VZ as well as expression in the GW proper
(Fig. 6D). Lhx2 is therefore expressed in GW cells and progeni-
tors prior to and during corpus callosum formation.

If GW defects account for Emx1/Lhx2 and Nestin/Lhx2
mutant ACC phenotypes, then both Emx1-Cre and Nestin-Cre
drivers must also be expressed in the GW in addition to Lhx2.
Nestin-Cre is well known to be expressed in all radial glia (Zim-
merman et al. 1994; Jaxmice.jax.org 2012) but expression of
Emx1-Cre in the GW region has not been specifically described.
We therefore studied Emx1-Cre expression in the GW region
using the lacZ reporter contained in the Emx1-Cre allele. Studies
on Emx1-Cre-positive control littermates revealed Xgal staining
in the E18.5 GW VZ and in the P4 GW (Fig. 6E,F). In Emx1/
Lhx2 mutants, significantly less staining was seen in the GW
region (Fig. 6E′,F′), consistent with the histologic and immuno-
histochemical GW defects described earlier (Fig. 5). We also
studied the expression of the generic radial glial marker Sox2
(Suh et al. 2007), and found maintained Sox2 expression in the
GW region at both E12.5 and E16.5 (Fig. 6G,H). These findings
indicate that Lhx2 and Emx1-Cre are co-expressed in GW cells
and progenitors, confirm the GW deficiency in Emx1/Lhx2
mutants, and argue against abnormal radial glial specification as
the cause of this GW deficiency.

Radial GW Progenitors are Abnormal in Emx1/Lhx2
and Nestin/Lhx2 Mutants
To characterize the GW defect further, we performed birthdat-
ing studies with the thymidine analog, EdU, during the GW
genesis period in mice (E13-P2) (Shu, Puche et al. 2003). We

injected EdU at E14.5 or E16.5, then examined Emx1/Lhx2 or
Nestin/Lhx2 animals at E18.5. Compared with controls, much
less EdU labeling was detected in all mutant GW analyzed
(n = 9 animals) (Fig. 7). In contrast, cell death was unchanged
in the mutant GW region based on activated Caspase-3 and
TUNEL stains (see Supplementary Fig. 5), suggesting a deficit
in the generation of GW cells.

We then carried out a series of 4 EdU experiments to study the
radial GW progenitors in Emx1/Lhx2 mice. In the first study, EdU
was administered at E11.5, then examined at E12.5. In the GW
VZ of Cre-positive littermate controls, relatively little EdU labeling
was seen presumably due to the fast cell cycle rate (8–10 h)
(Takahashi et al. 1995) and subsequent dilution of EdU label
(Fig. 8A). Also consistent with this explanation is the findings
that most of the remaining EdU positive cells are located in the
cortical mantle, which mainly harbors postmitotic cells. In Emx1/
Lhx2 mutants, however, there were significant numbers of
strongly labeled VZ cells (n = 5/5) (Fig. 8A′). This suggests a
defect in the progenitors that lie in the VZ. Increased GW VZ la-
beling was also seen in these mutants when EdU-injected E11.5
embryos were examined at E14.5 (n = 3) (Fig. 8B,B′,C,C′);
quantifications from separate E11.5–E14.5 studies revealed a
>4-fold increase in EdU labeling of GW VZ cells in mutants com-
pared with control littermates (5.13 ± 0.28% vs. 1.16 ± 0.17%,
n = 3 animals each group, P = 0.0003; Fig. 8H). (Note: neocortical
and hippocampal sizes are also abnormal in Emx1/Lhx2
mutants; see Discussion for further details.)

To investigate the abnormal EdU retention further, we per-
formed EdU/Ki67 double labeling to determine the cell cycle
status of EdU-labeled cohorts. In E14.5 embryos, the number

Figure 5. GW deficits in Emx1/Lhx2 and Nestin/Lhx2 mutant mice. H&E histology and GFAP IHC, coronal sections; boxed regions are magnified in panels immediately below each
low-power image. (A–C) At E16.5–18.5, the GW in control littermates (black arrowheads) is a cell-dense, wedge-shaped structure extending from the ventricle and situated
between rostromedial cortex and septum. (A′–C′) Little to no GW is apparent in E16.5–18.5 Emx1/Lhx2 mutant embryos. The GW region contains eosinophilic cell-sparse zones
corresponding to the misrouted callosal axons. (D,D′) GFAP-positive stellate astrocytes seen in the normal GW of E18.5 control animals (arrowheads in D) are absent from an Emx1/
Lhx2 mutant (D′). (E,E′) E16.5 Nestin/Lhx2 ISH for Bmp6 in the control faintly marks the GW (black arrowheads) as well as a medial cell population dorsal to the corpus callosum
(asterisks). No expression is detected in the mutant GW, while medial Bmp6 expression is maintained. Scale bars: 100 μm.
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of Ki67-expressing GW cells were markedly reduced in Emx1/
Lhx2 mutants compared with controls (Fig. 8F,G). EdU/Ki67
analysis revealed both Ki67-positive and -negative cohorts

among EdU-labeled cells in both control and mutant embryos
(Fig. 8F′,F″,G′,G″); we therefore quantified these subpopulations
separately. These quantifications revealed that the majority of

