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Evidence That the Laminar Fate of LGE/CGE-Derived
Neocortical Interneurons Is Dependent on Their Progenitor
Domains

Makio Torigoe, Kenta Yamauchi, Toshiya Kimura, Yo Uemura, and Fujio Murakami
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Neocortical interneurons show tremendous diversity in terms of their neurochemical marker expressions, morphology, electrophysio-
logical properties, and laminar fate. Allocation of interneurons to their appropriate regions and layers in the neocortex is thought to play
important roles for the emergence of higher functions of the neocortex. Neocortical interneurons mainly originate from the medial
ganglionic eminence (MGE) and the caudal ganglionic eminence (CGE). The diversity and the laminar fate of MGE-derived interneurons
depend on the location of their birth and birthdate, respectively. However, this relationship does not hold for CGE-derived interneurons.
Here, using the method of in utero electroporation, which causes arbitrary occurrence of labeled progenitor domains, we tracked all
descendants of the lateral ganglionic eminence (LGE)/CGE progenitors in mice. We provide evidence that neocortical interneurons with
distinct laminar fate originate from distinct progenitor domains within the LGE/CGE. We find layer I interneurons are predominantly
labeled in a set of animals, whereas other upper layer neurons are predominantly labeled in another set. We also find distinct subcortical
structures labeled between the two sets. Further, interneurons labeled in layer I show distinct neurochemical properties from those in
other layers. Together, these results suggest that the laminar fate of LGE/CGE-derived interneurons depends on their spatial origin.
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Introduction
The neocortex consists of two major classes of neurons, excit-
atory pyramidal neurons and inhibitory interneurons. Although
neocortical interneurons comprise only 20 –30% of the cortical
neuronal population, they have tremendous diversity in terms of
molecular expression, morphological features, electrophysio-

logical properties, and laminar distribution (for review, see
Markram et al., 2004; Bartolini et al., 2013). The diversity corre-
lates with proper spatial distribution and the resulting synaptic
connections are key for the emergence of neocortex functions
(Kepecs and Fishell, 2014).

A number of studies have addressed the developmental mech-
anisms that lead to the different laminar fate and subtypes caused
by this diversity. This issue has been most extensively studied for
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Significance Statement

Diverse types of neocortical interneurons have distinct laminar fate, neurochemical marker expression, morphology, and elec-
trophysiological properties. Although the specifications and laminar fate of medial ganglionic eminence-derived neocortical
interneurons depend on their location of embryonic origin and birthdate, no similar causality of lateral/caudal ganglionic emi-
nence (LGE/CGE)-derived neocortical interneurons is known. Here, we performed in utero electroporation on mouse LGE/CGE
and found two groups of animals, one with preferential labeling of layer I and the other with preferential labeling of other layers.
Interneurons labeled in these two groups show distinct neurochemical properties and morphologies and are associated with
labeling of distinct subcortical structures. These findings suggest that the laminar fate of LGE/CGE-derived neocortical interneu-
rons depends on their spatial origin.
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the interneurons derived from the medial ganglionic eminence
(MGE), which is the major source for neocortical interneurons. It
has been shown that both the time and location of embryonic
origin are important for the fate of MGE-derived interneurons
(for review, see Wonders and Anderson, 2006; Gelman and
Marín, 2010). For example, somatostatin-positive (SST�) in-
terneurons largely originate from the dorsal MGE, whereas fast-
spiking parvalbumin-positive (PV�) interneurons originate
preferentially from the ventral MGE (Flames et al., 2007; Fogarty
et al., 2007; Ghanem et al., 2007; Wonders et al., 2008). The
laminar fate of MGE-derived interneurons depends on the cells’
birthdate in an “inside-out” manner (Fairén et al., 1986; Valcanis
and Tan, 2003; Miyoshi et al., 2007; Rymar and Sadikot, 2007), as
is the case for cortical excitatory neurons (Angevine and Sidman,
1961; Takahashi et al., 1999).

The caudal ganglionic eminence (CGE) is the second largest
source of neocortical interneurons (for review, see Gelman and
Marín, 2010; Rudy et al., 2011), although the preoptic area (POA)
also generates a small number of interneurons (Nery et al., 2002;
Gelman et al., 2009). Like the MGE, the CGE generates neuro-
chemically, morphologically, and electrophysiologically diverse
types of interneurons (Lee et al., 2010; Miyoshi et al., 2010; Vucu-
rovic et al., 2010). For example, there are subsets of interneurons
that express vasoactive intestinal peptide (VIP), reelin (RLN),
calretinin, neuropeptide Y (NPY), or their combination (Lee et
al., 2010; Miyoshi et al., 2010; Rubin et al., 2010; Ma et al., 2012;
Miyoshi et al., 2015). Some interneurons extend radially oriented
processes, whereas others show multipolar shape and neuroglia-
form morphology (Hajós et al., 1988; Kawaguchi and Kubota,
1996; Lee et al., 2010; Miyoshi et al., 2010). However, no specific
progenitor domain (PD) within the CGE is known to contribute
to specific subtypes. Furthermore, whereas the CGE contributes
to neocortical interneurons in all layers (Lee et al., 2010; Miyoshi
et al., 2010; Vucurovic et al., 2010; Miyoshi and Fishell, 2011; Ma
et al., 2012), neither the laminar fate nor neurochemical pheno-
type of neocortical interneurons correlates well with their birth-
date (Miyoshi et al., 2010). Therefore, the factors that govern the
diversity and laminar fate of CGE-derived interneurons remain
elusive.

