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The three-layered piriform cortex, an integral part of the olfactory system, processes odor information relayed by olfactory bulb mitral
cells. Specifically, mitral cell axons form the lateral olfactory tract (LOT) by targeting lateral olfactory tract (lot) guidepost cells in the
piriform cortex. While lot cells and other piriform cortical neurons share a pallial origin, the factors that specify their precise phenotypes
are poorly understood. Here we show that in mouse, the proneural genes Neurogl and Neurog2 are coexpressed in the ventral pallium, a
progenitor pool that first gives rise to Cajal-Retzius (CR) cells, which populate layer I of all cortical domains, and later to layer II/III
neurons of the piriform cortex. Using loss-of-function and gain-of-function approaches, we find that Neurogl has a unique early role in
reducing CR cell neurogenesis by tempering Neurog2’s proneural activity. In addition, Neurogl and Neurog2 have redundant functions in
the ventral pallium, acting in two phases to first specify a CR cell fate and later to specify layer II/III piriform cortex neuronal identities.
In the early phase, Neurogl and Neurog2 are also required for lot cell differentiation, which we reveal are a subset of CR neurons, the loss
of which prevents mitral cell axon innervation and LOT formation. Consequently, mutation of Trp73, a CR-specific cortical gene, results
inlot celland LOT axon displacement. Neurogl and Neurog2 thus have unique and redundant functions in the piriform cortex, controlling
the timing of differentiation of early-born CR/lot cells and specifying the identities of later-born layer II/III neurons.
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Introduction (Smart and Smart, 1977; Wood et al., 1992; Marin-Padilla, 1998;

The cerebral cortex, which includes the archicortex, neocortex, ~ Super et al., 1998). CR cells arise from three sites in the pallial
and piriform cortex, is derived from the dorsal telencephalon, or ~ margins: (1) medially, the cortical hem/choroid plexus; (2) ros-
pallium. Based on gene expression, the pallium is subdivided into ~ trally, the pallial septum/rostrobulbar area; and (3) laterally, the
medial, dorsal, lateral, and ventral domains, each giving rise to  ventral pallium (Takiguchi-Hayashi etal., 2004; Bielle etal., 2005;
distinct cortical territories (Puelles et al., 2000; Yun et al., 2001).  Yoshida etal., 2006; Zhao et al., 2006; Garcia-Moreno et al., 2007;
Cajal-Retzius (CR) cells are an early-born cortical lineage, differ- ~ Imayoshi et al., 2008). Given their pallial origins, most CR cells
entiating between embryonic day (E) 10.5 and E12.5 in mouse  are labeled in an EmxI-lineage trace (Gorski et al., 2002) and
express Tbrl (Hevner et al., 2003), both cortical-specific tran-
scription factors. Many CR cells also express Reelin (Alcantara et
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form cortex by OB mitral cells, the axons of which form the LOT
(note that lot guidepost cells are distinguished from LOT axons
by small and capital letters, respectively; Sato et al., 1998). We
noted several striking similarities between lot cells (Sato et al.,
1998; Tomioka et al., 2000) and CR neurons (Wood et al., 1992;
Hevner et al., 2003; Takiguchi-Hayashi et al., 2004): both act as
cellular guideposts for axonal tract formation, have a pallial ori-
gin, are among the earliest born cortical neurons (lot cells also
differentiate between E9.5 and E11), and migrate tangentially
from their pallial sites of origin to populate the piriform cortex
(Sato et al., 1998; Tomioka et al., 2000). However, while CR cell
differentiation is well understood, the factors that specify alot cell
identity, and more globally control neuronal fate specification in
the piriform cortex, remain poorly characterized.

Here we demonstrate that the proneural basic helix-loop-helix
(bHLH) transcription factors Neurogl and Neurog2, which specify a
neocortical projection neuron identity (Fode et al., 2000; Schuur-
mans et al., 2004), also specify piriform cortical neuronal identities.
Specifically, Neurogl and Neurog? are required in two differentiation
waves—first acting in opposition to control lot cell differentiation,
which we reveal are a subpopulation of CR neurons, the localiza-
tion of which depends on Trp73, and later controlling the differ-
entiation of layer II/III piriform cortical neurons.

Materials and Methods

Animals and genotyping. Animal procedures followed guidelines of the
Canadian Council of Animal Care and were approved by the University
of Calgary Animal Care Committee (Protocol AC11-0053), the Institu-
tional Animal Care and Use Committee of State University of New York
Upstate Medical University, and the Hospital for Sick Children Animal
Care Committee. Embryos of either sex were used throughout. Neurogl
(Maetal., 1998) and NeurogZGFP KI(Britz et al., 2006) mutant alleles were
maintained on a CD1 background (Charles River) and genotyped as
described (Ma et al., 1998; Britz et al., 2006). Lef/Tcf-lacZ transgenics
were provided by Valerie Wallace and Daniel Dufort (Mohamed et al.,
2004) and genotyped using forward (CCATCCAGAGACAAGCGAA-
GAC) and reverse (TTGAGGGGACGACGACAGT ATC) primers (35
cycles of 95°C/1’, 58°C/1’, 72°C/1.5’, then final extension 72°C/10’).
TAp73 mutants were genotyped using the following primers: TAp73WT:
CTGGTCCAGGAGGTGAGACTGAGGC; TAp73 Common: CTGGC-
CCTCTCAGCTTGTGCCACTTC, and TAp73Neo: GTGGGGG-
TGGGATTAGATAAATGCCTG (TAp73WT and TAp73 Common for
wild-type allele, 1 kb; and TAp73Neo and TAp73 Common for mutant
allele, 1.2 kb; 35 cycles of 94°C/45 s, 65°C/30 s, 72°C/1.5 min). Trp73
(p73) mutants were genotyped using three primer PCRs: p73-1:
GGGCCATGCCTGTCTACAAGAA; p73-2: CCTTCTACACGGAT-
GAGGTG; p73-3:GAAAGCGAAGGAGCAAAGCTG (wild type, 550 bp;
mutant, 400 bp; 40 cycles of 94°C/30 s, 64°C/30 s, 72°C/40 s). Reeler
mutants (B6C3Fe a/a-Relnrl/+) were obtained from Jackson Laborato-
ries and genotyped as described previously (D’Arcangelo et al., 1996).

Tissue processing, histology, and [3-galactosidase histochemical staining.
For histology, whole E18.5 heads were fixed in Bouin’s solution, embed-
ded in paraffin, and cut into 7 um sections, which were stained with
hematoxylin and eosin as previously described (Fode et al., 1998). For all
other tissue studies, embryos were fixed overnight in 4% paraformalde-
hyde (PFA) in 1X PBS, pH 7.4, at 4°C, washed in 1X PBS, and cryopro-
tected in 20% sucrose in 1 X PBS overnight at 4°C before embedding and
freezing in Tissue Tek OCT (Sakura Finetek). Ten-micrometer cryosec-
tions were collected on Superfrost plus slides (Fisher Scientific). X-gal
histochemical staining was performed on cryostat sections as follows.
Sections were first washed 3 X 10 min in lacZ wash buffer (2 mm MgCl,/
0.01% sodium deoxycholate/0.02% Nonidet-P40/100 mum sodium phos-
phate, pH 7.3) before staining overnight at 37°C in wash buffer
containing 5 mMm potassium ferrocyanide, 5 mum potassium ferricyanide,
and 0.67 mg/ml X-gal (Invitrogen). Slides were then washed in PBS,
rinsed in water, and allowed to dry before mounting in Permount (Fisher
Scientific).

Dixit, Wilkinson et al. ® Neurag1/2 Function in the Piriform Cortex

RNA in situ hybridization. RNA in situ hybridization was performed as
previously described (Alam et al., 2005) using digoxygenin-labeled ribo-
probes that were generated using a 10X labeling mix according to the
manufacturer’s instructions (Roche Diagnostics). Riboprobes were gen-
erated from linearized plasmid templates as follows: Reln (EcoRI/T3),
Trp73 (Sall/T3), Etvl (Spel/T7), Ctip2 (IMAGE 4457123; Sall/T7), Id2
(HindIII/T3), DIx1 (Xbal/T3), Wnt7b (Ncol/SP6), mGluRI (IMAGE
30536724; EcoRI/T3), and Dbx1 (IMAGE 5718470; EcoRI/T3).

