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Spatial Genetic Patterning of the Embryonic
Neuroepithelium Generates GABAergic Interneuron
Diversity in the Adult Cortex
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Cortical pyramidal cells are generated from pallial neuroepithelial precursors, whereas GABAergic interneurons originate in subpallial
germinal zones and migrate tangentially to reach the cortex. Using Cre-lox technology in transgenic mice and a series of molecular
markers that subdivide the subpallial neuroepithelium into small domains, we fate-map precursor pools and identify interneurons
generated from each domain. Cortical interneurons expressing calbindin, parvalbumin, and somatostatin are generated exclusively from
Lhx6 (Lim homeobox 6)-expressing precursors in the medial ganglionic eminence (MGE). Martinotti cells that coexpress calretinin and
somatostatin are generated from the dorsal region of the MGE neuroepithelium that expresses Nkx6.2 (NK2 transcription factor-related
6.2). Most neuropeptide Y-expressing cells and all bipolar calretinin-expressing interneurons are generated outside the MGE, from the
germinal zones of the lateral/caudal ganglionic eminences that express Gsh2 (genomic screened homeobox 2). Our data demonstrate that
subpallial neuroepithelial domains defined by expression of genetic determinants generate distinct interneuron subtypes, thereby con-

tributing to the generation of cortical interneuron heterogeneity observed in the adult cortex.
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Introduction

GABAergic interneurons represent the minority of neurons in
the cortex (~25%), yet they exhibit remarkable diversity in ax-
onal morphology, electrophysiological properties, and neuro-
chemical content (Markram et al., 2004; Yuste, 2005). The extent
to which genetic restriction of neuronal potential at the precursor
stage contributes to the generation of interneuron diversity in the
adult cortex is still unclear.

Evidence suggests that cortical and hippocampal GABAergic
interneurons are not generated from pallial precursors in rodents
(Wonders and Anderson, 2006). Instead, they are born in subpal-
lial regions and migrate over long distances to populate the stri-
atum, the cortex, and the hippocampus (Parnavelas, 2000; Marin
and Rubenstein, 2001; Marin and Rubenstein, 2003). Pioneering
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studies had suggested that many cortical GABAergic cells origi-
nate in the lateral (LGE) and medial (MGE) ganglionic emi-
nences (Anderson et al., 1997, 2001; Tamamaki et al., 1997; Lav-
das et al., 1999; Wichterle et al., 1999; Parnavelas, 2000). Support
for migration of cells from these two regions has come from
mouse mutants lacking functional germinal zones that show re-
duced interneuron numbers in the cortex and hippocampus
(Anderson et al., 1997; Sussel et al., 1999; Pleasure et al., 2000).
Additional attempts to identify subpallial interneurons migrating
to the cortex demonstrated migration of cells from the MGE and
the caudal ganglionic eminence (CGE) (a caudal extension of the
subpallial germinal regions) but not from the LGE, questioning
the LGE origin of cortical GABAergic interneurons (Wichterle et
al,, 2001; Nery et al., 2002; Yozu et al., 2005).

Immature interneurons migrating from the subpallium to the
cortex represent a heterogenous population of cells in both neu-
roepithelial origin and route of migration. Three major groups of
interneurons can be identified in the postnatal neocortex on the
basis of neurochemical content: parvalbumin (PV)-, calretinin
(CR)-, and somatostatin (SST)-expressing cells (Kubota et al.,
1994; Gonchar and Burkhalter, 1997). By analogy to the caudal
CNS in which distinct interneurons are generated from defined
precursor pools, perhaps the precise subpallial origin of cortical
interneurons may specify their fate. A series of studies have pro-
vided clues into the types of interneurons that are generated from
subpallial progenitor domains. The MGE is thought to generate
mainly PV-positive (PV "), SST™, and NPY * cells, as well as a
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small number of CR * interneurons (Wichterle et al., 2001; Nery
et al., 2002; Valcanis and Tan, 2003; Lopez-Bendito et al., 2004;
Xu et al., 2004; Butt et al., 2005). The types of interneurons that
are generated from the CGE remain controversial (Nery et al.,
2002; Xu et al., 2004; Butt et al., 2005).