In this study, we took advantage of the fact that in utero
electroporation (IUE) at embryonic day 10.5 (E10.5) prefer-
entially labels progenitors in the lateral ganglionic eminence
(LGE) and CGE (Torigoe et al., 2015) and tracked all des-
cendants of labeled progenitors using the Tol-2 system
(Kawakami et al., 2004a, 2004b). We found that labeled in-
terneurons are preferentially localized to the upper layers in
most animals, a feature characteristic of LGE/CGE-derived
neocortical interneurons. We show evidence that distinct PDs
within the LGE/CGE give rise to interneurons with distinct
laminar fate. Although layer I interneurons were predomi-
nantly labeled in a set of animals, those in other upper layers
were predominantly labeled in a different set of animals. Be-
tween these two sets, distinct subcortical regions were labeled,
suggesting that labeled PDs are distinct between the two
groups. We also found distinct morphological features and
neurochemical properties between the labeled interneurons in
layer I and other layers. These findings suggest that the lami-
nar fate of LGE/CGE-derived interneurons depends on their
spatial origin.

Materials and Methods
Animals. The mice used in the present study have been described previ-
ously (Torigoe et al., 2015). All experiments involving mouse care, sur-

gery, and sample preparation were approved by the Animal Experimental
Committee of Osaka University Graduate School of Frontier Biosciences
and performed in accordance with the National Institutes of Health
guidelines and the Osaka University Guidelines for the Welfare and Use
of Laboratory Animals.

IUE. The methods for IUE have been described previously (Torigoe et al.,
2015). In brief, IUE was performed on E10.5 in wild-type, Ai9, or Nxk2.1Cre;
Ai9 mice of either sex. The cathode of tweezer type electrodes was positioned
near the dorsal midline. To label all progenitor descendants, the Tol-2 system
(Kawakami et al., 2004a, 2004b) and a Cre reporter line were used. pCAGGS
-Tol2 transposase (T2TP) and pT2K-CAGGS-enhanced green fluorescent pro-
tein (EGFP) were coelectroporated with pCAGGS-tandem dimer tomato
(tdTomato) or monomeric cherry (mCherry) to wild-type embryos. pT2K-
CAGGS-EGFP is a Tol2 transposon-flanked EGFP and pCAGGS-T2TP
codes for Tol2 transposase. Upon the co-introduction of pT2K-CAGGS-
EGFP and pCAGGS-T2TP into a cell, the resulting transposon construct is
excised from the plasmid and integrated into the host genome. For Ai9
mouse embryos, pCAGGS-Cre was electroporated with pCAGGS-EGFP to
induce recombination of the genomic DNA in progenitor cells. To simulta-
neously label descendants of Nkx2.1� and Nkx2.1� progenitors in the same
animal, pCAGGS-T2TP and pT2K-CAGGS-EGFP were electroporated to
Nkx2.1Cre; Ai9 mice.

Preparation of tissue sections and immunohistochemistry. The methods
for preparing tissue sections and immunohistochemistry have been de-
scribed previously (Torigoe et al., 2015). The following primary antibod-
ies (Abs) were used: rabbit polyclonal anti-DsRed Ab (1:300-500,
632496; Clontech), rabbit polyclonal anti-GABA Ab (1:2000, A2052;
Sigma-Aldrich), chicken polyclonal anti-GFP Ab (1:1000, ab13970; Ab-
cam), rat monoclonal anti-GFP Ab (1:1000, 04404-84; Nacalai Tesque),
rabbit polyclonal anti-NPY Ab (1: 2000, 22940; Immunostar), sheep
polyclonal anti-NPY Ab (1: 2000, AB1583; Millipore), mouse monoclo-
nal anti-PV Ab (1:1500, 235; Swant), mouse monoclonal anti-RLN Ab
(1:1000, MAB5364; Millipore), goat polyclonal anti-SP8 Ab (1:500, sc-
104661; Santa Cruz Biotechnology), rat polyclonal anti-SST Ab (1:200,
MAB354; Millipore), rabbit polyclonal anti-SOX6 Ab (1:2000, ab30455;
Abcam), and rabbit polyclonal anti-VIP Ab (1:1000-5000, 20077; Immu-
nostar). For SP8 and SOX6 immunostaining, sections were incubated
with 2 N HCl for 30 min at 37°C before application of the primary Ab. The
sections were then washed with 0.1 M borate buffer, pH 9.0, for 10 min.

The secondary Abs used were Alexa Fluor 488-conjugated donkey anti-
chicken IgY (1:500, 703-545-155; Jackson ImmunoResearch), Alexa Fluor
488-conjugated goat anti-chicken IgY (1:500, 103-545-155; Jackson Immu-
noResearch), Alexa Fluor 488-conjugated donkey anti-rat IgG (1:500,
A21208; Life Technologies), Alexa Flour 594-conjugated goat anti-rabbit
IgG (1:1000, A11012; Invitrogen), Alexa Fluor 647-conjugated donkey anti-
rabbit IgG (1:500, A31573; Life Technologies), Alexa Fluor 647-conjugated
goat anti-rat IgG (1:500, A21247; Invitrogen), Cyanine 3 (Cy3)-conjugated
donkey anti-mouse IgG (1:500, 715-166-151; Jackson ImmunoResearch),
Cy3-conjugated donkey anti-rabbit IgG (1:500, 711-165-152; Jackson Im-
munoResearch), Cy3-conjugated goat anti-rat IgG (1:500, 612-104-120;
Rockland Immunochemicals), and Cy5-conjugated donkey anti-mouse IgG
(1:500, 715-175-150; Jackson ImmunoResearch).

Sampling and quantification. Five coronal sections at 500 �m intervals
were subjected to quantitative analysis. Serial sections were cut coronally
at 50 �m and sections were sampled at every 10 sections. Typically, the
second rostralmost section included the anterior commissure and the
caudalmost section included the lateral and basolateral amygdala. In
some animals, sections at the level of the olfactory bulb were also ana-
lyzed to determine whether olfactory granule cells were labeled.

