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Neuronal Basic Helix-Loop-Helix Proteins Neurod2/6
Regulate Cortical Commissure Formation before Midline
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Establishment of long-range fiber tracts by neocortical projection neurons is fundamental for higher brain functions. The molecular
control of axon tract formation, however, is still poorly understood. Here, we have identified basic helix-loop- helix (PHLH) transcrip-
tion factors Neurod2 and Neurod6 as key regulators of fasciculation and targeted axogenesis in the mouse neocortex. In Neurod2/6
double-mutant mice, callosal axons lack expression of the cell adhesion molecule Contactin2, defasciculate in the subventricular zone,
and fail to grow toward the midline without forming Probst bundles. Instead, mutant axons overexpress Robol and follow random
trajectories into the ipsilateral cortex. In contrast to long-range axogenesis, generation and maintenance of pyramidal neurons and initial
axon outgrowth are grossly normal, suggesting that these processes are under distinct transcriptional control. Our findings define a new
stage in corpus callosum development and demonstrate that neocortical projection neurons require transcriptional specification by
neuronal bHLH proteins to execute an intrinsic program of remote connectivity.

Introduction

Three commissural fiber tracts connect the cerebral hemispheres
in placental mammals: the hippocampal commissure (HC), the
anterior commissure (AC), and the corpus callosum (CC), the
evolutionary youngest telencephalic fiber tract, which intercon-
nects the neocortex (Mihrshahi, 2006). The complexity of com-
missure formation is illustrated by the frequency of complete or
partial CC agenesis in humans (1:4000 individuals; associated
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with >28 syndromes), which impairs emotional, social, and
mental functions (Paul et al., 2007).

Neocortical projection neurons are produced between embry-
onic day 11 (E11) and E17 of mouse development from prolifer-
ating precursor cells in the ventricular (VZ) and subventricular
(SVZ) zones of the dorsal telencephalon (Angevine and Sidman,
1961; Molyneaux etal., 2007). After radial migration, postmitotic
neurons settle in the cortical plate (CP) and initiate terminal
differentiation. The subsequent development of projection path-
ways includes initial axon outgrowth, fasciculation, pathfinding,
and target area innervation (Richards et al., 2004; Barnes and
Polleux, 2009). Multiple effector molecules (e.g., axonal and den-
dritic guidance receptors) have been identified that mediate these
processes (Innocenti and Price, 2005; Arimura and Kaibuchi,
2007; Lindwall et al., 2007; Parrish et al., 2007; O’Donnell et al.,
2009). The majority of transcription factors that have been stud-
ied in cortical development are enriched in distinct cortical layers
or are expressed in gradients along rostrocaudal or lateromedial
axes (Molyneaux et al., 2007; Sansom and Livesey, 2009). These
factors typically confer layer- or area-specific identity, and axon
bundle formation is not completely abolished in corresponding
mouse mutants (Donahoo and Richards, 2009). Thus, it remains
unresolved, whether projection neurons require previous genetic
specification to turn into long-range projection neurons.

Neuronal basic helix-loop—helix (PHLH) proteins Neurod2
(NDRF) and Neurod6 (NEX, Math2) are atonal-related tran-
scription factors and candidates to specify aspects of the projec-
tion neuron phenotype. Neocortical expression occurs first in
neuronal precursors committed to the pyramidal cell lineage
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Figure 1.

Highly overlapping expression of Neurod2/6 during cortical development. A—H, Chromogenic in situ hybridization of immediately adjacent sagittal (A-C, E-G) and frontal (D, H)

cryosections (14 .em) from mouse brains atindicated embryonicand postnatal stages with cRNA probes directed against Neurod2 (A-D) and Neurod6 (E-H) mRNA. I-K; Inactivation of the Neurod2
gene. Schematic drawings of a prototypic wild-type neuronal bHLH gene locus (wt) and constitutive mutant alleles of the Neurod2 (Neurod2—Null) and Neurod6 (Neurod6-Cre) gene (/). Inactivation
of the Neurod2 gene was confirmed by PCR on genomic DNA (J), RT-PCR on total RNA from laser-dissected neocortex at P1 (J), and in situ hybridization at P1 (K). Scale bar, 500 pem. ¢, Caudal; d,
dorsal; |, lateral; m, medial; r, rostral; v, ventral; Ci, cingulate cortex; Ctx, cerebral cortex; DG, dentate gyrus; GE, ganglionic eminence; Hi, hippocampus; 1Z, intermediate zone; LV, lateral ventricle;

neo®, neomycin resistance cassette.

(Wu et al., 2005; Goebbels et al., 2006), is prominent during
embryonic development (Bartholomd and Nave, 1994; Schwab et
al., 1998), and is maintained in subsets of pyramidal neurons of the
mature neocortex, hippocampus, and amygdala (Schwab et al.,
1998; Lin et al., 2004; Agarwal et al., 2012). The analysis of mouse
mutants revealed critical functions of neuronal bHLH proteins in
granule neurons of dentate gyrus and cerebellum (Liu et al., 2000;
Schwab etal., 2000; Olson et al., 2001), as well as for the patterning of
thalamocortical projections and synaptic maturation (Ince-Dunn et
al.,, 2006; Yang et al., 2009). Recently, it was shown that Neurod6 is
expressed in subsets of amacrine cells in the retina and regulates
amacrine cell fate (Cherry etal., 2011; Kay et al., 2011). However, the
function of Neurod2 and Neurod6 in cortical projection neurons
remains poorly understood, mainly because of the lack of informa-
tive phenotypes in single null mutants.

Here, we report that neocortical projection neurons require
transcriptional specification by neuronal bHLH proteins Neu-
rod2/6 for axonal fasciculation and proper formation of callosal
fiber tracts. In contrast, initial axon outgrowth and glutamatergic
synaptogenesis are under distinct transcriptional control.