We adopted an in vivo Cre-lox-based genetic fate-mapping
approach to permanently and reproducibly label the telence-
phalic neuroepithelium and identify interneuron subtypes gen-
erated from different regions. Using molecular markers with dis-
tinct and additive expression patterns, we subdivide the
neuroepithelium into small domains and examine the spectrum
of cortical and hippocampal interneurons that are generated
from each region. Our work refines and extends previous studies
and provides an accurate genetic map of the origins of pallial
interneurons.

Materials and Methods

Transgenic mice. Nkx2.1 (NK2 transcription factor-related 2.1)—Cre,
Gsh2 (genomic screened homeobox 2)—-Cre, Emx1 (empty spiracles ho-
molog 1)—Cre, and Dbx1 (developing brain homeobox 1)—Cre transgenic
mice have been described previously (Fogarty et al., 2005; Kessaris et al.,
2006). The Lhx6 (Lim homeobox 6)—Cre transgenic mice will be de-
scribed elsewhere. Mice expressing Cre under control of the Nkx6.2 gene
were generated using bacterial artificial chromosome (BAC) transgenic
technology. The codon-improved Cre recombinase (iCre) (Shimshek et
al., 2002) containing a nuclear localization signal was fused to the initia-
tion codon of the Nkx6.2 gene using a PCR-based approach. An simian
virus 40 polyadenylation signal was inserted at a position immediately
after the ATG-encoding exon of Nkx6.2. BAC modification was per-
formed in a bacterial system as described previously (Lee et al., 2001). All
mice used in this study were maintained on a C57BL/6/CBA background.
Mouse colonies were maintained at the Wolfson Institute for Biomedical
Research, University College London, in accordance with United King-
dom legislation.

Two reporter mice have been used in this study: Rosa26R (R26R)—
green fluorescent protein (GFP) (Mao et al., 2001) (obtained from The
Jackson Laboratory, Bar Harbor, ME) and Rosa26R-yellow fluorescent
protein (YFP) (Srinivas et al., 2001). On Cre-mediated recombination,
both mice express GFP/YFP under the Rosa26 promoter. However, the
efficiency with which recombination takes place and, consequently, the
efficiency with which the reporter gene is activated were different be-
tween the two mice with the R26R—GFP gene being activated less effi-
ciently than the R26R-YFP. We made use of this delayed activation of the
R26R-GFP allele to create sharp borders of reporter activation in
Nkx2.1-Cre and Nkx6.2—Cre transgenic mice.

Tissue preparation. Embryos were fixed overnight in 4% (w/v) para-
formaldehyde (PFA) in PBS. Postnatal animals were anesthetized and
perfused with 4% (w/v) PFA through the left ventricle of the heart. Adult
brains were dissected out, sliced into 2 mm slices using a brain slicer, and
immersed in 4% PFA overnight. Fixed samples were cryoprotected over-
night by immersion in 20% (w/v) sucrose in PBS. All samples were em-
bedded in Tissue-Tek OCT compound (R. A. Lamb Medical Supplies,
Eastbourne, UK), frozen on dry ice, and stored at —80°C.

In situ hybridization. Solutions used for in situ hybridization were
pretreated with 0.1% diethyl pyrocarbonate. The following plasmids
were used to generate digoxigenin-labeled probes: mouse full-length
Nkx6.2 cDNA and full-length iCre cDNA (kind gift from R. Sprengel,
Max-Planck-Institute for Medical Research, Heidelberg, Germany). De-
tails of the in situ hybridization techniques have been described previ-
ously (Pringle et al., 1996; Fruttiger et al., 1999).