To quantify the laminar distribution of labeled cells, 500-�m-wide
columnar regions spanning from the pial surface to the border with the
white matter were located on the neocortex. For each section, 4 nonover-
lapping columns were set so that the medial end of the medialmost
column was located at 1.5–2.0 mm lateral from the midline. Therefore, a
total of 20 columnar regions were selected for each animal. To assess the
laminar distribution of the labeled cells, the column was divided into 10
tangential bins and the labeled cells in each bin were counted. In some
animals, ToPro3 nuclear staining (1:500 in PBS, T3605; ThermoFisher)
was performed to correlate the bin number with the cortical layers. We
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compared the relationship between cortical layers and bin numbers in all
20 columns. Although the relationship varied depending on the cortical
area, we found that bin 1 generally corresponded to layer I, or the mar-
ginal zone, and bins 2– 4 mostly to layers II/III. In some regions, bin 4
included the upper half of layer IV, but a relatively small number of
interneurons were generally labeled in this bin. Therefore, interneurons
labeled in bin 1 will be referred to as layer I interneurons and those in bins
2– 4 will be referred to as layers II/III interneurons.

Image processing. Image acquisition and processing were performed as
described previously (Torigoe et al., 2015).

Classification of labeled cells. Labeled cells were classified based on their
morphology. Those that extended at least one radial, straight process

basally, apically, or both basally and apically across a length exceeding
100 �m from the cell body and lacked processes extending in other
directions from the cell body were termed radial cells. Those that lacked
radial processes but extended multiple (�3) processes in other directions
were termed multipolar cells.

Results
Superficial distribution of labeled cells
All IUE experiments were done using embryos before the onset of
neocortical interneuron neurogenesis at E10.5 (Fairén et al.,
1986). IUE of a mixture of pCAGGS-T2TP and pT2K-CAGGS-

Figure 1. Neocortical interneurons labeled by IUE. A, Low-magnification view of the labeled neocortex. Neurons in the upper layers are labeled preferentially. B, C, Many neurons with radially
oriented processes were labeled. Neurons with horizontally oriented cell bodies (D) and multipolar shapes (E) were also labeled. F, Laminar distribution of the labeled cells shown in A. The cortical
wall was subdivided into 10 equal bins (A) and the number of interneurons in each bin was counted. G, Laminar distribution of IUE-labeled cells analyzed in this study (56 animals). A majority of
labeled cells are localized in the upper cortical wall. The digits in the ordinate represent bin number and the abscissa indicates the proportion of labeled cells in each bin. Error bars indicate SD. Scale
bars: A, 500 �m; B, C, E, 50 �m; D, 30 �m.
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EGFP enabled us to label persistently descendants originated
from the progenitors that had incorporated these constructs, as
reported previously (Yoshida et al., 2010; Kita et al., 2013). There-
fore, IUE of these constructs to the subpallium labels neocortical
GABAergic interneurons originating from labeled progenitors
regardless of birthdate (Fig. 1A; Torigoe et al., 2015). The laminar
distribution of labeled interneurons varied from animal to ani-
mal. The morphology of individual interneurons also varied,

with some interneurons extending radially oriented processes
(Fig. 1B,C) and others extending processes tangentially (Fig. 1D)
or in many directions (Fig. 1E).

An analysis of the laminar distribution, however, indicated
that a major population of labeled neurons tended to localize to
the superficial laminae of the neocortex, in particular layers I-II/
III (bins 1– 4), in most animals (Fig. 1A,F,G). Among the 7124
cells analyzed in 56 well stained animals, �70% of labeled cells

Figure 2. Extra-MGE/POA origin of IUE-labeled neocortical interneurons. A–F, IUE was performed on an Nkx2.1Cre; Ai9 mouse. A, Low-magnification view of an IUE-labeled mouse. Note that, whereas a
remnant of Nkx2.1 activity occurs in the ventral ventricular zone of the lateral ventricle (arrow), an EGFP signal can be seen at the ventricular surface in the dorsolateral corner of the lateral ventricle (arrowhead).
B–C, Laminar distribution of IUE-labeled interneurons (B) and Nkx2.1 fate-mapped cells (C) show IUE-labeled interneurons are more superficially distributed (D). D, Merged view of B and C. E, F, Higher-
magnificationviewof Nkx2.1 fate-mappedcells (red)andIUE-labeledcells (green).There isnooverlapofgreenandredsignals. G,Laminardistributionof Nkx2.1 fate-mappedcells (redbars)andIUE-labeledcells
(green bars) in the animal shown in A–F. Although Nkx2.1 fate-mapped cells are localized preferentially to the deep zone (n�4225 cells), IUE-labeled cells are localized preferentially to the upper layers (n�
74). H, IUE-labeled cells in a wild-type animal were immunostained for SOX6. No IUE-labeled cell expresses SOX6. I, J, IUE-labeled interneurons express SP8, a LGE/CGE marker. I, SP8 expression. J, Merged view
of IUE-labeled interneurons and SP8 immunoreactivity. The positions of IUE-labeled interneurons are indicated by arrows in I. Scale bars: A, 500 �m; D, 200 �m; F, J, 50 �m; H, 100 �m.
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Figure 3. Preferential labeling of interneurons in upper layers other than layer I in a Group 1 animal. A, Distribution of labeled interneurons in the neocortex. Labeled interneurons are
preferentially localized in the upper layers, but layer I is almost devoid of labeled cells. The section was counterstained with ToPro3 (pseudocolored red). The graph on the left of B shows
the laminar distribution of the interneurons in the animal shown in A and that on the right shows the average distribution of 16 animals in which the number of labeled cells in bin 1 was
�1/3 those in bin 2. Ordinate indicates bin number. Abscissa indicate the proportion of labeled cells. Error bars indicate SD. C, IUE-labeled cells (green) and vasoactive intestinal peptide
(VIP) immunoreactivity (red) in the same section show many VIP � IUE-labeled interneurons (arrows) in the lamina below layer I. The dashed line represents the approximate border of
layer I and layers II/III. D, Similar to C but for an NPY-immunostained preparation. IUE-labeled interneurons (green) immunoreactive for NPY (red; arrows) are seen below layer I (yellow).
Scale bars: A, 500 �m; C, D, 100 �m.
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were localized to layers I-II/III in 32 animals and �60% in 46
animals. In the remaining 10 animals, the proportion of cells in
layers I-II/III ranged from 30% to 56%.