Materials and Methods

Mouse mutants. All animal experiments were performed in compliance
with approved animal policies of the Max Planck Institute of Experimen-
tal Medicine (Gottingen, Germany). Neurod6—Cre mice were genotyped
as described previously (Goebbels et al., 2006). Neurod2-null mutant
mice were generated by replacing the coding region on exon 2 with a
neomycin resistance cassette in reverse orientation using homologous
recombination in embryonic stem cells (Fig. 1I-K). Routine genotyping
was performed by PCR using primers Neurod2-s (5'-TGG GCT CTC
TCG GAG ATC T-3'), revNeo-s (5'-ATT GTC TGT TGT GCC CAG
TC-3"), and Neurod2-as (5'-CTG TTG GGA GGT GGG GAG AG-3').

Neurod2 and Neurod6 single mutants were initially bred into a C57BL/6
genetic background. Neurod2 mutants died at 3 weeks of age (consistent
with Olson et al., 2001), and Neurod2/6 double mutants died immedi-
ately after birth. Breeding C57BL/6-based mutants for four generations
to a 129/Sv] genetic background (motivated by Huang et al., 2002) re-
sulted in a normal lifespan of most Neurod2 mutants and extended the
survival of Neurod2/6 double mutants by several hours. AC and CC
agenesis in Neurod2/6 double mutant was observed in pure C57BL/6 and
hybrid C57BL/6X129/Sv] genetic background. We never observed
Probst bundles PBs or CC agenesis in control mice with a mixed C57BL/
6X129/Sv] genetic background. Experiments were done using mice of
either sex.

Histology. Heads of embryos and newborn mice were immersion fixed
in neutral buffered Formalin (NBF; 4% Formalin in PBS) for 1 h. Adult
mice were intracardially perfused with NBF. Brains were postfixed in
NBF for 1 h to overnight at 4°C. For cryosections, brains were immersed
in 20 and 30% sucrose overnight, embedded in OCT, and cut to 16 um
sections on a CM3000 cryostat (Leica). For paraffin sections, brains were
dehydrated using an ascending ethanol series, isopropanol, and xylene,
embedded in paraffin, and cut to 5-10 wm sections on a sliding mi-
crotome (Leica). For labeling of single cortical neurons, brains were cut
to 100 wm sections using a vibratome (Leica), and single cells were filled
with Lucifer yellow using a patch pipette and iontophoresis.

In situ hybridization. Brains were fixed in 4% paraformaldehyde (PFA)
in diethylpyrocarbonate (DEPC) kept in phosphate buffer (0.1 m
Na,HPO,, pH 10) containing 15 and 30% sucrose overnight, embedded
in OCT, and snap frozen on dry ice. Cryostat sections (16 wm) were
collected on adhesive glass slides, dried at room temperature using a
vacuum exicator for 1-2 h, postfixed in 4% PFA in phosphate buffer—
DEPC for 15 min, washed in PBS-DEPC, pH 7.4, and incubated with 20
ug/ml Proteinase K in 20 mm Tris, pH 7.5, and 1 mm EDTA, pH 8, for 2.5
min. Proteinase K was inactivated in 0.2% glycine in PBS-DEPC, and
sections were washed in PBS-DEPC, postfixed in 4% PFA and 0.2%
glutaraldehyde in PBS-DEPC for 20 min, washed in PBS-DEPC, prehy-
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bridized in hybridization buffer [50% formamide, 5X SSC, pH 4.5, 1%
blocking reagent (Roche), 5 mm EDTA, 0.1% Tween 20, 0.1% CHAPS,
0.1 mg/ml heparin, and 100 ug/ml yeast RNA in DEPC—water] at 70°C
for 2 h, and hybridized overnight in hybridization buffer containing
digoxigenin (DIG)-labeled and denatured cRNA probe at 70°C. Slides were
rinsed in SSC, pH 4.5, treated with 20 pg/ml RNase in 0.5 M NaCl/10 mm Tris
for 30 min at 37°C, rinsed in 2X SSC, pH 4.5, washed three times in 50%
formamide in 2X SSC, pH 4.5, for 30 min at 65°C, rinsed in 50 mm Tris, pH
7.5, 150 mm NacCl, 10 mm KCl, 1% Triton-X (KTBT), blocked in 20% sheep
serum in KTBT (KTBT+S) for 2 h, incubated with anti-DIG alkaline phos-
phatase antibody (Roche) at 1:1000 in KITBT +S overnight at 4°C, washed in
KTBT, washed four times in KTBT for 30 min, washed in 100 mm Tris, pH
9.5, 100 mm NaCl, 50 mm MgCl,, 0.05% Tween 20 (NTMT), and developed
in NBT/BCIP in NTMT for 1-48 h at 37°C.

Immunohistochemistry. Paraffin sections were deparaffinized using xy-
lene and isopropanol and rehydrated in a descending ethanol series.
Antigen unmasking was performed by boiling for 10—40 min in citric
buffer, pH 6, or Tris EDTA, pH 9. Sections were blocked in 20% goat
serum in PBS/BSA for 1 h and incubated with primary antibodies in 5%
goat serum in PBS/BSA for 2 h at 37°C or overnight at 4°C. Detection was
done using fluorescent-conjugated secondary antibodies, biotinylated
secondary antibodies, followed by diaminobenzidine (DAB) or alkaline
phosphatase-coupled secondary antibodies, followed by NTB/BCIP or
fast red TR/naphthol.