Immunostaining and imaging. Immunostaining was performed on 10
um cryostat sections that were processed and collected as described
above. Cryosections were blocked either in 10% normal goat or donkey
serum in 0.1% Triton X-100in 1 X PBS orin 1 X Tris-buffered saline (25
mwM Tris-HCI, pH 7.4, 0.14 M NaCl). Primary antibodies included: rabbit
anti-calretinin (1:500; Swant), mouse anti-Ascll (1:200; BD Biosci-
ences), mouse anti-Neurog2 (1:20; gift from David Anderson), rabbit
anti-Neurog2 (1:500; gift from Masato Nakafuku), rabbit anti-Neurogl
(1:500; gift from Jane Johnson), rabbit anti-GFP (1:500; Millipore Bio-
science Research Reagents), sheep anti-GFP (1:750; Biogenesis), rabbit
anti-Tbrl (1:3000, Millipore Bioscience Research Reagents), mouse
anti-Reelin (1:500; Millipore Bioscience Research Reagents), rabbit anti-
activated caspase 3 (1:100; Promega), mouse anti-MAP2 (1:500; Sigma-
Aldrich), rabbit anti-Pax6 (1:500; Covance), rabbit-anti-Trp73 (1:500;
Bethyl Laboratories), and rat anti-lot1 (1:200; gift from Tatsumi Hirata).
Species-specific secondary antibodies were conjugated to Alexa488 (1:
500; Invitrogen), Cy3 (1:500; Jackson Immunoresearch), or horseradish
peroxidase (HRP). Sections were counterstained with DAPI (4,6-
diamidino-2-phenylindole, 1:10,000; Sigma-Aldrich) and mounted in
AquaPolymount (Polysciences). DAB staining of HRP-conjugated anti-
bodies was performed using the Vectastain ABC kit according to the
manufacturer’s instructions (Vector Laboratories).

Dil tracing. E18.5 brains were fixed for 2 d in 4% PFA in 1 X PBS at 4°C.
Carbocyanin Dil crystals (Invitrogen) were introduced into the OB, and
the brains were incubated at 37°C in 4% PFA in 1X PBS to allow dye
diffusion for 2-3 weeks, followed by imaging.

In vitro electroporation and quantitation. The pCIG2-Neurog2 expres-
sion vector was previously described (Mattar et al., 2008). The Neurogl
¢DNA was similarly PCR amplified and subcloned into pCIG2. Ex vivo
electroporation and culture of E10.5 embryos were performed as previ-
ously described (Zimmer et al., 2010). Cell counts were performed on =3
independent embryos and on three sections per embryo. Error bars re-
flect SEM. Student’s ¢ tests were performed with p values denoted as
follows: *p < 0.05, **p < 0.01, ***p < 0.005.

Results

Neurogl and Neurog? are coexpressed in ventral pallial
progenitors and derivative lineages in both the neocortex and
piriform cortex

Neocortical progenitors undergo temporal identity transitions
(Pearson and Doe, 2004), first giving rise to CR neurons, then se-
quentially generating glutamatergic pyramidal neurons in neocorti-
callayers VI, V, IV, and finally II/III (fused in mouse; Takahashietal.,
1999). Neurog2 functions iteratively in this process, first promoting
the differentiation of CR neurons (Imayoshi et al., 2008) and then
functioning with Neurogl, a related proneural gene, to specify the
glutamatergic identities of layer V/VI neurons (Fode et al., 2000;
Schuurmans et al., 2004). Currently, it is not known whether Neu-
rogl also functions in CR development, nor is it known whether
Neurogl and Neurog2 specify neuronal identities in the three-layered
piriform cortex, which is an evolutionarily more ancient structure.
We addressed these two questions herein.

The piriform cortex is derived from the ventral pallium (Puelles
et al., 2000; Hirata et al., 2002), which also serves as one of three CR
cell progenitor domains (in addition to the pallial septum and cor-
tical hem; Fig. 1A). Thus, first asking whether Neurogl and Neurog?2
were expressed in ventral pallial progenitors, we examined cortices
between E10.5 and E12.5, the period when CR cells (Wood et al.,
1992; Hevner et al., 2003; Takiguchi-Hayashi et al., 2004) and layer
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Given that Neurog2 * pallial progeni-

C Ry, tors largely encompass the Neurogl ™
~ population, we performed short-term lin-
by .

: : FPKI/+ :
\ge! R eage tracing in NeurogZG " cortices to

capture both lineages, taking advantage
of GFP perdurance in derivative neurons.
In E10.5-E15.5 Neurog2®™" /" cortices,

Neurog2 DAPI

Neurog1 GFP " cells were detected in the neocorti-
N%‘Kg?z cal and piriform cortical marginal zones

(Fig. 1G-J), where CR cells reside. GFP
expression was also detected in the germi-
nal zones and mantle layers of the neocor-
tex and piriform cortex (Fig. 1G], K, M’).
Within the E14.5 Neurog2“™*'* mar-
ginal zone, the vast majority of GFP ™ cells
coexpressed Reelin, a CR cell marker (Al-
cantara et al., 1998), and Tbrl, a cortical-
specific T-box protein (Hevner et al,
2003; Fig. LK=M’). This is consistent with

Figure1.

striatum; vp, ventral pallium.

III piriform cortex neurons arise (Hirata et al., 2002). At E10.5 (data
not shown) and E11.5, Neurogl and Neurog2 transcripts (Fig. 1 B, C)
and protein (data not shown) were detected in scattered pallial pro-
genitors in a high-lateral to low-medial gradient, with elevated ex-
pression levels particularly evident in the ventral pallium, cortical
hem, and pallial septum.

ByE12.5, Neurogl and Neurog2 were more broadly expressed
in scattered progenitors throughout the pallial ventricular zone
(VZ), including in the three sites of CR cell production (Fig.
1D-F’; data not shown). Quantification of proneural expression
in E12.5 CR progenitor domains revealed that Neurogl (ventral
pallium; 11.3 = 1.1% of DAPI * cells, n = 3, 1372 cells; cortical
hem: 6.9 * 0.2% of DAPI " cells; n = 3, 2980 cells) was expressed
in fewer CR progenitors than Neurog2 (ventral pallium; 24.4 =
6.1% of DAPI " cells, n = 3, 1372 cells; cortical hem: 11.6 = 0.5%
of DAPI* cells; n = 3, 2980 cells). Nevertheless, the vast majority
of Neurogl * progenitors coexpressed Neurog2 (ventral pallium:
97.8 £ 1.5%, n = 3, 1372 cells; cortical hem: 89.1 = 4.3%, n = 3,
2980 cells), indicating that these proneural genes are coexpressed
in a common lineage.

Neurog1and Neurog2 are coexpressed in CR progenitors. A, Schematic representation of the three mainssites of (R cell
production. B, , Distribution of Neurog 1 (B) and Neurog2 (C) transcriptsin the E11.5 telencephalon. D—F, F’, Expression of Neurog1
(D, F, red), Neurog2 (E, F’, green), and DAPI counterstain (F, F’, blue) in E12.5 telencephalon. The dotted lines mark the pallial—
subpallial border. G-J, Expression of GFP in E10.5 (G), E11.5 (H), E12.5 (1), and E15.5 (J) Neurog2°™*"* cortices. Insets are
high-magpnification images of the boxed areas in the preplate (E10.5-E12.5) and marginal zone (E15.5). Arrowhead in mark the
pallial-subpallial border. K—M, M’, Coexpression of GFP (K, M’, green), Thr1 (L, M’, red), and Reelin (M, M") in E15.5 Neurog2®™ ¥/ *+
neocortex. Arrowheads mark CR neurons coexpressing all three markers in the marginal zone. ch, Cortical hem; cp, cortical plate; dp,
dorsal pallium; Ige, lateral ganglioniceminence; mge, medial ganglioniceminence; mz, marginal zone; nc, neocortex; ps, pallial septum; str,

the pallial identity of CR neurons (Hevner
et al., 2003) and with our previous short-
term lineage-tracing experimentsin E11.5
Neurog2“"™"*U'* neocortices (Dixit et al.,
2011b).

Thus, Neurog2 " pallial progenitors,
which largely encompass the Neurogl *
pallial progenitor pool, give rise to CR
cells that populate the marginal zones of
both the piriform cortex and neocortex
as well as the mantle zones of both
structures.