Given that CGE-derived interneurons are preferentially local-
ized to the upper layers (Xu et al., 2004; Butt et al., 2005; Lee et al.,
2010; Miyoshi et al., 2010; Rubin et al., 2010; Vucurovic et al.,
2010; Ma et al., 2012), the present results raise the possibility that
CGE progenitors were preferentially labeled. This interpretation
is consistent with our previous analysis of IUE-labeled sites in
embryos, in which the LGE and CGE tended to be preferentially
labeled (Torigoe et al., 2015).

LGE/CGE origin of IUE-labeled interneurons
More than 70% of labeled cells fate-mapped by Mash1BACCreER,
which causes specific reporter gene expression in the LGE/CGE,
are localized to layers I and II/III regardless of the time of tamox-
ifen administration (Miyoshi et al., 2010). This localization sug-
gests that the IUE performed in the 32 animals in which �70% of
labeled cells were localized to layers I-II/III was largely targeted to
the LGE/CGE. We therefore focused on these 32 animals in this
study.

Several lines of evidence indicate that the IUE-labeled in-
terneurons in these samples are indeed of extra-MGE/POA
origin. First, a previous study showed that Nkx2.1 expression
persisted into the first postnatal week at the ventricular zone of

the lateral ventricle, likely a remnant or extension of the MGE/
POA (Taniguchi et al., 2013). In Nkx2.1Cre; Ai9 mice with IUE of
EGFP (Fig. 2A), we observed a similar remnant of EGFP-labeled
cells in the ventricular zone of the lateral ventricle (Fig. 2A, ar-
rowhead; see also Fig. 5A) at sites more dorsal than tdTomato
expression, a remnant or extension of the MGE/POA (Fig. 2A,
arrow). Further, in these Nkx2.1Cre; Ai9 mice, no EGFP-labeled
cells expressed tdTomato (0%, 248 cells, 4 animals; Fig. 2B–F). In
addition, IUE-labeled interneurons displayed a laminar distribu-
tion distinct from those of Nkx2.1 fate-mapped interneurons
(Fig. 2G). Although most of the MGE region and the POA express
Nkx2.1, the expression of Cre recombinase is weak in the dorsal
part of the MGE in the Nkx2.1Cre mice used in this study (Xu et al.,
2008). Therefore, IUE-labeled cells, if originated from the dorsal
MGE, might not express tdTomato. To test this possibility, we
performed immunostaining for SST by taking advantage of the
fact that the dorsal MGE generates SST� interneurons (Gelman
and Marín, 2010). We found that almost no IUE-labeled cells
were SST� (2.1%, 467 cells, 5 animals), supporting the conclu-
sion that the vast majority of IUE-labeled interneurons in
Nkx2.1Cre; Ai9 mice are of extra-MGE/POA origin.

In wild-type animals, we performed immunostaining against
SOX6, a molecule specifically expressed in mature MGE-derived
interneurons (Batista-Brito et al., 2009). We found that only a
small fraction of IUE-labeled cells (3.8%, 523 cells, 6 animals)

Figure 4. Preferential labeling of layer I neocortical interneurons in a Group 2 animal. A, Low-magnification view of IUE-labeled interneurons in the neocortex. Counter-stained with ToPro3
(pseudocolored red). Inset shows a high-magnification view of layer I interneurons. Interneurons with horizontally oriented processes are labeled. B, Laminar distribution of interneurons in the
animal shown in A. C, Average laminar distribution of interneurons in animals in which bin 1 interneurons outnumber the other bins (n � 5). Error bars indicate SD. D, IUE-labeled neurons in Group
2 (green) do not express SOX6 (red). SOX6 immunostaining was performed on an IUE-labeled section. E, F, Expression of RLN and VIP in IUE-labeled cells (green) of a Group 2 animal. Double
immunostaining against RLN (blue) and VIP (red). IUE-labeled cells were stained for RLN (arrows) or VIP (double arrowhead). The dashed line in E shows the approximate border of layer I and layers
II/III. Note that two layer I interneurons near the upper left corner express RLN. Scale bars: A, 300 �m; A inset, 50 �m; D, 100 �m; F, 50 �m.
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expressed SOX6 (Fig. 2H; also see Fig. 4D). MGE-derived in-
terneurons express either PV or SST, depending on spatial do-
mains of progenitors (Gelman and Marín, 2010). Therefore, we
also tested the expression of these molecules in IUE-labeled in-
terneurons using the same animals. Again, only a small fraction
(1.6%, 442 cells, 6 animals) expressed either of them, suggesting
extra-MGE origin of the labeled interneurons. In two of these
animals, in which no IUE-labeled interneurons expressed either PV
or SST, we performed immnostaining for SP8, a transcription factor
known to be expressed in a subpopulation of LGE/CGE-derived
interneurons (Ma et al., 2012). We found that a majority of IUE-
labeled interneuron (74%, 152 cells) expressed SP8 (Fig. 2I,J), con-
firming the LGE/CGE origin of IUE-labeled interneurons.

Collectively, these findings suggest that the sites of IUE are
largely restricted to the extra-MGE/POA region, namely LGE/
CGE, in the animals analyzed in this study.