Figure 6. Lhx2 and Emx1-Cre expression in the developing GW. (A–C,A′–C′) Lhx2 IHC (green) and phalloidin staining (red), E15.5 coronal sections. Lhx2 expression spans the
medial cortical wall, including the GW and GW VZ (white arrowheads). Lhx2 is also expressed in the septal VZ, but less so in the septal mantle zone. Phalloidin staining also
demarcates the cortical-septal boundary and GW region. (D,D′) Lhx2 in situ hybridization, P4 coronal section. Lhx2 expression in the GW is maintained into the postnatal period. (E–E′
,F–F′) LacZ histochemistry, E18.5 and P4 Emx1/Lhx2 coronal sections. Expression of the Emx1-Cre allele, which contains a lacZ reporter, is expressed in the GW VZ and GW proper of
control littermates(E,F). In Emx1/Lhx2 mutants, far fewer Xgal-stained cells are seen in the GW region (E′,F′). (G–G′,H–H′) Sox2 IHC E12.5 and E16.5 Emx1/Lhx2 coronal sections.
At both stages, Sox2 expression persists in GW progenitors of both Emx1-Cre-positive littermate controls (G,H) and Emx/Lhx2 mutants (G′–H′). Abbreviations: VZ, ventricular zone.
Scale bars: 100 μm.

Figure 7. Impaired GW genesis in Emx1/Lhx2 and Nestin/Lhx2 mutant mice. EdU birthdating studies, E18 coronal sections. (A–C) EdU administration at E14 (A,B) or E16 (C)
results in prominent EdU labeling (green) of the GW in control littermates. (A′–C′) Emx1/Lhx2 and Nestin/Lhx2 mutants show little-to-no EdU labeling in the GW. Scale bar: 100 μm.
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control EdU-retaining cells are Ki67-positive, whereas most of
the mutant EdU-retaining cells are Ki67-negative (82.74 ± 3.90%
vs. 28.29 ± 0.53%; n = 3 animals each group; P = 0.0002)
(Fig. 8I). Thus, most of the abnormal EdU-retaining cells in the
mutants were no longer in cell cycle, suggesting premature exit
of radial GW progenitors in Emx1/Lhx2 mutants.

As an additional test for premature cell cycle exit, we per-
formed a short-term EdU study (EdU injection 9 h prior to sacri-
fice at E14.5). In control littermates, significant EdU labeling
was seen in the GW VZ (n = 3) (Fig. 8D,E), indicating recent
S-phase progression of a significant GW radial glial cohort. In
contrast, relatively few labeled cells were seen in the GW VZ of
Emx1/Lhx2 mutant littermates (n = 3) (Fig. 8D′,E′). Thus, con-
sistent with the Ki67 (Fig. 8F,G), long-term EdU (Fig. 8B′-C″,H),
and EdU/Ki67 analyses (Fig. 8F–I), these short-term EdU studies
suggest premature cell cycle exit of radial GW progenitors in
Emx1/Lhx2 mutants, with progenitor defects detectable by
E12.5 (Fig. 8A′,A″).

Discussion

These studies demonstrate that Lhx2 is critical for corpus callo-
sum development. Lhx2 inactivation in cortical radial glia

using 2 different Cre drivers (Emx1-Cre and Nestin-Cre)
resulted in complete ACC in both rostral and caudal domains,
which was fully penetrant on multiple strain backgrounds.
Lhx2-dependent ACC was not due to defects in specification or
in other cell-autonomous processes in callosal projection
neurons, but was instead associated with a failure in GW for-
mation, with the earliest GW defect seen in radial GW progeni-
tors. The histologic, marker, and EdU/Ki67 studies implicate
premature cell cycle exit as a principal defect of Lhx2-null GW
progenitors, which is likely cell-autonomous, given the high
Lhx2 expression levels in radial GW progenitors and phenoty-
pic onset soon after conditional Lhx2 inactivation. The rostral
ACC phenotype displayed all of the features expected for a
primary GW defect—misrouted callosal axons projecting
through the region normally occupied by the GW, and exten-
sion of these axons ventrally toward the septum rather than
forming Probst bundles (Shu, Butz et al. 2003). Lhx2 is
therefore essential for generating the GW, with failure in GW
genesis accounting for the described ACC phenotypes.