Immunohistochemistry. Immunohistochemical detection of calbindin
(CB), CR, PV, SST, and NPY was performed on 30 um floating cryosec-
tions of brains from adult mice (postnatal day 45 or older). Sections from
embryonic brains (15 wm thickness) were collected directly on Super-
frost plus slides (BDH Laboratory Supplies, Poole, UK). All sections were
blocked in PBS containing 10% heat-inactivated sheep serum (Sigma, St.
Louis, MO) and 0.1% Triton X-100 (Sigma) at room temperature for a
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minimum of 1 h. For immunodetection of GFP using the rat anti-GFP
antibody, sections were not allowed to dry out at any stage before appli-
cation of the primary antibody. Primary antibodies were applied over-
night at 4°C. Secondary antibodies were applied for >60 min at room
temperature. All antibodies were diluted in block solution. The Lhx6 and
Cre primary antibodies were detected using a biotin-conjugated goat
anti-rabbit IgG (1:200; Jackson ImmunoResearch, West Grove, PA), fol-
lowed by 40 min incubation with a preformed avidin—biotin HRP com-
plex (Vectastain ABC kit; Vector Laboratories, Burlingame, CA). Cya-
nine 3 tyramide (TSA Plus Fluorescence Systems technology;
PerkinElmer, Wellesley, MA) was applied at 1:100 dilution, and the sig-
nal was developed for 5 min. After antibody treatment, sections were
treated with Hoescht 33258 (1:10%; Sigma) to detect cell nuclei and
washed with PBS. Floating sections were transferred onto Superfrost plus
slides (BDH Laboratory Supplies) and air dried. All sections were
mounted in Citifluor (City University, UK) anti-fade reagent. Primary
antibodies used were the following: rabbit anti-GFP (1:6000; Abcam,
Cambridge, UK); rat anti-GFP IgG2a (1:1000; Nacalai Tesque, Kyoto,
Japan); rabbit anti-Cre (1:1000; Novagen, San Diego, CA); rabbit anti-
Gsh2 (1:2000; kind gift from K. Campbell, University of Cincinnati Col-
lege of Medicine, Cincinnati, OH); rabbit anti-Nkx2.1 (1:500; Biopat
Immunotechnologies, Caserta, Italy); rabbit anti-calbindin (1:2000;
Swant, Bellizona, Switzerland); rabbit anti-calretinin (1:2000; Swant);
mouse anti-calretinin (1:1000; Swant); rabbit anti-parvalbumin (1:2000;
Chemicon, Temecula, CA); rabbit anti-NPY (1:2000; ImmunoStar,
Hudson, WI), and rabbit anti-somatostatin (1:200; Peninsula Laborato-
ries, Belmont, CA). The rabbit anti-Lhx6 (1:500) antibody used in this
study has been described previously (Lavdas et al., 1999). The antibody
had been raised against a mouse Lhx6 peptide spanning part of the sec-
ond LIM domain and the spacer region between the LIM and homeobox
domains. Control experiments demonstrated lack of cross-reactivity
with other LIM homeodomain proteins, including LHX7 (our unpub-
lished observations). Secondary antibodies used were AlexaFluor 488-
conjugated, AlexaFluor 568-conjugated, and AlexaFluor 647-conjugated
goat anti-rabbit IgG or goat anti-rat IgG or goat anti-mouse IgG (all used
at 1:750; Invitrogen, Carlsbad, CA).

Quantification. The extent of colocalization between GFP/YFP and the
interneuron markers CB, CR, PV, SST, and NPY in each of the transgenic
mice (Nkx2.1-Cre, Nkx6.2—Cre/Nkx2.1-Cre, Lhx6—Cre, Gsh2—Cre/
Nkx2.1-Cre, and EmxI—Cre/Dbx1-Cre) carrying a Cre reporter allele
(R26R-GFP or R26R-YFP) were determined as follows. Briefly, 30 um
coronal sections immunostained for the presence of GFP and one of the
interneuron markers were photographed and assembled into montages
of 850 X 1250 um? spanning the entire pial-ependymal extent of the
motor or somatosensory cortex using Adobe Photoshop (Adobe Sys-
tems, San Jose, CA). At least three montages from sections >300 um
apart were taken from cortical regions between bregma levels 0.14 and
—1.06 mm (approximately from the beginning of the hippocampus to
the level of the anterior commissure). At least three animals older than
45 d were used for each genotype. Data are presented either as percentage
GFP (in cases in which GFP was only expressed in interneuron popula-
tions) or as percentage interneuron marker (average * SD).