Neurog2 single and Neurogl and
Neurog2 double mutants display early
and spatially distinct deficiencies in

CR cells

It was previously reported that fewer CR
cells are generated in E12.5 and E14.5 Neu-
rog2 '~ neocortices (Imayoshi et al., 2008).
However, this study did not address Neu-
rog2 function in CR cells in the piriform cor-
tex, nor did it address whether Neurogl also
contributes to CR cell development. We
therefore compared CR cell numbers in Neurogl and Neurog2 single
mutants as well as Neurogl and Neurog2 double mutants (hereafter
Neurogl/2) at E12.5, when CR differentiation is mostly complete.
We first analyzed the neocortical preplate for Reln expression. Com-
pared with E12.5 wild-type neocortices (111.4 = 7.0 Reln " cells/
field; n = 3; Fig. 2A,A’,M ), the number of Reln " cells was reduced to
a similar extent (1.3-fold and 1.4-fold, respectively) in Neurog2 ~/~
(88.6 = 5.0 Reln ™ cells/field; n = 3; p < 0.05; Fig. 2C,C’,M) and
Neurogl '~ ;Neurog2 '~ (hereafter referred to as Neurogl/2 ')
neocortices (75.4 * 5.9 Reln™ cells/field; n = 2; p < 0.01; Fig.
2D,D’,M). In contrast, 1.3-fold more Reln™ cells were detected in
the Newurogl '~ neocortical preplate (143.3 + 6.0 Reln* cells/field;
n = 3; p < 0.01; Fig. 2 B, B’,M). Notably, the increase in Reln * CR
cellsin Neurogl '~ neocortices is consistent with our previous dem-
onstration that E10.5-E12.5 Neurogl ~'~ neocortices undergo pre-
cocious neurogenesis, although these ectopic neurons were not
previously identified as CR cells (Fode et al., 2000; Mattar et al.,
2004). Strikingly, precocious neurogenesis is also observed in Neu-
rogl/2~'~ neocortices (Fode et al., 2000; Mattar et al., 2004), yet
these neurons do not acquire a CR cell fate (Fig. 2D,D’,M). We
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interpret these results in the following way.
While either Neurogl or Neurog2 can specify
a CR cell identity, Neurogl has an added
role, which is to slow down the rate of early
cortical neurogenesis. Consistent with this
interpretation, Neurog2 '~ CR cell loss is
restricted to dorsomedial domains (Fig.
2C), where Neurogl expression is lost
(Fode etal., 2000), such that this region is
equivalent to a Neurogl/2 double mutant.

To further substantiate the roles of Neu-
rogl and Neurog2 in CR cell genesis, we also
analyzed Tbrl expression, which labels CR
neurons as well as deep-layer cortical neu-
rons (Hevner etal., 2003). In E12.5 embryos
of all genotypes, Tbrl was expressed in the
neocortical and piriform cortical preplates,
albeit at higher levels in Neurogl '~ corti-
ces, which produce more CR neurons, and
at lower levels in Neurog2 ~'~ and Neurogl/
27" cortices, where CR cell numbers are
reduced (Fig. 2E-H’). In addition, Tbr1 was
expressed in a wedge of cells adjacent to the
lateral ganglionic eminence (LGE), demar-
cating the nascent piriform cortex, in all ge-
notypes, except Neurogl/2~'~ double
mutants (Fig. 2E-H). Similar results were
obtained when monitoring Trp73 expres-
sion, which labels CR cells derived from the
pallial septum and cortical hem (Meyer et
al., 2002, 2004): 1.4-fold more Trp73 ™ cells
in the Neurogl '~ preplate (62.2 *= 3.6
Trp73™ cells/field; n = 3; p < 0.0001; Fig.
2],J,N) compared with wild type (44.5 =
2.2 Trp73™ cells/field; n = 3; Fig. 2L,I,N).
Conversely, Trp73 ™" cellnumbers were re-
duced 1.9-fold and 2.7-fold in Neu-
rog2 ~'" (23.2 % 2.0 Trp73 " cells/field;
n = 3;p <0.0001; Fig. 2K,K’,N ) and Neu-
rogl/2~'" (16.6 = 2.1 Trp73™ cells/field;
n = 2; p <0.0001; Fig. 2L,L’,N) neocorti-
ces, respectively. Moreover, in the nascent
piriform cortex, where Trp73™ cells nor-
mally accumulate in a lateral wedge, a strik-
ing loss of Trp73™ CR cells was observed
specifically within Neurogl/2 '~ embryos
(Fig. 2L).

Thus, CR cell differentiation in both the
neocortex and piriform cortex requires
either Neurogl or Neurog2. In addition,
Neurogl has an additional role, which is
to slow down the genesis of early-born
cortical neurons, including CR cells, en-
suring that appropriate numbers of
these early-born neurons are generated.

Defects in CR cell differentiation persist
in later stage Neurog2 ~'~ and Neurogl/
27/~ neocortices and piriform cortices

The presence of fewer CR cells in E12.5 Neurog2 '~ and Neurogl/
cortices could be due to a delay rather than a reduction in
differentiation. To address this possibility, we examined Neurogl
and Neurog2 single and Neurogl/2 double mutants at E15.5, 3 d after

27"
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Figure2. Reduced R cell differentiation in E12.5 Neurog2 '~ and Neurog1/2 ~'~ neocortices and Neurog1/2 ~/~ piriform

cortex. A-D’, Expression of Reelin in E12.5 wild-type (4, A"), Neurog1 ~/~(B,B), Neurog2 ~/7(€,¢),and Neurog1/2 == (0,0)
cortices. A’~D"are high-magnification images of A-D in the neocortical preplate. E-H’, Expression of Thr1in E12.5 wild-type (E,
E’), NeurogT '~ (F, F), Neurog2 ~'~ (G, G"), and Neurog1/2 '~ (H, H") cortices. E'~H’ are high-magnification images of
neocortical preplate in E~H. Arrowheads in H mark the loss of Thr1 * CR cells in the presumptive piriform cortex. I-L’, Expression
of Trp73 in E12.5 wild-type (1, I'), Neurog1 /=, 1), Neurog2 ~'~ (K, K), and Neurog1/2 ~'~ (L, L') cortices. I’=L" are high-
magnification images of neocortical preplate in I~L. Arrowheads in L mark the loss of Trp73 ™ (R cells in the presumptive piriform
cortex. M, N, Quantitation of the number of Reelin ™ (M) and Trp73 * (N) cells in the neocortex of embryos for each genotype. Error
bars in Mand N represent SEM. Student’s t tests were performed comparing all genotypes individually to wild type with p values
denoted as follows: *p << 0.05, **p << 0.01, ***p << 0.005. dp, Dorsal pallium; Ige, lateral ganglionic eminence; mge, medial
ganglionic eminence; pp, preplate; vz, ventricular zone.

CR cell differentiation is normally complete. At E15.5, Reln was ex-
pressed in a relatively continuous layer in the neocortical marginal
zones of wild-type and Neurogl ~'~ neocortices, whereas distinct
gaps in Reln expression were detected in Neurog2 '~ and Neurogl/



Dixit, Wilkinson et al. ® Neurog1/2 Function in the Piriform Cortex

J. Neurosci., January 8, 2014 - 34(2):539—-553 « 543

E15.5 wild-type Neurog1* Neurog2* Neurog1/2”*
()]
©
€
2
o
S|
B e
()
Xilo
c
o
Q |
o A4
@© £ :
§ 1'7;'1 1"'| 8 (7 { IS str ‘
8| I : \pé § | pe pe !
=L | P¢ Al & 1
S8l el . e
c| B B
— 3. - --,.,, W - Lh e s e : C e b . & 93 o= o ko
o E Tiz E”. : - G« : otz H’ ey mz*ﬁ
— . Vel
| Et55Reincounts Y  E15.5 Trp73 counts
3 2 80
? 8 60
: &3 40
[ N = *kk gewk
3 g 20
x K 0
= * & NN \
36 o‘i\ & ‘V\
& o Q'
W ‘\z e &

marginal zone

Figure 3.

marginal zone

Defects in CR cell differentiation in the E15.5 Neurog2 '~ neocortex and Neurog7/2 '~ neocortex and piriform cortex. A~D”, Expression of Reelin in E15.5 wild-type (A-A"),

Neurog? '~ (B~B”), Neurog2 ~'~ (€~C"),and Neurog1/2 ~'~ (D-D") cortices. A~D"are high-magnification images of boxed neocortical regions in A~D. A”~D" are high-magnification images
of boxed piriform cortex regions in A~D. E-H”, Expression of Trp73 in E15.5 wild-type (E~E”), Neurog? ~'~ (F~F"), Neurog2 ~'~ (G-G"), and Neurog1/2 ~'~ (H~H") cortices. E~H’ are

high-magpnification images of boxed neocortical regions in E~H. E”~H” are high-magnification images of boxed piriform cortex regions in E~H. I, J, Quantitation of the number of Reelin ™

(I and

Trp73 ™ (J) cells perfield in the marginal zone (i.e., (R cells). Error bars represent SEM. Student’s ¢ tests were performed comparing all genotypes individually to wild type with p values denoted as
follows: *p << 0.05, **p << 0.01, ***p << 0.005. mz, Marginal zone; nc, neocortex; pc, piriform cortex; str, striatum.