Primary antibodies were directed against Brn2 (1:200, polyclonal goat;
Santa Cruz Biotechnology), CNPase (1:150, mouse IgG; Sigma), Cntn2
(4D7/TAGI, 1:100, mouse IgM; Developmental Studies Hybridoma
Bank), Ctip2 (1:500, rat IgG; Abcam), FNP7 (1:100, mouse IgG; Zymed),
Gfap (1:200, polyclonal rabbit; Novocastra), GFP (1:500, polyclonal goat;
Rockland), HuC/D (1:250, mouse IgG; Invitrogen), L1cam (1:500, poly-
clonal rat; Millipore Bioscience Research Reagents), Lmo4 (1:500, rat;
J. E. Visvader, University of Sydney, Sydney, Australia), Map2 (1:200,
mouse IgG; Millipore Bioscience Research Reagents), Nestin (1:100, mouse
IgG; Millipore Bioscience Research Reagents), NeuN (1:200, mouse IgG;
Millipore Bioscience Research Reagents), NR1 (1:100, polyclonal rabbit;
Abcam), Robo1 (1:2000, polyclonal rabbit; F. Murakami), Satb2 (1:1000;
V. Tarabykin), Sox5 (1:200, polyclonal goat; R & D Systems), Tbr2 (1:
200, polyclonal rabbit; Abcam), or Vglutl (1:400, polyclonal rabbit; Syn-
aptic Systems). F-actin was stained using Alexa Fluor 555 phalloidin
(Invitrogen).

In utero electroporation. The procedure has been described previously
(Saito, 2006). Briefly, pregnant dams were anesthetized (intraperitoneal
injection of 10 ug of xylazine and 100 ug of ketamine per gram body
weight and an additional subcutaneous injection of buprenorphin for anal-
gesia), the uterine horns were exposed, and plasmid DNA was injected into
the embryonic lateral ventricle using a glass pipette connected to an auto-
mated microinjector pump. Electroporation (six times at 50 ms, 33 V direct
current with 100 ms intervals) was performed using an ECM 830 electropo-
rator (BTX). The wound was surgically sutured, and the mouse was moni-
tored until full recovery from anesthesia. The procedure was approved by the
animal welfare officer of the Max Planck Institute of Experimental Medicine
and covered by Gen 33.42502-04-035/07.

Laser-capture microdissection. Mice were killed after birth by cervical
dislocation. Heads were placed on dry ice and stored at —80°C. Serial coronal
cryosections (20 wm) were prepared using a Leica CM3000 Cryostat,
mounted on polyethylene naphthalate-membrane frame slides (Arcturus),
stained with thionin, and dried in an ascending ethanol/xylene series. For
laser-capture microdissection (LCM), a Veritas Microdissection System
(Arcturus) was used. Cerebral cortex (including SVZ but excluding marginal
zone and VZ) was dissected by ultraviolet laser (laser power set to 3.2—4.2)
and attached to CapSure LCM caps using an infrared laser (power set to
80%). Caps were collected in 0.5 ml Eppendorf tubes containing 100 ul of
RNeasy Lysis Buffer (Qiagen) and stored at —80°C.

RNA isolation, cDNA synthesis, and qRT-PCR. Total RNA was isolated
from LCM tissue using the Transcriptor High Fidelity Kit (Roche) ac-
cording to the instructions of the manufacturer. cDNA was synthesized
using a mixture of random nonamer primers and anchored poly-dT
primers and SuperScript III RNase H reverse transcriptase (Invitrogen)
according to the instructions of the manufacturer. qRT-PCR was per-
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Table 1. Primer sequences used for qRT-PCR

Primer Sequence
(ntn2
Forward GGA GCCTGT GCT ACA AGA CA
Reverse (GG CTTTCCAGT AGC GAAT
Cntn
Forward CCTCATTCCGATTCCTGAAC
Reverse TCCTTG AACTGCACCACA AT
RoboT
Forward AGG GAA GCCTACGCA GAT G
Reverse TGG ACA GTG GGC GATTTT AT
Gap43
Forward GGA AGA GAG GAG GAA AGG AGA
Reverse TGGTCCTCATCATTCTTTTCAA
LTcam
Forward TGCTAGCCAATG CCTACATIT
Reverse TGCCATGTATGT CTG ATT GTCTTT

formed using SYBR green master mix (Applied Biosystems) and a 7500
Fast Real-Time PCR System (Applied Biosystems). Primers (Table 1)
were designed using the Roche Universal ProbeLibrary website
(http://gpcr.probefinder.com). Relative mRNA concentrations were
normalized to B-actin. Data were analyzed using qBase software version
1.3.5 (Center for Medical Genetics, Ghent University, Ghent, Belgium).

Cell culture. Brains were dissected at E16 or postnatal day 1 (P1) in
ice-cold HBSS containing 0.15% MgSO, (HBSS+). The neocortex was
isolated under a binocular and was incubated in papain (10 U/ml)/
DNase (0.25 mg/ml) in HBSS+ at 37°C for 30 min. The tissue was trit-
urated using a Pasteur pipette, ice cold HBSS+ was added, and cells were
counted, pelleted, and resuspended in Neurobasal medium (supple-
mented with penicillin/streptomycin, glutamine, and B-27). A total of
60,000 cells were plated per 7 mm poly-1-lysine-coated glass coverslip.

Electrophysiology. Recordings were performed on dissociated cortical
cell cultures after 21-28 d in vitro (DIV) in the presence of 1 uM bicucu-
line. The bath solution consisted of the following (in mm): 120 NaCl, 3
KClI, 2 CaCl,, 2 MgCl,, 10 HEPES, and 10 glucose, pH 7.35 (aerated with
95% O, and 5% CO, at 32°C). The pipette solution contained the fol-
lowing (in mwm): 140 K-gluconate, 1 CaCl,, 10 EGTA, 2 MgClL, 4
Na;ATP, 0.5 Nay;GTP, and 10 HEPES, pH 7.3. Data acquisition and
analysis were done using pClamp 9.0 (Molecular Devices) and Mini-
Analysis (SynaptoSoft) software.

Image processing. Digital images were obtained using Axiophot (Carl
Zeiss) and DM RXA (Leica) microscopes equipped with digital classic
DCC cameras (Kappa) or LSM-410 (Carl Zeiss) and SP5 (Leica) confocal
microscopes. Images were processed using Gimp-2.6 (http://gimp.org).
Figures were assembled using Scribus-1.3.5 (http://www.scribus.net).