Results

“Nkx2.1”-expressing precursors in the central and ventral
MGE generate mainly calbindin-, parvalbumin-, and
somatostatin-expressing interneurons

The homeobox transcription factor Nkx2.1 (also known as Ttf1
or T/ebp) is one of the key regulators that specify the MGE
(Kimura et al., 1996; Sussel et al., 1999). We took advantage of a
P1-derived artificial chromosome (PAC) transgenic mouse line
that expresses Cre recombinase under transcriptional control of
the Nkx2.1 gene to lineally label MGE precursors and identify
interneurons that are generated from this region (Kessaris et al.,
2006). When crossed to the Cre reporter mouse R26R—GFP (Mao
etal., 2001), there is near complete recombination and activation
of GFP in the neuroepithelium of the MGE and the anterior
endopenducular area (AEP) (Fig. 1 A-D). Unlike the endogenous
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unlike the endogenous gene, Cre expres-
sion remained on at high levels in migrat-

Figure 1. Activity of Cre recombinase in Nkx2.7—Cre/R26R—GFP transgenic embryos. A-D, Expression of GFP at four rostro-

ing interneurons until early postnatal
stages (Fig. 11 and data not shown). The
transcription factor Lhx6, which identifies
postmitotic neurons generated in the
MGE and is required for migration to the
cortex (Grigoriou etal., 1998; Lavdas et al.,
1999; Sussel et al., 1999; Marin et al., 2000;
Alifragis et al., 2004; Choi et al., 2005; Lio-
dis et al., 2007), is abundantly expressed
throughout this region in Nkx2.1-Cre/
R26R-GFP embryos (Fig. 1K). At early
stages, before extensive migration of MGE
cells occurs, all Lhx6 * cells express GFP in
the pallidal mantle region. However, there
are Lhx6 ™ cells near the dMGE that are
negative for GFP, confirming the poor re-
combination of the R26R—GFP allele in
this region of the ventral zone (Fig. 1K-
O). Within the cortex, the majority of
GFP* cells coexpress Lhx6. GFP *Lhx6-
negative (Lhx6 ~) cells are likely to repre-
sent early oligodendrocyte progenitors
that emigrate to the cortex from subpallial
regions (Wichterle et al., 2001; Kessaris et
al., 2006).

We took advantage of the reduced ex-
pression of Nkx2.1-Cre in the dMGE to
identify interneurons generated in the
central and ventral neuroepithelium of the
MGE. We immunostained forebrain sec-
tions from adult Nkx2.1-Cre/R26R—GFP
transgenic mice for GFP and a panel of
markers thought to collectively identify
the vast majority of GABAergic interneu-
rons present in the mouse cortex (Gon-
char and Burkhalter, 1997). These markers
included the calcium binding proteins CB,
CR, and PV and the neuropeptides SST
and NPY. Unlike CR, PV, SST, and NPY,
which are expressed predominantly in
GABAergic interneurons, the CB ™ popu-
lation represents a heterogenous mixture
of GABAergic and non-GABAergic corti-
cal cells (Gonchar and Burkhalter, 1997).
Non-GABAergic CB™ cells are present in
superficial layers, show weak expression of
CB, and were excluded from this study.
GFP colocalized with all five interneuron
markers examined (Fig. 2A-0), but the
extent of colocalization varied among

caudal levels in embryonic day 11.5 (E11.5) transgenic embryos. Arrow in B indicates the dorsal limit of GFP expression. Arrow in different interneuron subtypes. PV- and
Cshows expression in the AEP. The red box in B indicates the area shown in E-J. E-G, Comparison between the expression of the SST-expressing cells, which are thought to
endogenous Nkx2.7 gene and GFP at E11.5. Nkx2.1 expression extends farther dorsally than GFP. H-J, Expression of (reand GFP ~ represent primarily nonoverlapping pop-
atE11.5. K~0, Expression of Lhx6 in E11.5 Nkx2.1—Cre/R26R—GFP transgenic embryos. Arrows indicate Lhx6 *GFP ~ cellsinthe  ulations of interneurons in the cortex,
dMGE (L-0). P-Q, GFP ™ cells in the cortex express Lhx6 (arrows). Arrowheads indicate blood vessels. Scale bars: A-D, 350 um;  were the most abundant interneuron sub-

E-J,60 pm; K, 1250 pum; L-0, 25 wm; P-R, 15 pwm.