27/~ mutants (Fig. 3A-D’). Accordingly, quantitation of Reln * CR
cells in the marginal zone revealed 1.3-fold and 1.5-fold reductions,
respectively, in Neurog2 '~ (88.6 = 3.6 Reln " cells/field; n = 3; p =
0.0002) and Neurogl/2 '~ (78.1 = 3.8 Reln* cells/field; n = 2; p <
0.0001) neocortical marginal zones compared with wild-type
(116.2 = 5.4 Reln ™ cells/field; n = 3; Fig. 31). Neurogl ~/~ CRnum-
bers had normalized by E15.5 and were not significantly different
than in wild-type neocortices (114.1 + 5.8 Reln " cells/field; n = 3;
p = 0.79; Fig. 3I). A similar result was observed when analyzing
Trp73"* CR cell numbers, which were reduced 3.4-fold and 3.8-fold,
respectively, in Neurog2 '~ (20.8 = 1.3 Trp73™" cells/field; n = 3
p < 0.0001; Fig. 3G,G’J) and Neurogl/2 /7 (188 = 1.5 Trp73™
cells/field; n = 2; p < 0.0001; Fig. 3H,H’,J) neocortical marginal
zones compared with wild-type embryos (72.6 = 3.3 Trp73 ™ cells/
field; n = 3; Fig. 3E, F’,J), while Neurogl ~/~ embryos had normal
numbers of Trp73™ cells (63.1 = 3.9 Trp73 ™ cells/field; n = 3;p =

0.07; Fig. 3F, F’,J ). Moreover, similar to observations made at E12.5,
almost no CR cells were detected in the presumptive piriform cortex
of Neurogl/2 '~ embryos (Fig. 3D”,H”), whereas CR cells lined the
marginal zone of the piriform cortex in all other genotypes (Fig.
3A”-C”,E”-G”).

The reduction in CR cell number in Neurog2 '~ and Neu-
rogl/2 '~ cortices thus persists at E15.5, and hence is unlikely to
be due to a delay in CR cell genesis. Moreover, the original in-
crease in CR cell number observed in E12.5 Neurogl ~/~ cortices
is rectified by E15.5, indicating that Neurogl is only required to
delay cortical neurogenesis at early developmental stages.

Neurog?2 is sufficient to induce CR cell differentiation while
Neurogl limits the formation of neocortical CR cells

The loss of CR cells in Neurog2 '~ and Neurogl/2 ™'~ cortices
could arise if the medial signaling domains from which some CR
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cells arise are defective (Hanashima et al.,
2007; Griveau et al., 2010; Zimmer et al.,
2010), or if Neurogl and Neurog2 function
as instructive determinants of a CR cell
fate. To distinguish between these possi-
bilities, we first examined marker expres-
sion in the Fgf-rich pallial septum (Bielle
et al., 2005; Zimmer et al., 2010), Wnt/
Bmp-rich cortical hem (Takiguchi-Hayashi
et al., 2004; Yoshida et al., 2006; Garcia-
Moreno et al., 2007; Imayoshi et al., 2008),
and Egf-rich ventral pallium (Assimaco-
poulos et al., 2003). In E12.5 Neurogl and
Neurog2 single and Neurogl/2 double mu-
tant cortices, we observed normal pat-
terns of expression of Fgf8/17 in the pallial
septum (data not shown), Wnt3a in the
cortical hem (Fig. 4A—Dj; Imayoshi et al,,
2008), and DbxI in the ventral pallium
(Fig. 4E-H). CR cell progenitor domains
are thus properly established in Neu-
r0g2 '~ and Neurogl/2 '~ cortices.

We next asked whether Neurogl and
Neurog2 could function as instructive de-
terminants of a CR cell fate. Consistent
with this idea, Neurog2 was previously
shown to promote ectopic Reelin expres-
sion when misexpressed in the E9.5 cho-
roid plexus (Imayoshi et al., 2008). Here
we asked whether Neurogl and Neurog2
were sufficient to promote some or all as-
pects of a CR cell identity when misex-
pressed in E10.5 pallial progenitors.
Expression vectors for Neurogl or Neu-
rog2 and a pCIG2 vector control, all ex-
pressing GFP, were introduced into the
E10.5 pallium via in utero electroporation
(Dixit et al., 2011a). After 2 d of in vitro
explant culture, cortices were harvested
and assessed for the induction of CR
marker expression (Fig. 4I-M). Consis-
tent with the Imayoshi et al. (2008) study,
Neurog2 was sufficient to induce ectopic
Reelin expression in the E10.5 pallium
(3.0-fold increase; control: 13.4 = 2.9%
Reelin "GFP "/GFP " cells; n = 4; 567 cells;
Neurog2: 40.5 * 4.8% Reelin"GFP "/
GFP™; n = 3; 1469 cells; p < 0.005; Fig.
4]-M,N). In contrast, Neurogl did not in-
duce ectopic Reelin expression and, more-
over, Neurogl inhibited the ability of
Neurog2 to induce a CR fate when the two
genes were coelectroporated (2.3-fold de-
crease; Neurogl: 8.1 = 3.7% Reelin *GFP™/
GFP " cells; n = 3; 79 cells; Neurogl plus
Neurog2: 18.0 * 4.6% Reelin™GFP*/
GFP *;n = 3;757 cells; Fig. 4N ). In contrast,
neither Neurogl nor Neurog2 were sufficient
to induce the expression of Trp73 (Fig. 4P),
even though loss-of-function studies indi-
cate that these proneural genes are required
for the generation of Trp73™ CR neurons
(Figs. 2, 3).
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Figure 4.  Neurog1 and Neurag? are sufficient to induce the expression of a subset of CR markers. A—H, Expression of

Wnt3a (A-D) and Dbx1 (E-H) in wild-type (A, E), Neurog1 '~ (B, F), Neurog2 ~'~ (C, G), and Neurog1/2 ~'~ (D, H)
E12.5 cortices. I, Schematic representation of in vitro electroporation protocol: expression constructs were injected into the
E10.5 mouse telencephalon, followed by dissection of the dorsal telencephalon, embryo culture for 2 DIV, and analysis.
J-M, Misexpression of Neurog2-IRES-GFPin E10.5 cortices, followed after 2 DIV by immunolabeling to visualize expression
of GFP (J, M, green), Reelin (K, M, red), and Tbr1 (L, M, blue). Boxes to the right of M are high-magpnification images of the
boxed areas in J-M. N-P, Quantitation of the percentage of GFP ™ electroporated cells expressing Reelin (N), Tbr1(0), or
Trp73 (P). Error bars represent SEM. Student’s t tests were performed comparing all genotypes individually to wild type
with p values denoted as follows: *p << 0.05, **p << 0.01, ***p << 0.005. ch, Cortical hem; div, days in vitro; dp, dorsal
pallium; Ige, lateral ganglionic eminence; mge, medial ganglionic eminence; pp, preplate; vz, ventricular zone; vp, ventral
pallium.
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Figure 5.  Early defects in cell fate specification in the ventral pallium and presumptive piriform cortex in Neurog1/2 '~

embryos. A-H, Expression of GFP (4-D) and activated caspase 3 (E-H, red) in E12.5 Neurog2F* */~ heterozygotes (“wild-
type”; A, E), Neurog? ~'~ mutants carrying one copy of the Neurog2°™ " allele (B, F), Neurog2°™**" mutants (C, G), and
Neurog1 ~'~ ;Neurog2°™ “"¥ double mutants (Neurog7/2 ~/~,; D, H). Arrowheads in G and H mark elevated levels of apoptosis in
the Neurog2 ~'~ and Neurog1/2 ~'~ ventral pallium. I~P, Expression of Lhx2 (I-L) and Wnt7b (M—P) in E12.5 wild-type (I, M),
Neurog1 T U N), Neurog2 ~/~ (K, 0),and Neurog1/2 /= (L, P) cortices. Arrowheads in L and P mark reduced expression of
Lhx2 and Wnt7b in the double-mutant ventral pallium. Q-T, X-gal staining (blue) of E12.5 wild-type (Q), Neurog? ~'~ (R),
Neurog2 ~'~ (S), and Neurog1/2 ~'~ (T) cortices, all from embryos carrying a lef/tcf-lacZ transgene. Arrowhead in T marks
reduced X-gal staining. U-X, Expression of Dlx7 in E12.5 wild-type (U), Neurog1 =), Neurog2 (W), and Neurog1/2 =
(X) cortices. Arrowhead in Xmarks ectopic DIx 7 expression in double mutants. dp, Dorsal pallium; Ige, lateral ganglionic eminence;

pe, piriform cortex; vp, ventral pallium.