Statistical analyses. Cortical neurons were counted by a blinded tech-
nician using NIH Image]-1.46 (http://rsb.info.nih.gov/ij) with Cell-
Counter plugin (http://rsbweb.nih.gov/ij/plugins/cell-counter.html).
Statistical analysis was performed using R-2.8 (http://www.r-project.
org). Values are expressed as mean + SEM. p values were calculated by
unpaired, two-tailed Student’s  test, with or without Welch’s correction,
depending on the distribution of the data (tested with a Kolmogorov—
Smirnov test), and displayed as *p < 0.05, **p < 0.01, and ***p < 0.001.

Results

Neurod2/6 are coexpressed in neocortical projection neurons
During embryonic development, Neurod2 and Neurod6 are selec-
tively expressed in postmitotic pyramidal neurons of the dorsal
telencephalon (Kume et al., 1996; Yasunami et al., 1996; Schwab
et al., 1998). To evaluate the degree of expression overlap, we
performed chromogenic in situ hybridization on immediate ad-
jacent cryosections from wild-type mouse brains at several devel-
opmental stages (Fig. 1). At E12, both transcripts were barely
detectable (Fig. 1A, E). Neurod2/6 were robustly coexpressed in
the SVZ and CP at E14 (Fig. 1 B,F) and in SVZ, intermediate
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Figure2.  Absence of cortical fiber tracts in Neurod2/6 double mutants. Dorsal views of freshly dissected brains at P1show the presence of major brain areasin Neurod2 ~ ' ~;Neurod6 '~ double
mutants (DKO; €), Neurod2™~;Neurod6 ~ '~ (A), and Neurod2 '~ ,;Neurod6 "/~ (B) controls. Hematoxylin and eosin histology of horizontal (4-C) and coronal (D~F ) paraffin sections (5 jum)
from P1 brains reveal complete absence of AC and CC in double mutants (marked by brackets), whereas the HCis normally developed (C, F). The ACis already absent in brains from Neurod2 ™~ /~;
Neurod6 "~ mutants () but present in Neurod2 ™~ ;Neurod6 '~ (D) mutants. Scale bars, 1 mm. IC, Internal capsule.

zone, and CP at E18 (Fig. 1C,G). At P5, Neurod2/6 continued to
be broadly coexpressed in neocortex and hippocampus (Fig.
1 D,H). Neurod2 transcripts predominated in upper cortical lay-
ers, whereas Neurod6 was preferentially expressed in cingulate
cortex and deeper cortical layers (Fig. 1 D, H). We conclude that,
during embryonic development, Neurod2 and Neurod6 are coex-
pressed in virtually all postmitotic projection neurons.

Neocortical projections are disrupted in the absence

of Neurod2/6

Highly overlapping spatial and temporal expression profiles and
the lack of obvious defects in pyramidal neurons of Neurod2 or
Neurod6 single-mutant mice (Schwab et al., 1998; Olson et al.,
2001) suggested functional redundancy. To test this hypothesis,
we produced Neurod2/6 double mutants by breeding Neurod6—
Cre mice (Goebbels et al., 2006; Fig. 1I) to a novel null mutant of
the Neurod2 gene, in which we replaced the Neurod2 coding re-
gion by a neomycin resistance cassette (Fig. 1I). Inactivation of
the Neurod2 gene was verified by PCR on genomic DNA (Fig.
1]). Absence of Neurod2 transcripts was confirmed by RT-PCR
on total RNA isolated from P1 cortex (Fig. 1]) and in situ hybrid-
ization on E14 brain sections (Fig. 1K).

Double-mutant mice were born at the expected Mendelian
frequency. Body size, weight, and posture were indistinguishable
from littermate controls at birth. However, >90% of double mu-
tants died within a few hours after birth. Ataxic breathing and
Neurod6 expression in the reticular formation (Goebbels et al.,
2006) suggest respiratory failure as the cause of death. Macro-
scopically, brains from newborn Neurod2/6 double mutants were
indistinguishable from wild-type (data not shown) or compound
mutants with genotypes Neurod2™'~;Neurod6*’~ or Neurod2™'~;
Neurod6™’~ (Fig. 2A—C). Histological analysis of horizontal (Fig.
2A-C) and coronal (Fig. 2D-F) brain sections at P1 demon-
strated that major gray matter structures were present in double
mutants. In contrast, both commissural fiber tracts originating
from neocortical pyramidal neurons (CC and AC), but not the
archipalliar HC, were completely absent in double mutants (Fig.
2C,F). We did not observe any evidence for PB formation or
other aberrant fiber tracts in comprehensive histological screens
along the rostrocaudal and dorsoventral axis of double mutant
brains (data not shown). Formation of the CC was only affected

in double mutants, but not in mutants expressing at least one
copy of either Neurod2 (Fig. 2A, D) or Neurod6 (Fig. 2 B, E). For-
mation of the AC was abolished in Neurod2 mutants harboring
only one intact Neurod6 allele (Neurod2 '~ ;Neurod6 ™' ~; Fig.
2E) but was unaffected in Neurod6 mutants with only one wild-
type Neurod?2 allele (Neurod2™'~;Neurod6™'~; Fig. 2D).

We noticed anomalies in numbers and positioning of cortical
neurons that were most prominent in the somatosensory cortex
(Fig. 2C). Although the detailed analysis of migration and cellular
differentiation will be subject of another study, we next asked
whether abolished axon tract formation in Neurod2/6 double-
mutant mice could simply result from failed production of dis-
tinct projection neuron subtypes. Immunostaining for Nestin,
Tbr2, and Ctip2 at E13 demonstrated normal production and
radial migration of deeper layer neurons in Neurod2/6 double-
mutant mice (Fig. 3A). Brn2 staining at E16 revealed normal
invasion of upper layer neurons into the Neurod2/6 double-
mutant neocortex (Fig. 3B). However, labeling of upper (Satb2)
and deeper (Ctip2) layer neurons at P1 suggested mild alterations
of radial migration and numbers of cortical neurons in Neu-
rod2/6 double mutants (Fig. 3C). When we quantified the cortical
distribution of projection neurons at P1, we observed a reduction
in the total number of Satb2-positive [control, 673 *+ 60; double
knock-out (DKO), 520 * 40 cells per radial unit; p = 0.074] and
Sox5-positive (control, 318 = 30; DKO, 216 = 18; p = 0.026)
neurons in upper and deeper cortical layers, respectively, whereas
the total number of Ctip2-positive (control, 258 = 21; DKO,
237 £ 16; p = 0.57) neurons was unchanged (Fig. 3D). To further
address the fate of postmigratory upper layer neurons, we per-
formed additional immunostainings for Lmo4 (Fig. 3E) and Brn2
(Fig. 3F) and in situ hybridization for Cux2 (Fig. 3G) at P1. These
studies confirmed the presence of differentiated upper layer neu-
rons in Neurod2/6 double mutants but revealed changes in their
exact laminar position. We conclude that callosal projection neu-
rons are correctly specified in Neurod2/6 double mutants and that
the majority of these cells survive, at least until birth.