Additional midline structures implicated in normal corpus
callosum development (e.g., indusium griseum, glial sling,
midline zipper glia, and guidepost neurons) (Shu, Puche et al.
2003; Smith et al. 2006; Niquille et al. 2009; Sanchez-Camacho

Figure 8. Abnormal radial GW progenitors in Emx1/Lhx2 mice. EdU studies, coronal sections. Red bars approximate the GW region. (A,A′) Following E11.5 administration, EdU label
is abnormally retained in the GW VZ of an E12.5 Emx1/Lhx2 mutant (A′) compared with a control littermate (A). (B–C,B′–C′) Abnormal EdU retention in the GW VZ persists at E14.5
in mutants compared with littermate controls following E11.5 administration. (D–E,D′–E′) Acute administration (9 h prior to sacrifice) reveals far fewer EdU-labeled cells in the GW
VZ of mutants compared with littermate controls. (F,G) EdU/Ki67 labeling reveals Ki67-positive and -negative subpopulations of EdU-labeled cells in both control and mutant E14.5
GW VZ/SVZ. (F′,F″) Examples of Ki67-positive and -negative EdU-labeled cells, respectively, in control VZ/SVZ. (G′,G″) Examples of Ki67-positive and -negative EdU-labeled cells,
respectively, in mutant VZ/SVZ. (H) Quantification of EdU-positive cells in the GW VZ/SVZ reveals a statistically significant increase in mutants compared with littermate controls
indicated by asterisks (5.13 ± 0.28 vs. 1.16 ± 0.17, P= 0.0003, n= 3). (I) Quantification of the Ki67-positive fractions of EdU-labeled cells in the GW VZ/SVZ reveals a significant
decrease in mutant embryos compared with control littermates (28.29 ± 0.53 vs. 82.74 ± 3.90, P=0.002, n= 3). Scale bars: A–E,F,G, 100 μm; F′,F″,G′,G″, 10 μm.
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et al. 2011) may also be abnormal in Lhx2 mutant animals. For
example, midline guidepost neurons marked by Tbr1 and cal-
retinin appear to be deficient in Lhx2 mutant mice (see Sup-
plementary Fig. 6). However, the potential effects of these
midline cell populations on callosal development may be
masked by the GW defect, which causes the misrouted callosal
axons in Lhx2 mutants to project ventrally rather than towards
the midline. As such, the wayward axons may not have the op-
portunity to normally interact with other midline structures
that facilitate corpus callosum formation. Similarly, hemi-
spheric fusion often appeared defective in Lhx2 mutants,
although some mutants remained fused, mutant hemispheres
were prone to artifactual separation, and defects in fusion per
se are generally associated with Probst bundles (Wahlsten et al.
2006). Thus, additional work will be necessary to determine
the role of Lhx2 in these midline cell populations and
processes.

Since the cingulate cortex is smaller than normal in both
mutant models, pioneer neurons of cingulate origin that are
thought to be a scaffold for later callosal projection neurons
(Koester and O’Leary 1994; Rash and Richards 2001; Piper,
Plachez et al. 2009) may also be reduced in number. If so,
however, they must also have an abnormal ventral trajectory
together with the other callosal axons. Interestingly, a popu-
lation of corticoseptal projection neurons differentiates prior
to callosal formation (Hankin and Silver 1988), which may
serve as a substrate for the misrouted callosal axons in the
Lhx2 mutants.

Our studies support current models, which suggest that the
GW and hippocampal commissure have separate roles within
different domains of the developing corpus callosum based on
correlation of ACC defects in different mutant mice (Paul et al.
2007; Donahoo and Richards 2009). As mentioned earlier,
Lhx2-dependent ACC has similarities to the acallosal pheno-
types associated with Nfia and Nfib null mice (das Neves et al.
1999; Shu et al. 2003). All 3 ACC models have GW deficits and
misrouted callosal axons that project ventrally towards the
septum. ACC in Nfia and Nfib null mice, however, is not as
severe as the ACC in Lhx2 null animals, since the caudal
portion of the corpus callosum persists in the Nfia and Nfib
nulls. This may be attributed to the hippocampal commissure,
which is intact in the Nfia and Nfib null models, but not in
Lhx2 null mice. Collectively, these models therefore further
support the concept that the hippocampal commissure selec-
tively promotes caudal callosal development, whereas the GW
is essential for rostral corpus callosum formation. Anatomi-
cally, this model makes sense, since neither the hippocampal
commissure nor GW cover the full rostrocaudal extent of the
corpus callosum (hippocampal commissure is not present ros-
trally, while the GW is not present caudally).