The inability of NeuroglI to promote a CR cell fate is not at first
glance consistent with our loss-of-function studies, which sug-
gest that Neurogl can promote a CR cell fate in the absence of
Neurog2. One possibility is that Neurogl can induce some aspects

GFPKI/KI.
Ne;\l[g?ﬂcz,grf- ’ neuronal identity, and not subtype-
‘Neurog1/2"’ specific CR pathways, a mode of action

that would be consistent with Neurogl’s
partial fate specification properties in the
OE (Cau et al., 2002). To test this model,
we asked whether Neurogl and Neurog2
could induce the expression of Tbrl, a
cortical identity marker. In striking con-
trast to Reelin, both Neurogl and Neurog2
induced ectopic Tbrl expression whether
expressed together or apart (2.8-fold, 2.6-
fold, and 2.5-fold increases respectively;
control vector: 14.8 + 3.0% Tbrl “GFP */
GFP 5 n = 4; 251 cells; Neurogl: 41.3 =
12.0% Tbr1 "GFP*/GFP*; n = 3; 140
cells; p < 0.05 vs pCIG2; Neurog2: 38.6 =
4.9% Tbrl "GFP "/GFP"; n = 3; 923
cells; p < 0.005 vs pCIG2; Neurogl plus
Neurog2: 37.7 * 6.6% Tbrl *GFP*/
GFP *5n = 3; 806 cells; p < 0.05 vs pCIG2;
Fig. 40).

Thus, while Neurog2 is sufficient to
promote the expression of cortical and
some CR cell identity markers in early pal-
lial progenitors, as previously shown in
the choroid plexus (Imayoshi et al., 2008),
Neurogl is only sufficient to induce a cor-
tical identity, at least in the cellular con-
text and time frame tested. Moreover,
Neurogl impedes Neurog2’s ability to in-
duce CR marker expression, consistent
with a role for this factor in controlling the
rate of early CR cell production.

Early defects in cell fate specification
and not migration in the Neurog1/2 '~
piriform cortex

Neurog2 has sequential functions in the
neocortex: first promoting a CR identity
and later specifying deep-layer neocorti-
cal cell fates. We thus asked whether Neu-
rogl and Neurog2 have similar sequential
functions in the ventral pallium/piriform
cortex. After forming CR cells, ventral
pallial progenitors give rise to neurons in
the piriform cortex, with layer I lot cells
differentiating between E10 and E11, fol-
lowed by deep-layer III neurons at E12,
and layer II neurons arising between E13
and E14 (de Carlos et al., 1996; Tomioka
et al, 2000; Hirata et al., 2002; Vyas
et al., 2003). To first determine whether
Neurog2-expressing progenitors in the
ventral pallium populate the piriform
cortex, we examined GFP expression in
E12.5 “wild-type” (i.e., Neurog2®™"x*
heterozygous) and Neurogl and Neurog2
single and double mutant embryos carry-
ing a Neurog2“"** allele (Fig. 5A-D). In E12.5 Neurog2®" <1 /=
heterozygotes, GFP* cells emanated from the ventral pallium,
accumulating in a ventrolateral wedge adjacent to the LGE in the
nascent piriform cortex (Fig. 5A). The accumulation of GFP *
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cells in a wedge shape in the piriform cortex closely mimicked the
spatial pattern of Tbr1 * and Trp73 * cells observed above (Fig.
2E,I). A similar ventrolateral stream of GFP ™ cells was also ob-
served in Neurogl ~'~ mutants carrying one copy of the
Neurog2“"™"*! allele, in Neurog2“™"**! single mutants, and in
Neurogl ~'~;Neurog2®™"*¥! double mutants (Fig. 58-D). Thus,
the tangential migration of neurons derived from the ventral pal-
lium into the piriform cortex is not grossly perturbed by the loss
of Neurogl and Neurog2. However, immunostaining with anti-
activated caspase 3 revealed that there is elevated levels of apo-
ptosis in the Neurog2 '~ and Neurogl/2~'~ ventral pallium at
E12.5, after CR cell production has ended and the genesis of
piriform cortical neurons has begun (Fig. 5E-H ). To test whether
cells with a piriform cortex identity were selectively lost in Neu-
rog2 '~ and Neurogl/2 '~ cortices, we examined the expression
of Lhx2, a cortical selector gene that regulates a key decision
between making neocortical versus piriform cortical structures
(Chou et al., 2009). In E12.5 wild-type and Neurogl ~'~ cortices
(Fig. 51,]), a stream of Lhx2 " cells emanated ventrally from the
ventral pallium, marking the presumptive piriform cortex. In
contrast, the Lhx2 ™ presumptive piriform cortical neurons were
disorganized in Neurog2 ~'~ embryos and, strikingly, were lost in
Neurogl/2~'~ cortices (Fig. 5K,L).

To further assess piriform cortex development in E12.5 Neu-
rogl and Neurog2 single and double mutants, we monitored ca-
nonical Wnt signaling, which specifies a dorsal telencephalic cell
fate (Gunhaga et al., 2003; Hirabayashi et al., 2004; Israsena et al.,
2004; Backman et al., 2005; Machon et al., 2005; Watanabe et al.,
2005). Wnt7b, which can initiate canonical signaling (Wang et
al., 2005), was expressed in neurons migrating into the outer layers
of the developing piriform cortex in E12.5 wild-type, Neurogl ~'~,
and Neurog2 '~ embryos (Fig. 5M-P). In contrast, Wnt7b ex-
pression was strikingly absent in the presumptive Neurogl/2 ™'~
piriform cortex, although transcripts were still detected in the
dorsal LGE (Fig. 5P). To further test whether canonical Wnt
signaling was indeed disrupted, we monitored (-galactosidase
activity in a transgenic line carrying a lef/tcf-lacZ reporter (Mo-
hamed et al., 2004). In E12.5 wild-type, Neurogl ~'~, and Neu-
rog2 '~ embryos, lef/tcf-lacZ reporter activity was detected
throughout the wedge of cells corresponding to the presumptive
piriform cortex (Fig. 5Q-T). In contrast, the presumptive piri-
form cortex in E12.5 Neurogl/2 '~ embryos was devoid of lef/
tcf-lacZ reporter activity, indicating that canonical Wnt signaling
was strongly reduced in the Neurogl/2 '~ piriform cortex (Fig.
5T'). Finally, to test whether loss of a dorsal telencephalic identity
was due to a transition to a ventral fate, we examined the expres-
sion of DixI. DIxI was ectopically expressed throughout the Neurogl/
277 piriform cortex (Fig. 5U-X), as previously shown in adjacent
neocortical territories (Fode et al., 2000; Schuurmans et al., 2004).

Thus, the loss of both Neurogl and Neurog2 does not prevent
the migration of neurons derived from the ventral pallium into
the presumptive piriform cortex, but rather results in a ventraliza-
tion of these cells, which may contribute to their subsequent death.

Lamination and cell fate specification defects in Neurog1/2~/~
piriform cortex

To further characterize defects in piriform cortex development in
Neurogl/2 '~ embryos, we first examined histological sections at
E18.5, when neurogenesis and lamination are essentially complete.
In E18.5 wild-type, Neurogl /=, and Neurog2 =/~ brains, the tran-
sition from a six-layered neocortex to three-layered piriform cortex
was evident as a medial inflection and narrowing of the densely
stained neuronal layers (Fig. 6A—C). In contrast, in E18.5 Neurogl/
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27!~ brains, the presumptive piriform cortex was thinner, hypocel-
lular, and lacked densely stained neuronal layers (Fig. 6D).

To examine the basis of these histological defects, we used mark-
ers to label the different layers of the piriform cortex. In E15.5 wild-
type, Neurogl /=, and Neurog2 -/ embryos, Tbr1, which marks
neocortical and piriform cortical neurons (Hevner et al., 2001), was
expressed in all three layers of the piriform cortex (Fig. 6E-G). In
contrast, many fewer neurons expressed Tbr1 in the E15.5 Neurogl/
27/~ piriform cortex (Fig. 6H ), which is consistent with a similar
reduction observed at E12.5 (Fig. 2H ). Similarly, the expression of
Ctip2, which was expressed in layer II of the E15.5 wild-type, Neu-
rogl /=, and Neurog2 -/ piriform cortex, as well as Id2, which was
expressed in layers IT and III, were both strongly reduced in the
Neurogl/2~'~ piriform cortex (Fig. 6I-P). The loss of piriform cor-
tex marker expression in Newurogl/2 '~ embryos was not due to a
transformation from a piriform to neocortical identity, as Fezf] and
Tle4, which mark upper and deep layer neocortical neurons, respec-
tively, and which are not expressed in the piriform cortex, were not
ectopically expressed in the presumptive piriform cortex of Neurogl/
27/ embryos (data not shown).

While the piriform cortex has a ventral location, it has a dorsal
origin, arising from lateral and ventral pallial progenitors. We
thus reasoned that the loss of “dorsal” (cortical)-specific marker
expression in the Neurogl/2 '~ piriform cortex could be due to a
dorsal-to-ventral fate transition, resulting in the generation of
ectopic interneurons, as previously shown in Neurog2 '~ and
Neurogl/2 '~ neocortices (Fode et al., 2000; Schuurmans et al.,
2004) and OBs (Shaker et al., 2012). We thus examined the ex-
pression of Etvl and Pax6, which label dopaminergic periglo-
merular interneurons in the OB (Stenman et al., 2003; Kohwi et
al., 2005; Saino-Saito et al., 2007), and DIxI, which labels GABAe-
rgic interneurons in both the cortex and OB (Anderson et al.,
1997; Long et al.,, 2007). All three interneuron markers were
ectopically expressed in E15.5 Neurog2 '~ and Neurogl/2 ™'~
piriform cortices, whereas only scattered piriform cortex in-
terneurons expressed these markers in E15.5 wild-type and
Neurogl '~ embryos (Fig. 6Q—Z,A’,B’). However, neuronal mis-
specification was much more severe in the double-mutant piri-
form cortex, with ectopic EtvI and Pax6 expression detected in all
three layers (Fig. 6T,B’), while ectopic DIxI expression was re-
stricted to deep layer III (Fig. 6X).