Callosal axogenesis is stalled before midline interactions in
Neurod2/6 double mutants

Callosal agenesis often results from impaired axon—-midline glia
interactions (Lindwall et al., 2007). However, Neurod2 and Neu-
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Figure3.

Projection neurons adopt cortical layer-specific fates in Neurod2/6 double mutants. A, Fluorescentimmunostaining for Nestin (blue), Thr2 (green), and Ctip2 (red) at E13 demonstrates

normal CP formation and radial migration of early-born deeper layer projection neurons. B, Inmunostaining for Nestin (blue) and Brn2 (green) at E16 reveals normal radial migration of upper layer
neurons. C, Disturbed segregation of upper and deeper layers at P1as demonstrated by immunostaining for Satb2 (green) and Ctip2 (red). D, Cortical distribution of Sox5-, Ctip2-, and Sath2-positive
neuronsin controls (n = 5mice) and Neurod2/6 double mutants (n = 4). The histograms show absolute cell numbersin 10 equally sized bins as denoted in C. p values (two-sided t test) are displayed
as *p << 0.05, **p < 0.01, and ***p << 0.001. For regression curves, cells were counted in 50 equally sized bins. E-G, Expression analysis of upper layer-enriched markers by chromogenic
immunostaining for Lmo4 (E), Brn2 (F), and in situ hybridization for Cux2 mRNA (G). Coronal (A-C, F, G), horizontal (D), and sagittal (E) paraffin sections (5 wm) from control and Neurod2/6

double-mutant brains. 2— 6, Cortical layers; MZ, marginal zone.

rod6 are not expressed in midline glia (Lin et al., 2004; Goebbels et
al., 2006; Fig. 1), and immunostaining for Gfap at P1 revealed no
obvious changes in the structure of midline glia components (Fig.
4A), supporting the hypothesis that the defect is intrinsic to
double-mutant projection neurons.

To selectively monitor axonal trajectories of cortical projec-
tion neurons, we expressed GFP under control of a chicken -ac-
tin/CMV fusion promoter in the cortex of E15 embryos (a time
point when upper layer callosal neurons are generated) by in
utero electroporation (Fig. 4B—D). Confocal microscopy of coro-
nal brain sections from control mice at P1 revealed GFP-positive
callosal axons that followed a stereotypic trajectory and eventu-
ally crossed the midline (Fig. 4B). Similar to controls, callosal
axons in double mutants turned medially after leaving the CP and
followed a tangential path. However, axons were stalled in the

SVZ of the cingulate cortex and failed to turn ventrally toward the
midline (Fig. 4C). At their leading edge, axon bundles defascicu-
lated and individual axons followed irregular, e.g., dorsal, trajec-
tories into the ipsilateral CP (Fig. 4C, arrowheads). Consistent
with our histological analysis, we never observed signs of PB for-
mation. Importantly, expression of GFP in the cingulate cortex
visualized axons of pioneer neurons that crossed the midline even
in double-mutant mice (Fig. 4D), further demonstrating that the
relevant midline structures are intact.

In rare cases, Neurod2/6 double-mutant mice survived post-
natal stages. Double mutants were severely growth retarded
(reaching only ~30% of normal body size and weight at 1 month
of age) and displayed spastic motor dysfunction. Two hand-fed
double mutants survived until P60. NeuN staining revealed re-
duced neuronal cell numbers, but a fraction of neurons survived
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in the double-mutant cortex (Fig. 5A).

control [|

Moreover, immunohistochemistry for
neurofilament medium subunit (Fig. 5B)
and myelin protein CNP (Fig. 5C) con-
firmed permanent and complete CC
agenesis in the absence of Neurod2 and
Neurod6. In addition to the atrophy of fi-
ber tracts, Map2-positive dendrites, al-
though present at a similar overall density,
were heavily disorganized in double mu-
tants (Fig. 5D). Because midline crossing

GFAP

| oo

of layer II/III-derived callosal axons pro-

control

ceeds through postnatal stages, these find-
ings demonstrate that combined Neurod2
and Neurod6 deficiency affects all classes
of callosal neurons and that commissure
formation is permanently abolished, not
developmentally delayed, in Neurod2/6
double mutants. We conclude that Neu-
rod2 and Neurod6 cooperatively control
an intrinsic molecular program that is es-

GFP

sential for axonal fasciculation, extension | C

of compact fiber tracts, and midline cross-
ing of neocortical projection neurons.

Reduced glutamatergic network activity
in the absence of Neurod2/6

GFP labeling of cortical neurons by in
utero electroporation identified major
deficits in the extension of compact fiber
tracts but suggested normal axon out-
growth from Neurod2/6 double-mutant
neurons (Fig. 4). To monitor initial axon
outgrowth from individual cells, we filled
upper layer projection neurons (born at
approximately E16) with Lucifer yellow in
cortical slices prepared from E18 mice. As
expected from our previous findings, we
observed normal radially oriented axonal
outgrowth from double-mutant neurons —

GFP

| ol

GFP

when compared with controls (Fig. 6A).
Normal neurite growth from double-
mutant neurons was also confirmed by
F-actin staining of cortical cell cultures pre-
pared at E16 after 7 DIV (Fig. 6B). These
findings strongly suggest that Neurod2/6
regulate an intermediate stage of axon tract
formation before midline interactions but
after initial axon outgrowth.