Nkx2.1 gene, however, there is no expression of the GFP reporter
gene in the most dorsal region of the MGE (dMGE) (Fig. 1 E-G),
most likely attributable to failure of the specific PAC to support
strong expression of Cre in this region (Fig. 1 H-J). In addition,

types generated from Nkx2.I-expressing
precursors (~45 and ~35%, respectively,
of the GFP ™ populations) (Fig. 2R). The majority of PV and
SST * cells present in the adult motor and somatosensory cortex
were derived from Nkx2.1-expressing precursors (70—80%) (Fig.
2P). CB™ cells represented ~30% of the GFP * cells in the two
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Figure2. Cortical interneurons derived from Nkx2. 7-expressing precursors. A-0, Coexpression of GFP with (B, CR, PV, NPY, and SST. Arrows indicate interneurons coexpressing GFP. Arrowheads
point to interneurons that are negative for GFP. P, The contribution of Nkx2. 7-expressing precursors to interneuron populations expressing (B, CR, PV, NPY, or SSTin the motor and somatosensory
cortex. The extent of colocalization between GFP and each of the five markers was quantified, and the data are presented as percentage of the total number of cells expressing each of the five markers.
Q, The contribution of Nkx2.7-expressing precursors to interneuron populations in the upper and lower layers of the motor and somatosensory cortex. R, The number of Nkx2. 7-derived cells
coexpressing GFP and one of the markers CB, R, PV, NPY, or SST are presented as a percentage of the total number of GFP ™ cells. Scale bar: (in ) A-0, 20 m.
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Figure3.
embryos. A-D, Expression of Nkx6.2 and Cre transcripts in E12.5 Nkx6.2—Cre transgenic embryos. E—G, Expression of GFP at three
rostrocaudal levels in E12.5 Nkx6.2—(re/R26R—GFP transgenic embryos. H—J, Expression of GFP at three rostrocaudal levels in
E12.5 Nkx6.2—Cre/Nkx2.1-Cre/R26R—GFP transgenic embryos and comparison with equivalent sections from Nkx2. 7—Cre/R26R—
GFP transgenic embryos (KM ). Scale bar: (in A) A-M, 300 m.

cortical areas examined (motor and somatosensory), and
CB"GFP ™ cells represented ~80% of the total CB ™ cells in the
cortex (Fig. 2P-R). Finally, a small number of Nkx2.1-derived
GFP * cells coexpressed CR or NPY (~5%) (Fig. 2R) and con-
tributed ~15-20% to the total number of CR * and NPY * inter-
neuron populations in the cortex (Fig. 2P). Virtually all
CR*GFP™ cells in the Nkx2.1-Cre/R26R-GFP transgenic mice
had a stellate morphology, in contrast to the CR *GFP ~ neurons,
which had a characteristic bipolar morphology, and did not ex-
press GFP (Fig. 2B).

Nkx6.2-expressing precursors in the dMGE generate distinct
interneuron subtypes that migrate to the cortex

To examine the contribution of the dMGE to interneuron popu-
lations in the neocortex, we took advantage of the expression of
the homeobox-encoding gene Nkx6.2. Nkx6.2 transcripts can be
observed at the sulcus between the MGE and LGE, with a strong
expression in the dMGE (Stenman et al., 2003) (Fig. 3A-D) (sup-
plemental Fig. 1 A-D, available at www.jneurosci.org as supple-
mental material). We generated a transgenic mouse line express-
ing Cre under control of the Nkx6.2 gene using BAC
recombineering and transgenic mouse technology (supplemental
Fig. 2, available at www.jneurosci.org as supplemental material).
Expression of Cre in Nkx6.2—Cre/R26R—GFP transgenic embryos

D tern (Fig. 3A-D)

Activity of Cre recombinase in Nkx6.2—Cre/R26R—GFP and compound Nkx6.2—Cre/Nkx2.1-Cre/R26R—GFP transgenic
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Cre recapitulated the endogenous Nkx6.2 pat-
(supplemental Fig.
1A-D, available at www.jneurosci.org as
supplemental material) and activation of
GFP in Nkx6.2—Cre/R26R—GFP transgenic
embryos was observed predominantly in
the dMGE (Fig. 3E-G). However, GFP was
also observed in scattered neuroepithelial
cells located more ventrally in the central
and ventral MGE (Fig. 3E-G) in which
neither Nkx6.2 nor Cre could be detected
(Fig. 3A-D). The extent of GFP expression
in the ventral MGE was dependent on the
Cre reporter allele used, with R26R-YFP
showing a wider activation in this region
(supplemental Fig. 1 E, available at www.
jneurosci.org as supplemental material).
The scattered GFP/YFP expression in the
central and ventral MGE presumably re-
flects an early expression of the gene. It is
unclear whether it results from an early ec-
topic expression of the Nkx6.2—Cre trans-
gene or a transient expression of Nkx6.2.
The latter possibility would be analogous
to the spinal cord in which early expres-
sion of Nkx6.2 occurs in a wide area of the
ventral neuroepithelium and later narrows
to a small domain (Vallstedt et al., 2001).
Nevertheless, because of the scattered acti-
vation of GFP in the entire MGE, we com-
bined the activities of Nkx2.1-Cre and
Nkx6.2—Cre to determine the additive con-
tribution of these regions to cortical inter-
neuron populations. Activation of GFP in
these double-transgenic mice can be ob-
served throughout the entire MGE and
AEP (Fig. 3H-J). Expression was unde-
tectable in the LGE and CGE in all antero-
posterior regions. This pattern of GFP ac-
tivation is clearly wider than that of Nkx2.1-Cre alone,
confirming that the two transgenic mice have additive expression
domains (Fig. 3, compare H-] with K—M).