Together, these results suggest that the Neurogl/2 '~ piri-
form cortex is comprised of neurons with aberrant molecular
identities. Strikingly, the “ventralized” neurons have a similar
molecular signature as OB interneurons, which are derived from
the dorsal LGE, a subpallial progenitor domain that lies immedi-
ately adjacent to the ventral pallium (Vergano-Vera et al., 2006;
Flames and Hobert, 2009).

LOT formation is perturbed in the Neurogl/2~'~ double-
mutant piriform cortex
The piriform cortex is part of a three-part neural network that also
includes the OE and OB, which together mediate the primary sense
of olfaction. We previously showed that Neurogl/2 '~ double mu-
tants only form a remnant of an OB-like structure (OBLS) in an
aberrant ventral position (Shaker et al., 2012). Nevertheless, despite
this abnormal architecture, some glutamatergic mitral cells, which
are the output neurons of the OB that target the piriform cortex,
differentiate in the Neurogl/2 /= OBLS (Shaker et al., 2012). We
therefore questioned whether Neurogl/2 '~ mitral cell axons are
capable of forming a LOT that innervates the piriform cortex.

To trace LOT axons, a Dil crystal was inserted into the OB of
E18.5 wild-type and Neurogl and Neurog2 single-mutant and
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N LOT (Fig. 7C). In contrast, in E18.5 Neu-
rog1/2~'~ brains, Dil crystals placed in the
rostroventral telencephalon did not label a
distinct LOT, suggesting that the ectopically
localized mitral cells in the Neurogl/2 ™'~
OBLS failed to extend axons to innervate the
piriform cortex (Fig. 7D).

To confirm that LOT formation did
not occur in Neurogl/2~'~ embryos, we
examined calretinin expression. Calre-
tinin immunolabeling was detected in mi-
tral cell axon bundles innervating the
piriform cortex in E15.5 wild-type, Neu-
rogl ~'~,and Neurog2 ~'~ brains (Fig. 7E~
H’). In contrast, a calretinin™ axonal
bundle was not observed in the presump-
tive piriform cortex in Neurogl/2 '~ mu-
tants (Fig. 7H,H’). To further examine
LOT formation, we examined embryos
carrying a Neurog2®*"*' allele, which
serves as a short-term lineage trace of glu-
tamatergic projection neurons in both the

neocortex and OB (Britz et al., 2006;
Shaker et al., 2012). A distinct GFP " LOT

was observed in the piriform cortex of
Neurog2“"™" X'/~ heterozygotes (Fig. 71, M,
Q), as well as in Neurogl ~/~ mutants carry-
ing one copy of the Neurog2“™**! allele (Fig.

7J,N,R) and NeurogZGF PRUKI single mu-
tants (Fig. 7K,0,S). In contrast, a GFP ™

Figure 6.

piriform cortices. nc, Neocortex; pe, piriform cortex; str, striatum; tu, olfactory tubercle.

double-mutant embryos (Fig. 7A-D). In E18.5 wild-type em-
bryos, Dil-labeled LOT axons formed a narrow axon bundle that
extended along the lateral surface of the telencephalon before turn-
ing in a ventral direction to innervate the piriform cortex (Fig. 7A).
Dil crystals inserted into the Neurogl ~'~ OB also anterogradely la-
beled the LOT (Fig. 7B), even though the Neurogl ~/~ OB is smaller
and abnormally laminated (Shaker et al., 2012). Likewise, Neu-

Defects in lamination and cell fate specification in the Neurog1/2 '~ piriform cortex. A-D, Hematoxylin and eosin
staining of E18.5 wild-type (4), Neurog =/~ (B),Neurog2 ~'~ (C),and Neurog1/2 ~/~ (D) cortices. Arrowheads in A-C marksite of LOT
formation. E-Z, A’, B’, Expression of Thr1 (E-H), (tip2 (I-L), Id2 (M-P), Etv1 (Q-T), DixT (U-X), and Pax6 (Y, Z, A’, B') in E15.5 wild-type
(E,1,M,Q,U,Y),Neurog? ~'~ (F,J,N,R,V,2),Neurog2 ~'~ (G,K,0,S, W, A", and Neurog1/2 ~'~ (H,L,P, T X, B cortices. Insetsin I-P
are high-magnification images of the piriform cortex. Asterisks in L and P show reduced expression of (tip2 and Id2in the Neurog1/2 ~/~
piriform cortex. Amowheadsin S, T, W, X, A’, and B’'mark the ectopic expression of £tv7, Dix 7, and Pax6 in Neurog2 ~/~and Neurog1/2 =

LOT was not evident in the Neurogl -
Neurog2®™" Xl piriform cortex (Fig.
7L,P,T). Notably, the LOT, which is com-
prised of mitral cell axons, was also distin-
guishable in wild-type, Neurogl ', and
Neurog2 '~ piriform cortex by the absence
of MAP2 expression, which is a dendritic
marker (Fig. 7M-0), whereas a MAP2-free
zone was not observed in the presumptive
Neurogl/2~'~ piriform cortex (Fig. 7P).
Thus, although some mitral cells differenti-
ate in the Neurogl/2 '~ OBLS, they fail to
innervate the piriform cortex.

Defects in the differentiation of lot1
guidepost neurons in the Neurogl/2 ™'~
piriform cortex

LOT formation depends on lot guidepost
cells, which have a dorsal pallial origin
(Sato et al., 1998; Tomioka et al., 2000).
We speculated that the failure of LOT for-
mation in the Neurogl/2 '~ piriform cor-
tex could be due to defects in the
differentiation of lot cells, which could be
derived from a Neurog2-lineage. To monitor lot cell formation,
we took advantage of two markers: a lot-cell-specific monoclonal
antibody called lot1 (Sato et al., 1998), which recently was shown
to recognize metabotropic glutamate receptor subtype-1
(mGluR1), and an mGluR1 riboprobe (Hirata et al., 2012). To first
determine whether lot cells were derived from the Neurog2 lineage,



548 - J. Neurosci., January 8, 2014 - 34(2):539-553

we performed lot] immunolabeling on em-
bryos carrying a Neurog2®™**! allele. In
E12.5 Neurog2®"™"* ™'~ heterozygotes (wild
type), Neurogl '~ mutants carrying one copy
of the Neurog2®™ ! allele, Neurog2®™" /X!
single mutants, and NeurogZGF PRUKL Ney-
rogl ~'~ double mutants, lot1 and GFP were
coexpressed (Fig. 8A—C). However, in Neu-
rogl/2~'~ embryos, many fewer lot1 " cells
migrated into the presumptive piriform
cortex compared with all other genotypes
(Fig. 8D). Similarly, mGIuR1I was expressed
in the presumptive piriform cortex in E12.5
wild-type, Neurogl ~/~, and Neurog2 ™'~
piriform cortex, whereas many fewer
mGluR1" lot cells were detected in Neurog1/
27" embryos (Fig. 8E-H). Expression of
lot1 persisted in the piriform cortexat E15.5,
with notable defects only observed in Neu-
rogl/2~'~ piriform cortex (Fig. 8I-L). The
differentiation of lot cells is thus strikingly
reduced in Neurogl/2 '~ embryos.

We were struck by the similarities in
the E12.5 expression profiles of lot1 (Fig.
8A-D) and Trp73 (Fig. 2I-L), which labels
a subset of CR cells (Meyer et al., 2002,
2004). Given their similarities, we specu-
lated that lot guidepost cells could be a
subpopulation of CR neurons. While pre-
vious studies have suggested that there is
limited overlap in the expression of lotl
and Reelin (Sato et al., 1998), in our stud-
ies, which were conducted on sections in-
stead of in whole-mount, we found that a
subset of E12.5 lot1 ™ cells indeed coex-
pressed Reelin (Fig. 8 M, N,N") and Trp73,
the full-length Trp73 isoform (Fig.
80,P,P’). Moreover, quantitation of co-
expression rates revealed that the high
lotl © cells that surround the LOT fre-
quently coexpressed Reelin (94.5 * 0.8%,
n = 3,697 cells) and Trp73 (96.0 £ 1.2%,
n = 3, 1068 cells), while the lower-
expressing lotl * cells that are farther
away from the LOT displayed reduced lev-
els of Reelin (39.6 = 4.0%, n = 3, 2228
cells) and Trp73 (43.5 £ 4.2%, n = 3,
2218 cells) coexpression (Fig. 8Q).