Interneurons in upper layers other than layer I are
predominantly labeled in a group of animals
Although upper layer interneurons tended to be labeled preferen-
tially, we noticed that labeled interneurons in layer I were sparse
compared with those in other upper layers in some animals (Fig.
3A). Given that our IUE method used in this study could label all
descendants of labeled progenitors, this observation raises the pos-
sibility that there exists a PD that preferentially contributes to layers
II/III interneurons. We found that the number of labeled cells in
layer I was no more than 1/3 of the total number of labeled interneu-
rons in layers II/III in 16 of the 32 animals (Fig. 3A,B). We termed
these animals Group 1 animals and subjected them to further anal-
ysis. In Group 1 animals, the zone near the cortical surface looked to
be devoid of labeled cells at first glance (Fig. 3A). Many of them

expressed VIP (Fig. 3C) or NPY (Fig. 3D; also see Fig. 6). The exis-
tence of Group 1 animals suggests that there are LGE/CGE PDs that
preferentially contribute to layers II/III.

Layer I interneurons are preferentially labeled in another set
of animals
The above results suggest that the layer I interneurons originate from
a PD largely distinct from that for Group 1 animals. This led us to
speculate that there must be animals in which layer I interneurons
are labeled preferentially. Indeed, we found a group of animals for
which interneurons labeled in bin 1 outnumbered those in other
bins (5 animals; Fig. 4A–C, Table 1). We termed these animals
Group 2 animals (laminar distribution of the remaining 11 animals
showed a mixture of Group 1 and 2, with an abundance of labeled
interneurons both in layer I and layers II/III). The occurrence of
Group 2 animals suggests that there exists a PD that contributes
preferentially to layer I interneurons. Collectively, the evidence pre-
sented thus far indicates that there are at least two distinct PDs that
contribute preferentially to layer I or other upper layers (mainly
layers II/III). The interneurons labeled in Group 2 animals were
SOX6� (Fig. 4D), confirming the extra-MGE/POA origin of these
cells. Many of the interneurons labeled in layer I expressed RLN but
not VIP (Fig. 4E,F; also see Fig. 6).

It is unlikely that these layer I neurons are Cajal–Retzius cells,
because those cells disappear during postnatal development
(Teissier et al., 2010; Martinez-Galan et al., 2014) and RLN is
expressed exclusively in GABAergic interneurons within the P21
neocortex (Miyoshi et al., 2010). Moreover, these neurons la-
beled in layer I expressed GABA or glutamate decarboxylase
(GAD) (data not shown and Torigoe et al., 2015).

Table 1. Summary of labeled sites in Group 1 and 2 animals

Group 1

Animal # 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Labeled site
Rostral striatum � � � � � � � ‚ � ‚ � � � � � ‚
Striatum � � � � � � � ‚ ‚ ‚ � � � � � �
Nucleus accumbens � � � � � � � ‚ � ‚ � � � � � �
Basolateral amygdala � � � � � � � � � � � � � � � �
Lateral amygdala ‚ � � � � � � � � � � � � � � ‚
Intercalated cell mass � � � � � � ‚ � � � � � � � ‚ �
Central amygdala � � � � � � ‚ � � ‚ � � � ‚ �
Hypothalamus � � � ‚ ‚ � � � ‚ � ‚ � � � � �
Granule cells in olfactory bulb NA NA NA NA NA NA � NA NA � NA NA NA � � �
bin1/bin2-4 0.16 0.2 0.07 0.18 0.23 0.3 0.16 0.23 0.19 0.28 0.25 0.29 0.15 0.3 0.26 0.12
bin1/2 0.34 0.53 0.13 0.36 0.37 0.43 0.29 0.43 0.27 0.47 0.49 0.52 0.35 0.38 0.48 0.22

Group 2

Animal # 17 18 19 20 21

Labeled site
Rostral striatum � � � � �
Striatum � ‚ ‚ � �
Nucleus accumbens � � � � �
Basolateral amygdala � ‚ � ‚ �
Lateral amygdala � ‚ � � �
Intercalated cell mass NA � ‚ � �
Central amygdala NA � � � �
Hypothalamus NA � � � �
Granule cells in olfactory bulb � � � � NA
Bin1/bin2-4 0.92 1.3 0.81 1.41 1.06
Bin1/bin2 1.5 4.6 1.4 2.4 1.72

Circles, triangles, and �’s indicate prominent labeling, sparse labeling and devoid or almost devoid of labeling, respectively. NA indicates that sections are unavailable. “Rostral striatum” indicates the striatal region rostral to the corpus
callosum and “striatum” indicates the rest of the striatal region. “Bin1/bin2” and “bin1/bin 2– 4” indicate the ratio of labeled cells within the indicated bins.
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Distinct subcortical regions are labeled between the two
groups of animals
The evidence presented thus far raises the possibility that there are at
least two distinct PDs within the LGE/CGE. Previously, we showed
that PDs in the subpallium give rise to neurons and astrocytes in
varying subcortical structures and that the labeled subcortical struc-
tures varied from animal to animal (Torigoe et al., 2015). We rea-
soned that we should be able to observe differences in the pattern of
labeling in subcortical structures between Group 1 and 2 animals if
the labeled PDs are indeed different.

To test this idea, we next examined the
pattern of labeling in subcortical struc-
tures, finding profound differences (Table
1). In Group 1 animals, the striatum was
heavily labeled (Fig. 5A). In contrast, in
Group 2 animals, the striatum was only
sparsely labeled. In particular, the rostral
part of the striatum was almost devoid of
labeled cells (Fig. 5E). In the hypothala-
mus of Group 2 animals, labeled cells were
found (Fig. 5F), but almost no cells were
labeled there in Group 1 (Fig. 5B). Fur-
thermore, we found that granule cells in
the olfactory bulb were labeled in Group 1
(Fig. 5D), but not in Group 2 animals
(data not shown). Finally, we compared
the labeling of the amygdala. Basolateral
amygdala (BLA) was almost devoid of la-
beled cells, and lateral amygdala (LA) was
labeled only in a subset of Group 1 ani-
mals (Fig. 5C, Table 1). In contrast, LA or
both BLA and LA were labeled in all
Group 2 animals (Fig. 5G). There were
several differences in the pattern of the
subcortical structure labeling between the
two groups, lending support to the notion
that labeled PDs in the LGE/CGE are dif-
ferent between Groups 1 and 2.