Neurod?2 regulates the maturation of
glutamatergic thalamocortical and hippocampal synapses (Ince-
Dunn et al., 2006; Wilke et al., 2012). Consistent with these find-
ings, immunostaining of Neurod2/6 double mutants at P60
revealed reduced neocortical expression of two critical compo-
nents of glutamatergic synapses, Vglutl (Fig. 6C) and NR1 (Fig.
6D). To study the long-term effects of impaired axon tract for-
mation on glutamatergic network activity, we prepared cortical
cell cultures from double mutants and controls at P1 and main-
tained them for up to 28 DIV (Fig. 6E). Consistent with our
findings in the two surviving Neurod2/6 double mutants (Fig. 5),
the axonal compartment (defined by Gap43-positive axon bun-
dles) was reduced in cultures derived from Neurod2/6 double
mutants when compared with controls (Fig. 6E; control, 2085 *+

Figure 4.

(allosal axons defasciculate and fail to grow toward the midline in the absence of Neurod2/6. A, GFAP immunostain-
ing of midline glia in coronal sections of control and Neurod2/6 double-mutant brains at P1. B-D, Microscopy of coronal brain
sections at P1 after in utero electroporation of B-actin/CMV promoter-driven Venus—GFP at E15 identifies callosal axons in control
brains that crossed the midline following a stereotypic trajectory (B). In contrast, double-mutant axons never approached the
midline (asterisks in ) but were stalled after reaching the SVZ of the cingulate cortex (C). Higher magnification reveals that mutant
axons failed to turn ventrally but instead defasciculated and grew randomly into the ipsilateral CP (arrowheads in €). Pioneer axons
derived from electroporated neurons in the contralateral cingulate cortex crossed the midline even in double mutants (arrows in
D). Red dashed lines mark the midline. Scale bar, 250 pum. Ci, Cingulate cortex; GE, ganglionic eminence; LV, lateral ventricle.

145 pm; DKO, 1243 * 261 pum per field of view; n = 2 mice). To
measure the activity of glutamatergic synapses, we recorded
spontaneous EPSCs (sEPSCs) by patch-clamp recording from
cortical cell cultures at 21-28 DIV. Spontaneous burst activity
was almost completely lost in double-mutant cultures compared
with controls (Fig. 6F; control, ~15 burst/3 min; DKO, <1
bursts/3 min), indicating strongly reduced network activity in
double mutants. Moreover, the frequency of background sEPSCs
was strongly reduced in double-mutant cultures (Fig. 6F; control,
17.8 = 2.1 Hz, n = 20 cells/12 wells; DKO, 4.9 = 1.3 Hz, n = 14
cells/12 wells; p < 0.001), and sEPSC amplitude was clearly re-
duced when compared with controls (Fig. 6F; control, 59.5 = 5
pA; DKO, 40.3 = 2.5 pA; p < 0.01). We conclude that the loss of
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in Neurod2/6 double-mutant brain tissue
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NeuN P60

(Fig. 7E, H; and not shown). In contrast,
Cntn2 expression was virtually lost and
Robol was upregulated in Neurod2/6 dou-
ble mutants.

Fluorescent immunostaining of con-
trol brains at P1 demonstrated prominent
Cntn2 protein expression on callosal and
hippocampal axons, whereas Llcam
staining additionally marked Neurod2/6-
negative thalamocortical afferents (Fig.
7A). In stark contrast, Cntn2-positive ax-

| o]

FNP7 P60

ons were completely absent from the neo-
cortex of Neurod2/6 double mutants,
whereas the Cntn2-positive HC persisted
(Fig. 7A). In situ hybridizations at P1 (Fig.
7B) and E16 (Fig. 7F) revealed an almost
complete absence of Cntn2 transcripts
from neocortical pyramidal neurons,
whereas hippocampal expression was
essentially unaffected. By quantitative
real-time PCR at P1, Cntn2 expression in

o[

Cnp P60

laser-captured sensory neocortex from
double mutants was reduced by ~80%
compared with controls (Fig. 7E). In con-
trast, mRNA levels of the closely related
IgCAM Cntnl as well as expression of
L1Cam and Gap43 were not significantly
altered (Fig. 7E,H).

By immunostaining of horizontal brain
sections at P1, we identified Robol-
positive callosal axons that crossed the
midline in controls but not in double mu-

=

Map2 P60

tants (Fig. 7C). Moreover, although pro-
tein levels were low in the neocortex of
controls, Robol was increased in double
mutants and delineated radially oriented
axonal aggregates that were separated by
Robol-free domains (Fig. 7C). Upregu-
lated Robol expression in double mutants
was confirmed by quantitative real-time
PCR (Fig. 7E) and in situ hybridization at
P1 (Fig. 7D) and E16 (Fig. 7G). Because

Figure5.

compared with control. CR, Coronal radiation; f, fimbria.

Neurod2 and Neurod6 resulted in a severe reduction in the num-
ber of functional glutamatergic synapses and as a consequence in
strongly diminished excitatory network activity in double-
mutant cortical cell cultures.

Misexpression of axonal signaling receptors Cntn2 and Robol
in Neurod2/6 double mutants

Ig domain-containing neural cell adhesion molecules (IgCAMs)
are required for axonal fasciculation and commissure formation
(Andrews et al., 2007; Katidou et al., 2008). To identify molecular
deficits that may underlay reduced cortical connectivity in Neu-
rod2/6 double mutants, we examined the expression of various
IgCAMs. Most of the tested candidates were normally expressed

Permanent CCagenesisin adult Neurod2/6 double mutants. A, The number of NeuN-positive neurons in the neocortex
of double mutants at 2 months of age was mildly reduced when compared with a littermate control with genotype Neurod2™~;
Neurod6 '~ B, €, Midline crossing of FNP7 (B) and CNP-positive (€) fibers was permanently abolished in double mutants. D,
Map2-positive cortical dendrites were highly disorganized in the double-mutant neocortex, but their overall density was similar

Neurod2 and Neurod6 act as positive
transcriptional regulators, these data sug-
gest that Robol expression is under dis-
tinct transcriptional control.