We thus conclude that lot guidepost
cells are a subset of CR neurons, revealing
that these cells have a pallial origin, and
depend on both Neurogl and Neurog2 for
their differentiation (Fig. 8R,S).

Trp73 is required for LOT formation
and lot cell positioning

We reasoned that if lot cells were indeed a
subpopulation of Reelin */Trp73 " CR
neurons, that the mutation of Reelin
and/or Trp73 could in turn influence lot
cell formation and/or function. Indeed,
Reelin is required for cellular orientation
of neocortical layer VI neurons (O’Dell et
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Figure 7. LOT formation is perturbed in the Neurog1/2 ~/~ piriform cortex. A-D, LOT axons were traced by inserting a Dil
aystal into E18.5 wild-type (4), Neurog? '~ (B), Neurog2 —'~ (C), and Neurog1/2 ~'~ (D) OBs. Arrowheads mark the ventro-
medial tum of the forming LOT, which fails to form in Neurog7/2 ~'~ embryos. E-H’, Labeling of OB mitral cell axons in the LOT
with anti-calretinin in E15.5 wild-type (, E), Neurog1 ~'= (F, F), Neurog2 ~'~ (G, G, and Neurog1/2 '~ (H, H") piriform
cortices. Blue is a DAPI counterstain. E’~H”are higher-magnification images of boxed areas in E-H. Arrowheads in G and H mark
supernumerary calretinin ™ interneurons in Neurog2 ~'~ and Neurog1/2 ~'~ neocortices, respectively. I-T, Expression of GFP
(green) and MAP2 (red) in E15.5 Neurog2°™ X! */~ heterozyqotes (“wild-type”; I, M, @), Neurog? ~/~ mutants carrying one copy
ofthe Neurog2" “ allele (J, N, R), Neurog2°"”*"¥ mutants (K, 0, 5), and Neurog? —'~;Neurog2°""** double mutants (Neurog1/
27/7:1,P,T).Blueisa DAPI counterstain. The dotted white line outlines the LOT. n¢, Neocortex; pe, piriform cortex; str, striatum;
tu, olfactory tubercle.
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Figure 8.
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heterozygotes (“wild-type”; A, E), Neurog7 ~/~ mutants carrying one copy of the Neurog2°” ' allele (B, F), Neurog2”*/X! mutants (C, G), and Neurog? ~/~;Neurog2°™ *"X' double mutants
(Neurog1/2 ~/~: D, H) with anti-lot1 (A-D, red), anti-GFP (4-D, green),and a mGluR1 riboprobe (E~H). Insets in A—D are lot1immunostaining of the lot. Arrows in D and H mark a loss of lot cells
in the Neurog1/2 ~' piriform cortex. (I-L’) Expression of lot1 in E15.5 wild-type (I, '), Neurog? ~/~ (J, J'), Neurog2 '~ (K, K"), and Neurog1/2 ~'~ (L, L) cortices. The images in I'~L" are
high-magpnification images of the boxed areas in /-L. M—P, Coexpression of lot1 (M, N', red) and Reelin (N, N’, green), and of lot1 (0, P’, red) and Trp73 (P, P) in the lot. Blue is DAPI counterstain
inN" and P Insets in N” and P are higher-magpnification images of the lot. @, Quantitation of the coexpression of lot1 with Reelin and Trp73. Cells that expressed high levels of lot1, which surround
the LOT, were counted separately from those displaced from the ot (high and low lot * cells, respectively). R, Schematic representation of E12.5 telencephalon, depicting the suggested dorsal pallial
source of lot cells (red), and the cortical hem and ventral pallium as the sites of (R cell genesis (blue). S, Summary of our findings, demonstrating that Neurog7 and Neurog2 are coexpressed in dorsal
and ventral pallial progenitors, which give rise to lot cells, a subset of Reelin /Trp73 * (R cells. ch, Cortical hem; dp, dorsal pallium; Ige, lateral ganglionic eminence; lot, lot guidepost cells; vp,

ventral pallium.

al., 2012), while Trp73is required for CR cell genesis (Meyer et al.,
2004). Notably, Trp73 has two transcriptional start sites, and it is
only the larger TAp73 protein, which is generated via transcrip-
tion from an upstream P1 promoter, that is a functional tran-
scription factor (Conforti et al., 2012). Moreover, the TAp73
isoform regulates the expression of Hey2, a repressor of bHLH
proteins, such as Neurogl and Neurog2 (Sakamoto et al., 2003;
Fujitani et al., 2010). Thus, to test whether genes involved in CR
genesis and/or function also influenced lot formation, we ana-
lyzed E15.5 Reeler, Trp73 '~ (p73~'7), and TAp73 ™'~ cortices.

We first examined whether CR cell production was affected in
these mutants. Interestingly, while the expression of Trp73 in
neocortical and cortical CR cells appeared normal in E15.5 Reeler
mutants (Fig. 9A,B), the expression of Reelin was strikingly re-
duced in the p73 ™'~ and TAp73 '~ piriform cortical and neo-
cortical marginal zones (Fig. 9C-E), which is consistent with
previous studies (Meyer et al., 2002, 2004). Thus, if CR cells re-
main in p73 '~ and TAp73 ™'~ cortices, they have an abnormal
molecular identity.

Next we examined whether LOT formation, which depends
on lot cells (Sato et al., 1998), was disrupted in the absence of
Reelin and p73. Strikingly, calretinin immunolabeling marked a
larger and less clearly defined LOT in both p73 ™'~ and
TAp73 '~ piriform cortices (Fig. 9H-J,M-0), whereas LOT for-
mation was normal in Reeler mutants (Fig. 9F,G,K,L,0). In ad-

dition, the borders of the LOT were not well circumscribed in
p737'~ and TAp73~'~ piriform cortices. Instead, DAPT ™ cells
were found within the interior of the LOT (Fig. 9K-N,T'). Fur-
thermore, immunostaining with lot1 revealed that lot guidepost
cells were in some instances aberrantly localized within the LOT
in p73~'~ and TAp73 '~ mutants (Fig. 9M,N,R-T), whereas
lot1 * cells were rarely observed in the LOT in wild-type or Reeler
mutant cortices (Fig. 9K,L,P,Q,T).

Thus, not only is Trp73 expressed in lot cells, which are a
subpopulation of CR neurons, but p73 is also required for the
proper organization of lot cells, and for the subsequent innerva-
tion of the piriform cortex by LOT axons.

Discussion

The cerebral cortex is comprised of the archicortex, neocortex,
and piriform cortex, each derived from distinct pallial progenitor
domains during development. Within each pallial territory, pro-
genitor cells undergo temporal identity transitions, so that the
diverse neuronal populations that make up each cortical struc-
ture are generated at their correct times and in proper numbers.
Here we demonstrate that the proneural genes Neurogl and Neu-
rog2 form a regulatory loop to temporally control successive cell
fate decisions in the ventral pallium. At early stages, either Neu-
rogl or Neurog2 are required to specify a CR cell identity. In
addition, Neurogl has an added early role—preventing preco-
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Figure 9.

Defectsin LOT formation and lot cell positioning in p73 and TAp73 mutants. A—J, Expression of Trp73 (4, B), Reelin (C, D), and calretinin (F=J) in E15.5 wild-type (A, C, F, H), Reeler =

(B,G),p73 '~ (D, 1),and TAp73 '~ (E, J) cortices. KT, DAP! staining (K—N; P=S, blue counterstain) and lot1 immunolabeling (PS, red label) of E15.5 wild-type (K, P), Reeler ~'~ (L, Q),
p73 '~ (M, R), and TAp73 ~/~ (N, 5) piriform cortices. The LOT is outlined by a dashed white line, following the contours of the area of tight cellular packing. Quantitation of relative area
measurements of the LOT in each genotype (0). Quantitation of the number of DAPI ™ cells displaced within the LOT (T). nc, Neocortex; pc, piriform cortex; str, striatum; tu, olfactory tubercle.

cious neurogenesis by limiting Neurog2’s ability to specify a CR
cell fate. Hence, in the absence of Neurogl, more CR cells are
generated. Furthermore, we reveal that Neurogl and Neurog2 are
required to specify the identity of a subset of CR neurons in the
piriform cortex: lot guidepost cells. Accordingly, we demonstrate
that Trp73, which is expressed in CR cells (Meyer et al., 2002,
2004) and lot cells (this study), is required for normal LOT axon
innervation of the piriform cortex. Finally, we demonstrate that
at later developmental stages, Neurogl and Neurog2 change their
fate specification properties in the ventral pallium, guiding the
differentiation of layer II/III piriform cortical neurons.