Differential expressions of
neurochemical markers between
layer I and other layers
LGE/CGE-derived interneurons express
several neurochemical markers includ-
ing VIP, RLN, NPY, and calretinin (Lee
et al., 2010; Miyoshi et al., 2010; Ma et
al., 2012; Miyoshi et al., 2015). These
molecules are expressed across all corti-
cal layers. Interestingly, RLN � in-
terneurons are strikingly predominant
in layer I, whereas none of these neuro-
chemical marker-expressing neurons
stands out from others in other layers
(Lee et al., 2010; Miyoshi et al., 2010; Ma
et al., 2012). Analogous to the finding
that there is a correlation between the
expression of neurochemical markers in
MGE-derived interneurons and their
spatial origins (Gelman and Marín,
2010), these findings led us to speculate
that these RLN � layer I interneurons
are derived from a PD distinct from that
of other layers.

We considered whether the PD for Group 2 animals, which
preferentially generates layer I interneurons, may correspond to
the one that generates the RLN-rich population of interneurons.
If so, we would expect that IUE-labeled layer I interneurons in
Group 2 animals should include a predominant proportion of
RLN� interneurons. To explore this possibility, we examined
the proportion of interneurons expressing these neurochemical
markers in layer I. As expected, whereas �80% of layer I in-
terneurons expressed RLN, only �10% expressed VIP or NPY

Figure 5. Labeled cells in subcortical structures in Group 1 and 2 animals. A–D, Labeled cells in Group 1 animals. A, B, Low-
magnification view at the level that includes the rostral striatum (A) and the hypothalamus (B). The striatum was densely labeled
(A), but no cells were labeled in the hypothalamus (B and B inset). In these animals, cells facing the lateral ventricle were often
observed at the dorsolateral corner, possibly a remnant of IUE-labeled progenitors (arrow in A). An enlarged view is shown in A�.
The BLA/LA were almost devoid of labeled cells, although axonal and dendritic processes of unidentified cells can be recognized (C,
arrow). Olfactory granule cells were also labeled (D). E–G, Labeled cells in Group 2 animals. E, Low-magnification view at the level
that includes the rostral striatum. In the neocortex, interneurons near the cortical surface were predominantly labeled. Only a small
number of cells were labeled in the striatum (E). F, At a more caudal level, cells were labeled in the hypothalamus (F and F inset).
G, In the amygdala, the BLA/LA were labeled (arrow). Insets in B and F are high-magnification views of boxed areas in each. All
panels show images of coronal sections. Scale bars: A, B, E, F, 1 mm; C, G, 500 �m; D, 250 �m; A�, 50 �m.
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(Fig. 6A). Taking into account of the fact that the interneuron
populations labeled in Group 1 and Group 2 are largely com-
plementary to each other, we expected that none of these ne-
urochemical markers may be outstandingly expressed in
interneurons labeled in layers II/III-VI of Group 1 animals (Lee et
al., 2010). Indeed, we found comparable proportions (�20%) of
layers II/III-VI interneurons in Group 1 animals that expressed
these three neurochemical markers (Fig. 6B).

Together with the findings shown in the previous sections, these
results are consistent with the hypothesis that there is a PD that
preferentially generates RLN� layer I interneurons and a separate
PD that gives rise to a comparable proportion of RLN�, NPY�, and
VIP� interneurons in other layers (mainly layers II/III).

Variation of labeled neurons in layers II/III-VI
We have provided evidence suggesting that there are at least two
distinct PDs for neocortical interneurons within the LGE/CGE.
We found that there was a variation in the morphology and mo-
lecular expression among labeled neurons in layers II/III-VI of
Group 1 animals (Fig. 3C,D). Some of the neurons were VIP�

(Fig. 3C), whereas others were NPY� (Fig. 3D); in addition, some
extended radially oriented processes (Fig. 1B,C), whereas others
extended processes in multiple directions (Fig. 1E).

It is possible that a particular PD within the LGE/CGE gener-
ates molecularly and morphologically diverse types of inter-
neurons. However, an alternative possibility is that there are
subdomains generating specific types of interneurons. During
the course of the analysis, we found that there was a variation in
morphology, laminar distribution, and neurochemical marker
expression within Group 1 animals. In some animals, labeled cells

exhibiting radially oriented processes were conspicuous (Fig.
7A), whereas multipolar cells prevailed in others (Fig. 7B). Fur-
thermore, we found that there was a correlation between neuro-
nal morphology and neurochemical marker expressions. In the
animal shown in Figure 7A, 56% of radially oriented interneu-
rons (n � 28/50), but only 13% of multipolar interneurons (n �
17/134), were VIP� (Fig. 7C). Conversely, in the animal shown in
Figure 7B, 28% of multipolar interneurons (n � 24/85), but only
0.5% (1/21) of radially oriented interneurons were NPY�

(Fig. 7D). Similar results were obtained for four other VIP-
immunostained and three other NPY-immunostained samples.
We also found that, whereas interneurons with radial processes
barely existed in bins 7–10, a comparable proportion of multipo-
lar interneurons were distributed in bins 4 –10 (Fig. 7E,F). No-
tably, we found that the ratio of interneurons with radially
oriented processes to multipolar cells varied from animal to ani-
mal (5–28% among 12 animals, 2790 cells), a result that is hard to
explain if we assume that both types of cells originate from a
specific PD. Therefore, these findings are consistent with the view
that distinct sub-PDs within the labeled PD in Group 1 animals
generate interneurons with characteristic morphologies, expres-
sion of neurochemical markers, and laminar distribution.