In summary, we conclude that neo-
cortical projection neurons require
transcriptional specification by neuro-
nal bHLH proteins to assemble and extend neocortical com-
missures. Our data suggest that abolished commissure formation
results from axonal fasciculation deficits before midline
interactions.

Discussion

Glutamatergic projection neurons are the main neuronal com-
ponent of cortical gray matter and essential for higher cognitive
functions. In this study, we show that neuronal bHLH proteins
Neurod2 and Neurodé6 are critically required for the transcrip-
tional specification of callosal long-range axogenesis and the es-
tablishment of neocortical circuitry.
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Figure 6.

Axon growth and glutamatergic synaptogenesis in Neurod2/6 double mutants. A, Lucifer-yellow-filled projection neurons in upper layers of cortical slices prepared from control and

Neurod2/6 double-mutant mice at E18. Axons are marked by arrowheads. B, Fluorescent staining for F-actin (red) combined with immunostaining for the neuronal marker HuC/D in cortical cell
cultures prepared from P1 mice at 7 DIV. (, D, Reduced expression levels of presynaptic and postsynaptic components of glutamatergic synapses in the neocortex of adult double mutants.
Immunostaining for Vglut1 (€) and NRT (D) on coronal brain sections at 2 months of age. £, Inmunostaining for axon bundles (Gap43; green) and nuclei (DAPI; blue) in cortical cell cultures from P1
mice after 28 DIV. F, Spontaneous excitatory synaptic activity in cortical cell cultures from control and double-mutant mice after 21-28 DIV by patch-clamp recording. Left, Spontaneous burst activity
was recorded at ~10-fold higher frequency in control cultures (15 bursts/3 min; n = 20 cells) than in double-mutant cultures (<1 burst/3 min; n = 14 cells). Middle and right, The frequency of
background sEPSC was strongly reduced in double-mutant cultures compared with controls. Str, Striatum. **p << 0.01 and ***p << 0.001.

Formation of neocortical fiber tracts depends on highly
redundant neuronal bHLH protein functions

Transcription factors of the bHLH superfamily play instructive
roles in mammalian organogenesis. Frequently, two to four
closely related proteins serve overlapping functions, e.g., during
myogenesis (Rudnicki et al., 1992) and retinal development (In-
oueetal., 2001). In most cases, these factors are already expressed
in proliferating progenitor cells, e.g., MyoD family members
(Berkes and Tapscott, 2005) and the neurogenins (Fode et al.,
2000; Ross et al., 2003). Here, we show that this functional prin-
ciple also applies to postmitotic neuronal bHLH proteins Neu-
rod2 and Neurod6. Although neocortical development is
essentially unaffected in Neurod2 and Neurod6 single mutants
(Schwab et al., 1998; Liu et al., 2000; Olson et al., 2001), neocor-
tical fiber tract formation is severely impaired in Neurod2/6
double-mutant mice. Neurod2 and Neurod6 functions are highly
overlapping because fiber tracts develop normally in the presence
of one single wild-type allele of Neurod2 (in a Neurod6 null back-
ground) or Neurod6 (in a Neurod2 null background). Notably,
the archipalliar HC develops normally and persists in the absence
of both factors, demonstrating that Neurod2 and Neurodé6 are not
essential for the formation of this phylogenetically older fiber
tract. We conclude that Neurod2/6-dependent and -independent
transcriptional programs operate in phylogenetically and devel-
opmentally distinct subtypes of cortical projection neurons to
orchestrate axon tract formation and the establishment of remote
connectivity.

Cortical neurons survive at least to some extent in adult Neu-
rod2/6 double-mutant mice in the absence of significant con-
tralateral target innervation. This suggests that, unlike cerebellar
granule cells (Olson et al., 2001), projection neurons do not crit-
ically depend on contralateral target-derived trophic factors for

their survival but may solely rely on local support from the ipsi-
lateral hemisphere.

Inactivation of Neurod2/6 causes an unique defect in early

CC formation

The majority of mouse mutants with callosal agenesis exhibit
impairments in relatively late stages of axonal pathfinding, which
are frequently associated with disturbed axon-midline interac-
tions (Lindwall et al., 2007; Donahoo and Richards, 2009) and PB
formation, e.g., null mutants of Llcam (Demyanenko et al,
1999), Gap43 (Shen etal., 2002), Dcc (Fazeli et al., 1997), Netrin-1
(Serafini et al., 1996), and Slit (Bagri et al., 2002) and Robol/2
double mutants (Lopez-Bendito et al., 2007). Similarly, many
mouse mutants for a diverse set of cortically expressed transcrip-
tion factors display PB formation, including null mutants of Pax6
(Jones et al., 2002), Tbrl (Hevner et al., 2001), and Coup-TFI
(Armentano et al., 2006). However, in Neurod2/6 double-mutant
mice, midline crossing of pioneer axons and hippocampal fibers
demonstrate that midline glia components are functional, and
the absence of PB formation strongly suggests that loss of Neu-
rod2 and Neurod6 blocks CC formation at a stage proximal to
pathfinding decisions at the midline.