Our studies further suggest that the Lhx2-null GW defect
stems from a critical role for Lhx2 in radial GW progenitors.
Specifically, in addition to histologic evidence, 4 lines of exper-
imental evidence point to premature cell cycle exit of these
progenitors in Lhx2 null embryos: (1) Ki67 (depletion of Ki67-
positive cells from GW VZ by E14.5), (2) acute EdU (deficient
GW VZ incorporation), (3) chronic EdU (increased GW VZ re-
tention), and (4) EdU-Ki67 (the absence of Ki67 from most
EdU-retaining null cells). Since cell cycle length of radial glia,
and specifically the G1 phase, is closely linked to cell cycle exit
probability (Takahashi et al. 1995; Miyama et al. 1997;
Caviness et al. 2003), mutant radial GW progenitors may have

prolonged cell cycles, but this remains to be directly deter-
mined. There are at least 3 nonmutually exclusive processes
that could accompany the premature cell cycle exit of
Lhx2-null GW progenitors: (1) misspecification of the GW pro-
genitor domain, (2) deficient expansion of the specified GW
progenitor domain, and (3) aberrant differentiation of GW
radial glia. With regard to Possibility 3, elevated cell death was
not detected (H&E, TUNEL, antiactivated Casp3; see Sup-
plementary Fig. 5), and small numbers of GFAP-positive astro-
cytes are present in the E18.5 Lhx2 null GW (Fig. 5D′),
suggesting that some Lhx2-null GW progenitors do normally
differentiate into GW astrocytes; Possibilities 1 and 2 cannot be
adequately addressed without marker panels that define all
GW domain borders. In addition, definitive assessment of GW
progenitor differentiation into nonastrocytic cell types (e.g.,
neurons or ependymal cells) would require GW-specific
lineage tracing, ideally genetic, which is not yet available.

Interestingly, premature cell cycle exit and differentiation is
associated with other Lhx2 null phenotypes in the dorsal tele-
ncephalon. In the developing hippocampus, Lhx2 inactivation
at E14.5–E15.5 via electroporation results in premature astro-
gliogenesis, failure to maintain normal neurogenesis, and a
hypoplastic hippocampus (Subramanian et al. 2011). In neo-
cortical radial glia, genetic Lhx2 inactivation driven by Emx1-
Cre causes premature cell cycle exit, early increases in neuron
and neuronal progenitor numbers, and ultimately a hypoplas-
tic neocortex (Chou and O’Leary 2013). Taken together with
our findings on the GW, these studies collectively suggest that
Lhx2 has a general role in maintaining radial glial progenitors
of the dorsal telencephalon (neocortical, hippocampal, and
GW primordia). Furthermore, the similar acallosal phenotypes
of Lhx2 null and Nfia null mice discussed above, together with
the previous links between Lhx2 and Notch pathway effectors
(including Nfia) in the Lhx2 null neocortical and hippocampal
phenotypes (Subramanian et al. 2011; Chou and O’Leary
2013), raise the possibility of Lhx2-Notch pathway interactions
in the maintenance of all of these radial glial subtypes.

Additional insights can be inferred from the position-
dependent differences among Lhx2 null radial glia within the
dorsal telencephalon (Subramanian et al. 2011; Chou and
O’Leary 2013). Lhx2 loss results in neuron-to-astrocyte fate
switch in the hippocampus, but not in the neocortex or GW. In
the GW, which is medial to the hippocampus, Lhx2 loss effec-
tively results in GW aplasia rather than hypoplasia. Thus, the
consequence of Lhx2 loss in the dorsal telencephalon depends
on position, with the most severe defect occurring medially
(GW), where Lhx2 expression levels are highest. This is remi-
niscent of the position-dependent effect of Lhx2 in earlier-
stage cortical neuroepithelial cells, with medial and lateral cor-
tical cells adopting either hem or antihem fate, respectively
(Mangale et al. 2008). Position-dependence is therefore a con-
sistent theme for Lhx2 loss of function in the dorsal telence-
phalon, which suggests Lhx2 interaction with other positional
determinants in this tissue.

Interestingly, Lhx2 null zebrafish also have abnormal
midline glia associated with commissural defects in the brain.
In these zebrafish, known as belladonna (bel) mutants, abnor-
mal glial bridge cells at the midline are associated with agen-
esis of the anterior commissure, postoptic commissure, and
optic chiasm (Seth et al. 2006). (Note: zebrafish do not have
structural homologs of the mouse corpus callosum or hippo-
campal commissure.) Zebrafish glial bridge cells, like mouse
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GW cells, are a GFAP-positive population that facilitate com-
missural axon crossing during normal development (Barresi
et al. 2005). In belmutants, however, glial bridge cells occur in
excess, whereas Lhx2 null mice have reduced to absent GW
cells. Thus, the consequences of Lhx2 loss to midline glia
appear to be diametrically opposed in zebrafish and mice.
Nonetheless, it is interesting to consider an evolutionarily con-
served role for Lhx2 in midline glia that promotes commissure
formation, which may have then diverged in mice and zebra-
fish.

Supplementary Material
Supplementary material can be found at: http://www.cercor.oxford-
journals.org/.
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