Discussion
In the mammalian CNS, the birthdate of neurons is the major
determinant of their laminar fate. In the neocortex, for example,
late-born excitatory neurons migrate radially past early-born
neurons to settle in more superficial layers, forming an inside-out
gradient of neurogenesis (Angevine and Sidman, 1961). Curi-
ously, despite the difference in migratory patterns, MGE-derived
neocortical interneurons, which reach the cortical plate after
long-distance tangential migration followed by radial migration
(Tanaka et al., 2003, 2006, 2009), also populate the cortex in an
inside-out manner depending on their birthdate (Miller, 1985;
Fairén et al., 1986; Valcanis and Tan, 2003; Miyoshi et al., 2007;
Rymar and Sadikot, 2007). Other neurons, such as those in the
superior colliculus (Altman and Bayer, 1981), retina (Cepko et
al., 1996) and the pontine nucleus (Altman and Bayer, 1987;
Shinohara et al., 2013), also form laminar structures in a
birthdate-dependent manner. In contrast, the laminar fate of
LGE/CGE-derived interneurons appears to be largely indepen-
dent of their birth (Cavanagh and Parnavelas, 1989; Miyoshi et
al., 2011). The present study showed that their laminar fate in-
stead depends on the site of their generation.

Methodological considerations
The IUE method used in this study should not allow us to label
progenitors in specific PDs in a controlled manner, thus giving
rise to labeling patterns of the cortical layers and subcortical
structures that vary from animal to animal (Torigoe et al., 2015).
However, it was possible to classify labeled samples based on the
pattern of labeling. Examination of the laminar distribution of
labeled interneurons in the neocortex, together with the pattern
of labeling in subcortical structures, led us to infer retrospectively
the PDs targeted by IUE.

It is unlikely that the difference in the laminar distribution
between Group 1 and 2 animals reflects differences in neuronal
birthdate, because the Tol-2 system used here in principle labels
interneurons originated from labeled PDs regardless of birthdate.
Therefore, it is likely that the variation in labeling patterns ob-
served in this study reflects the variation of PDs labeled by IUE.

The reason that extra-MGE/POA PDs were targeted preferen-
tially in this study is unknown. One explanation is the technical

Figure 6. Proportion of neocortical interneurons expressing neurochemical markers. A, Pro-
portion of layer I interneurons expressing RLN (n � 3 animals), VIP (n � 2 animals), or NPY
(n � 3 animals) (all Group 2 animals). The expression of RLN is outstanding. B, Proportion of
layer II/III-VI interneurons expressing RLN (6 animals), VIP (6 animals) or NPY (4 animals) (all
Group 1 animals). Comparable proportions of interneurons express each neurochemical marker.
Error bars indicate SD.
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Figure 7. Diversity of labeled interneurons in layers II-VI in Group 1 animals. A, B, Two types of labeled interneurons with distinct morphological features. In some Group 1 animals, interneurons
having radially extending processes were prominent (A), whereas those with multipolar interneurons were dominant in others (B). C, IUE-labeled interneurons (left) immunostained for VIP
(middle). In the merged view shown on the right, VIP � interneurons with radially oriented processes are indicated by arrows, whereas a VIP � interneuron with multipolar shape is indicated by an
arrowhead. D, IUE-labeled interneurons (left) immunostained for NPY (middle). In the merged view shown on the right, NPY � interneurons with multipolar shape (Figure legend continues.)
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difficultly of targeting electrodes to the MGE/POA region, which
is located at the ventral bottom of the neural tube at E10.5,
whereas LGE/CGE is located in the lateral wall and is more easily
accessible. It seems unlikely that the constructs used in this study
operated preferentially in LGE/CGE-derived cells because, in a
small number of animals, many deep layer neurons were labeled
and many of them were SOX6�, SST�, or PV�, molecules
known to be expressed by MGE-derived interneurons (M.T. and
F.M., unpublished observations). It is also unlikely that the accu-
mulation of interneurons in layer I in some experiments was
artifactual, because a large population the interneurons labeled in
layer I expressed RLN, unlike those in other layers. This charac-
teristic expression of RLN is consistent with previous reports (Lee
et al., 2010; Miyoshi et al., 2010; Ma et al., 2012). In addition,
labeled subcortical structures in Group 1 were distinct from those
in Group 2. Our experimental paradigm provided us an oppor-
tunity to analyze interneurons with extra-MGE/POA origins,
which have not been studied extensively before.

Distinct origins of neocortical interneurons in Group 1 and
2 animals
The present finding that the laminar pattern of labeling was
largely complementary between Group 1 and 2 animals suggests

that the embryonic origin of labeled interneurons is distinct be-
tween the two groups. This hypothesis is supported by the finding
that distinct subcortical structures were labeled between the two
groups, with rostrally located structures being labeled in Group 1
more than in Group 2 (Fig. 5). Furthermore, labeled interneu-
rons showed distinct neurochemical properties between the two
groups: The major population of labeled interneurons in Group 2
animals, namely layer I interneurons, predominantly expressed
RLN, but not VIP or NPY, whereas none of these neurochemical
markers was predominantly expressed by layer II/III interneurons
(Fig. 6A), which is the major labeled population in Group 1. The
most plausible explanation for these findings is that interneurons
labeled in Groups 1 and 2 originated from distinct PDs (Fig. 8).