Neurogl and Neurog2 have overlapping and nonoverlapping
functions in CR progenitors

Neurogl and Neurog? are expressed in CR cell lineages derived
from all three progenitor domains (this study; Dixit etal., 2011b),
including the rostrobulbar area/pallial septum, cortical hem/cho-

roid plexus, and ventral pallium (Takiguchi-Hayashi et al., 2004;
Bielle et al., 2005; Yoshida et al., 2006; Zhao et al., 2006; Garcia-
Moreno et al., 2007; Imayoshi et al., 2008). Neurog2-derived CR
cells are widespread, populating the piriform cortex, neocortex,
and hippocampus (this study; Dixit et al., 2011b). It is thus not
surprising that we observed a global reduction in CR cell num-
bers in all cortical domains in Neurogl/2 ~'~ embryos. What was
unexpected was the increase in CR numbers in Neurogl ~/~ em-
bryos, and the ability of Neurogl to limit Neurog2’s ability to
specify a Reelin  CR cell identity in gain-of-function assays. We
suggest that the transition from generating CR neurons to deep-
layer cortical neurons in the neocortex and piriform cortex de-
pends on Neurogl’s ability to curtail Neurog2’s early proneural
and cell fate specification properties. While future studies are
required to address mechanism, it may be that Neurogl-Neurog2
heterodimers might have a reduced capacity to transactivate tar-
get genes compared with Neurog2-Neurog2 homodimers. In-
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deed, in a previous study we revealed that Neurog2’s proneural
activities are temporally regulated by their dimerization partner,
and that Neurog2-Neurog2 homodimers are more active than
Neurog2-E47 heterodimers (Li et al., 2012).

Unexpected was the striking and specific loss of Trp73* CR
cells in a V-shaped wedge in the Newurogl/2 '~ piriform cortex.
Trp73™ CR cells are thought to arise from the cortical hem and
pallial septum (Meyer et al., 2002, 2004; Hanashima et al., 2007).
However, in a DbxI-lineage trace (Bielle et al., 2005), which labels
CR cells derived from the ventral pallium and pallial septum,
lacZ™ cells accumulate in the piriform cortex in a pattern that
closely resembles the wedge-shaped distribution of Trp73 ™ cells
(this study). While it has been suggested that pallial septum-
derived CR cells in the Dbx1 lineage are Trp73 " (Griveau et al.,
2010), our data support the idea that some of these Trp73* CR
cells may also be derived from the ventral pallium. Interestingly,
the pattern of Trp73 expression in the wild-type piriform cortex is
the same as lot1/mGIluR1, which label lot guidepost cells (Sato et
al., 1998; Hirata et al., 2012). Moreover, lot1/mGluR1 expression
was strikingly reduced in the Neurogl/2~'~ piriform cortex.
These data, combined with our coexpression data, are good evi-
dence that lot guidepost cells are a subpopulation of CR cells that
depend on Neurogl and Neurog? for their differentiation.

Neurogl and Neurog2 specify the identities of piriform
cortical neurons
Recent studies have suggested that CR cells influence regional
identities and boundary formation in the underlying cortical
neuroepithelium (Griveau et al., 2010). Specifically, the loss of
Dbx1, which is expressed in CR progenitors in the ventral pallium
and pallial septum, alters the distribution of the remaining CR
cells (Bielle et al., 2005), thereby shifting the regional borders that
prefigure cortical areas (Griveau et al., 2010). Similar compensa-
tory changes likely influence the distribution of remaining CR
cells in Neurog2 ™'~ and Neurogl/2~'~ cortices. This raises the
question of whether the patterning defects in Neurog2 '~ and
Neurogl/2 ™'~ cortices are related in any way to CR cell changes.
Itis difficult to reach a definitive answer to this question, since the
mis-specification of Neurog2 ~'~ and Neurogl/2 '~ cortical pro-
genitors may instead be linked to a requirement to suppress ex-
pression of Ascll, another proneural gene that specifies a ventral
telencephalic phenotype (Fode et al., 2000; Schuurmans et al.,
2004). Nevertheless, it is remarkable that the phenotype of the
ectopic interneurons in Neurog2 '~ and Neurogl/2 ™'~ cortices
most closely resemble OB interneurons (i.e., Etvl ™, Pax6 ™,
Dix1 ™, calretinin ™; Yun et al., 2001, 2003), an interneuron pop-
ulation that is normally derived from the dorsal LGE (Long et al.,
2003, 2007; Stenman et al., 2003; Yun et al., 2003; Kohwi et al.,
2005). Interestingly, the dorsal LGE is a subpallial progenitor
domain that immediately abuts the ventral pallium (Yun et al.,
2001). It is thus tempting to speculate that the mis-specification
of Neurog2 '~ and Neurogl/2 '~ cortical territories may be due
to ashift in the pallial-subpallial border, and that this shift may be
related to alterations in the distribution and identity of CR cells.
In contrast, the border between the neocortex and piriform cor-
tex does not appear to be shifted in Neurogl/2 '~ embryos, as the
loss of piriform cortex markers does not correlate with an expan-
sion of neocortical markers FezfI and Tle4. In this regard, Neu-
rog1/2 ™'~ mutants differ from Thrl mutants, which ectopically
express neocortical markers in the piriform cortex (Hevner et al.,
2001).

Based on marker expression (Hirata et al., 2002), as well as
short-term lineage tracing using Neurog2®™**! mice (this study)
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and long-term lineage tracing using DbxI-cre™ mice (Bielle et al.,
2005), neurons in the piriform cortex are generated from progen-
itor cells in the ventral pallium. Hypocellularity of the Neu-
rog2 '~ and Neurogl/2 '~ piriform cortices is likely related to
increased apoptosis in the ventral pallium. Notably, in Pax6 mu-
tants, neuronal mis-specification leads to elevated apoptosis due
to altered expression of the neurotrophin receptors TrkB and
p75NTR (Nikoletopoulou et al., 2007). Interestingly, Dbx1 ex-
pression, which marks the ventral pallium, is lost in Pax6 mutants
(Yun et al., 2001), whereas in Neurog2 '~ and Neurogl/2 ™'~
cortices, DbxI expression is retained (this study). Moreover,
TrkB expression persists in the Neurog2 '~ and Neurogl/2 '~
ventral pallium (data not shown), which undergoes massive cell
death, suggesting that the expression of this neurotrophin recep-
tor alone may not be sufficient to prevent apoptosis in mis-
specified pallial progenitors.

CR cells function in axon guidance

The piriform cortex is part of the olfactory system, which also
includes the OF and OB. While the OE, OB, and piriform cortex
are separate functional entities, they develop as an intercon-
nected unit (de Castro, 2009). Interestingly, Neurogl and/or Neu-
rog2 are expressed in progenitor cells for each of these
components of the olfactory system, including the OE (Cau et al.,
2002), OB (Winpenny et al., 2011; Shaker et al., 2012), and piri-
form cortex (this study). While the differentiation of olfactory
sensory neurons is perturbed in Neurogl ~'~ single mutants, dis-
ruptions in OB (Shaker et al., 2012) and piriform cortex (this
study) development are most severe in Neurogl/2~'~ double
mutants. Neurogl/2 '~ embryos develop a hypocellular OBLS in
an aberrant ventrolateral position (Shaker et al., 2012). However,
even though some mitral cells differentiate in the Neurogl/2 ™'~
OBLS (Shaker etal., 2012), we show here that these OB projection
neurons fail to innervate the piriform cortex (i.e., form a LOT)
due to the loss of lot guidepost cells (Sato et al., 1998). Notably, a
similar OBLS phenotype is observed in Pax6 '~ (Hirata et al.,
2002), Lhx2 '~ (Saha et al., 2007), and Gli3 ™'~ (Balmer and
LaMantia, 2004) mutants, yet only Pax6 '~ mitral cells extend
their axons out of the OB to form the LOT and innervate the
piriform cortex (Hirata et al., 2002). In contrast, in Gli3 '/~ mu-
tants, in which lot cells fail to migrate into the piriform cortex and
instead accumulate in the neocortex (Tomioka et al., 2000;
Balmer and LaMantia, 2004), and in Lhx2 ~'~ cortices, where lot
cells fail to differentiate (Saha et al., 2007), LOT formation is
perturbed. CR cells thus have multiple roles in building the ar-
chitecture of the cortex: not only in patterning the cortical VZ
(Griveau et al., 2010), but also in axonal guidance of olfactory
tracts (this study).

Through these findings, we provide new insights into the con-
trol of temporal identity transitions and neuronal fate specifica-
tion in the piriform cortex, a poorly understood brain region.
Moreover, we identify a novel population of CR neurons (lot
cells), and ascribe a new function to Trp73, which is expressed in
these lot/CR cells, in LOT formation.
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