We also found no evidence that mutant axons are misdirected
toward other fiber tracts as observed for upper layer neurons in
Satb2 mutants, in which callosal axons fasciculate and principally
can cross the midline but are misdirected into AC and ipsilateral
internal capsule (Alcamo et al., 2008; Britanova et al., 2008). Be-
cause expression of Satb2 is maintained in Neurod2/6 double
mutants, we conclude that Neurod2/6 act upstream of Satb2. Our
data also suggest that Neurod2/6 act downstream of Neurogenin
1 (Neurogl) and Neurog2, atonal-related bHLH proteins ex-
pressed in neuronal progenitors of the VZ (Ma et al., 1996; Som-
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Differential expression of (ntn2 and Robo in Neurod2/6-deficient callosal projection neurons. A, Fluorescent immunostaining for Cntn2 (red) and L1cam (green) in parasagittal brain

sections at P1. In control brains, Cntn2 expression marked callosal and hippocampal axons, whereas motor axons and thalamocortical afferents also expressed LT1cam. In double mutants, Cntn2
expression was no longer detectable in callosal (asterisk) but preserved in hippocampal axons (arrowhead). B, Chromogenic in situ hybridization at P1 confirmed a strong reduction of (ntn2
transcripts in neocortex but persistent expression in the hippocampal CA1—CA3 region (arrowhead) of Neurod2/6 double mutants. C, Inmunostaining for the Robo1 receptor on horizontal brain
sections identified radially oriented Robo1-positive axonal aggregates in double mutants, which were not presentin controls. D, Chromogenic in situ hybridization on coronal brain sections revealed
increased expression of Robo7 mRNA in the neocortex of Neurod2/6 double mutants. E, Expression analysis by quantitative real time-PCR using LCM derived from serial brain sections at P1
(representative section is shown on left side). Cntn2 mRNA was reduced by 75.4 = 4.8% (p = 0.0026), whereas Robo expression was increased by 44.4 = 1.5% (p = 0.0126) in double-mutant
cortex. Expression levels of (ntn7, L1cam, and Gap43 mRNA were not significantly altered in double mutants when compared with controls. F~H, Chromogenicin situ hybridization for (ntn2, Robo1,
and Gap43 transcripts at E16. Error bars show SEM. *p << 0.05, **p << 0.01; n = 3 mice per genotype. Th, Thalamus.

mer et al., 1996), which act as transcriptional activators of
Neurod2 and Neurod6 (Schuurmans et al., 2004). Neurog?2 regu-
lates initial medially oriented callosal axon guidance (Hand and
Polleux, 2011), and our data support the concept that Neurod2/6
serve as regulators of cortical commissure formation down-
stream of Neurog2.

Dysregulation of axonal signaling receptors Cntn2 and Robol

in Neurod2/6 double mutants

CC formation proceeds through several developmental stages,
including radial axon outgrowth, fasciculation, tangential axon
bundle extension, midline crossing, contralateral target area in-
nervation, and synaptogenesis (Richards et al., 2004; Donahoo
and Richards, 2009). Based on the relatively normal expression
pattern of callosal neuron-specific marker genes Lmo4 and Satb2
(Arlotta et al., 2005; Alcamo et al., 2008; Britanova et al., 2008) in
upper layers of the primary motor cortex, we conclude that CC
agenesis in double mutants is not caused by a general failure to
specify and correctly position callosal neurons. Furthermore,
radial axon outgrowth and initial tangential elongation are essen-
tially unaffected. Thus, neuronal bHLH proteins are not essen-
tially required for neurite outgrowth per se. Rather, we suggest a

role in axonal fasciculation and elongation of compact fiber tracts
through the regulated expression of axonal signaling receptors.

This hypothesis is supported by the dramatically reduced
expression of Cntn2 mRNA in the neocortex (but not hip-
pocampus) of double-mutant mice. Because callosal neurons
are present in double mutants, we speculate that loss of Cntn2
expression is attributable to impaired transcriptional activa-
tion by Neurod2 and Neurod6. Nevertheless, whether Cntn2 is
a bona fide target gene of neuronal bHLH proteins requires
additional investigation.

Cntn2 controls axonal growth and fasciculation in vitro and in
vivo (Maness and Schachner, 2007; Katidou et al., 2008). We
suggest that the loss of Cntn2 contributes to defasciculation and
diminished axonal elongation as a consequence of impaired in-
teractions of callosal axons with ingrowing afferents and extra-
cellular matrix-derived extracellular cues (Malhotra et al., 1998;
Pavlou et al., 2002; Mikami et al., 2009). However, it is important
to emphasize that loss of Cntn2 function alone is insufficient to
cause the phenotype observed in double mutants because Cntn2-
deficient mice develop a grossly normal CC (Fukamauchi et al.,
2001). It is therefore plausible that several [IgCAMs serve as me-
diators of Neurod2/6 function.



650 - J. Neurosci., January 9, 2013 - 33(2):641—651

Robol, another IgCAM protein, is upregulated in the cortex
of Neurod2/6 mutants. CC formation is perturbed in Robol/2
double mutants (L6pez-Bendito et al., 2007), but the exact mech-
anism is unknown. Robol serves as a receptor for Slit proteins, a
family of secreted chemorepellents expressed at the midline
(Dickson and Gilestro, 2006). Thus, enhanced Robo1-Slit signal-
ing in double mutants possibly interferes with tangential axon
bundle extension toward the midline.

Neurod2 mutants show deficits in emotional learning (Lin et
al., 2005), and Neurod6 mutants that are heterozygous for Neu-
rod2 (genotype Neurod2*’~;Neurod6 ") display pathological
social behavior as well as reduced mating and fostering activity
(I.B. and M.H.S., unpublished observation). TCF4 (ME2), the
main dimerization partner for neuronal bHLH proteins in the
cortex, is encoded by one of the most significant schizophrenia
susceptibility genes (Stefansson et al., 2009). Transgenic mice
that overexpress TCF4 in CNS neurons display cognitive and
sensorimotor gating impairments (Brzézka et al., 2010). Dis-
rupted Cntn2 function in mouse mutants causes learning and
memory deficits (Savvaki et al., 2008), and Cntn2 forms com-
plexes with Contactin-associated protein 2 (Cntnap2, Caspr2), a
genetic risk factor for schizophrenia, autism (Burbach and van
der Zwaag, 2009), and specific language disorder (Vernes et al.,
2008). Thus, in addition to establishing cortical circuitry during
development, neuronal bHLH proteins may also regulate learn-
ing and memory processes in the mature brain, and altered ex-
pression of their target genes might provide a link to
neuropsychiatric disorders, such as schizophrenia.
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