Possible origins of neocortical interneurons labeled in Group
1 and Group 2 animals
Where are the PDs labeled in Group 1 and 2 animals? The present
findings indicate that labeled subcortical structures tend to be
more rostrally located in Group 1 than in Group 2 animals. In
Group 2 animals, the hypothalamus, a caudally located subcorti-
cal structure, was labeled, whereas the rostral striatum was not. In
addition, amygdalar nuclei, which are also located caudally, were
more extensively labeled in Group 2 animals, whereas rostrally
located structures such as the rostral striatum and olfactory bulb
were labeled only in Group 1 animals. These findings suggest that
the interneurons labeled in Group 1 and Group 2 animals origi-
nated from a rostral and a caudal part of the CGE, respectively.

However, given that LGE is located rostrally to the CGE, the
possibility that the PD for Group 1 animals is located in the LGE
cannot be excluded. Neocortical interneurons were originally
thought to be derived from the LGE based on a genetic study

4

(Figure legend continued.) are indicated by arrows, whereas an NPY � interneuron extending
radially oriented processes is indicated by an arrowhead. E, F, Laminar distribution of radially
oriented and multipolar interneurons observed in bins of layers II/III-VI. Although both types of
cells are preferentially localized to bins 2–3, radially oriented cells are almost absent in bins
7–10. Shown is a summary of 12 samples. Error bars indicate SD. Scale bars: B, 300 �m; C, 30
�m; D, 50 �m in D. The scale bar in B also applies to A.

Figure 8. Summary diagram showing that distinct PDs within the LGE/CGE generate subsets of neocortical interneurons with distinct laminar distribution and molecular and morphological
characteristics. Progenitors possibly located within the LGE and/or rostral part of the CGE give rise to interneurons mainly in layers II/III. A subset of the interneurons express VIP and are radially
oriented. NPY-expressing neurons are also generated. The same PD or a PD nearby may give rise to striatal cells and olfactory granule cells. Progenitors possibly located within the caudal part of the
CGE give rise to interneurons in layer I. These interneurons, which exhibit multipolar shapes or horizontally oriented processes, express RLN. The same PD or a PD nearby may also give rise to the
BLA/LA of the amygdala. Interneurons with radially oriented processes and multipolar cells might originate from distinct sub-PDs located within the PD that generates layers II/III interneurons.
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(Anderson et al., 1997) and tracing studies using rat embryos
injected with lipophilic dyes (de Carlos et al., 1996; Tamamaki et
al., 1997). The interpretation of these results came into question
with the findings that the MGE is an origin for interneurons
(Lavdas et al., 1999; Sussel et al., 1999; Wichterle et al., 1999), that
MGE-derived interneurons migrate through the LGE (Anderson
et al., 2001; Wichterle et al., 2001), and that in vivo transplanta-
tion studies failed to show a LGE origin of cortical interneurons
(Wichterle et al., 2001; Nery et al., 2002). Nevertheless, there are
several lines of evidence consistent with the notion that the LGE
gives rise to some cortical interneurons. First, Sp8, a transcription
factor that is expressed in the LGE and dorsal CGE, is expressed in
a migratory stream of cells entering the neocortex from the dorsal
LGE (Ma et al., 2012). Second, a genetic fate mapping study using
Nkx6.2, the expression of which is highest at the LGE-MGE
boundary, found that a substantial number of VIP� cells, which
originate from the LGE/CGE (Lee et al., 2010; Miyoshi et al.,
2010; Rubin et al., 2010; Ma et al., 2012), were labeled in the
neocortex in addition to PV� and SST� cells, which originate
from the MGE (Sousa et al., 2009). Third, slice culture experi-
ments suggested that the LGE is a mitotic origin of a small num-
ber of cortical GABAergic interneurons (Anderson et al., 2001;
Cai et al., 2013). Finally, in the current study, striatal projection
neurons and olfactory granule cells, which are thought to origi-
nate from the LGE (Deacon et al., 1994; Olsson et al., 1995; Wich-
terle et al., 2001; Stenman et al., 2003; Xu et al., 2004; Tucker et al.,
2006), were labeled. Therefore, it is possible that at least some
neocortical interneurons labeled in Group 1 animals originated
from the LGE.

An alternative possibility is that IUE in Group 1 animals tar-
geted the region encompassing the LGE and a rostral part of the
CGE, whereas that in Group 2 targeted the rest of the CGE. In this
scenario, the labeling of LGE-derived subcortical structures can
be explained without assuming the LGE origin of neocortical
interneurons. Rather, LGE progenitors could give rise to subcor-
tical structures such as striatal and olfactory granule cells,
whereas a rostral part of the CGE could give rise to layers II/III-VI
cortical interneurons.

In any case, the present results demonstrated that the laminar
fate of LGE/CGE-derived interneurons is dependent on spatially
distinct PDs within the LGE/CGE (Fig. 8) and possibly separated
rostrocaudally.

Variation in molecular expression and morphology of layers
II/III-VI interneurons
We found two major types of labeled interneurons in layers II/
III-VI of Group 1 animals: one had elongated radial processes
and preferentially expressed VIP and the other had multiple ori-
ented processes and preferentially expressed NPY. These two
types of interneurons showed slightly different laminar distribu-
tions (Fig. 7E,F). We found that the ratio of interneurons with
radially oriented processes to multipolar cells varied substantially
from animal to animal. Given that labeled PDs may also vary
from animal to animal, a plausible explanation for this finding is
that there are sub-PDs within the PD for Group 1 interneurons
that generate preferentially one of the two cell types (Fig. 8).

Conclusion
The laminar distribution of neurons generally depends on the
timing of neurogenesis. However, the laminar fate of LGE/CGE-
derived neocortical interneurons does not depend on their birth-
date (Miyoshi et al., 2010). The present results indicate that
subdomains within the LGE/CGE generate distinct sets of in-

terneurons with distinct laminar fate. Our results further suggest
that these subdomains are the LGE and CGE or the LGE/a rostral
part of the CGE and a caudal part of the CGE.
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