We made use of single and compound transgenic mice ex-
pressing Cre in the dMGE (Nkx6.2—Cre), the entire MGE
(Nkx6.2—Cre/Nkx2.1-Cre) or the central and ventral MGE
(Nkx2.1-Cre; these mice show some labeling in the dMGE) to
examine the contribution of subdivisions of the MGE germinal
region to cortical interneuron populations in the adult cortex.
Whereas in single Nkx6.2—-Cre/R26R—GFP transgenic mice only
small subsets of interneurons coexpressed GFP and one of the
interneuron markers examined (CB, CR, PV, NPY, or SST), in
Nkx6.2—Cre/Nkx2.1-Cre/R26R—GFP double transgenic mice, the
majority of CB™, PV, and SST ™ cells were labeled with GFP
(Fig. 4A). This suggests that the bulk of CB™, PV ™", and SST*
interneurons are generated in the central and ventral MGE. How-
ever, the extent of colocalization between CR and GFP or NPY
and GFP was remarkably similar between single Nkx6.2—Cre/
R26R-GFP and double Nkx6.2-Cre/Nkx2.1-Cre/R26R—GFP
transgenic mice (Student’s ¢ test, p < 0.99 for CR and p < 0.03 for
NPY in the motor cortex) (Fig. 4A), suggesting that most, if not
all, of the MGE-derived CR* and NPY * interneurons originate
in the dorsal region of the MGE that expresses Nkx6.2. A com-
parison between Nkx2.1-Cre " /Nkx6.2-Cre * precursors versus

Nkx6.2-Cre/ Nkx2.1-Cre Nkx6.2-Cre/
R26R-GFP R26R-GFP

Nkx2.1-Cre/
R26R-GFP
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Figure 4. (ortical interneurons derived from Nkx6.2-, Nkx2.1/Nkx6.2-, and Nkx2.1-
expressing precursors. A, The coexpression between GFP and one of the markers (B, (R, PV, NPY,
and SST in Nkx6.2—Cre/R26R—GFP and Nkx6.2—Cre/Nkx2.1—-Cre/R26R—GFP transgenic mice was
quantified and presented as percentage of the total number of cells expressing the markers in
the motor and somatosensory cortex. B—D, The contribution of Nkx2. 7—Cre-expressing precur-
sors to interneuron populations expressing (B, CR, PV, NPY, and SST was compared with that of
Nkx2.1-Cre/Nkx6.2-Cre-expressing precursors (B) in upper (€) and lower (D) levels of the motor
and somatosensory cortex. **p < 0.004; ***p << 0.001.

Nkx2.1-Cre™ precursors revealed significant differences in the
contribution of the respective precursor pools to CR™, NPY *,
and SST * interneuron populations in the cortex (Fig. 4B). The
most significant differences were observed in the extent of colo-
calization between GFP and the interneuron markers CR and SST
in the upper layers of the motor cortex (Student’s t test, p <
0.0007 and p < 0.0003, respectively) (Fig. 4C) and NPY in the
lower layers of the motor and somatosensory cortex (Student’s ¢
test, p < 0.0007 and p < 0.0006) (Fig. 4D). Smaller differences
were observed in CR ", PV *,and SST * cells in the upper layers of
the somatosensory cortex (Fig. 4C) (Student’s ¢ test, p < 0.0027,
p < 0.0024, and p < 0.0015, respectively) and CR ™ cells in the
lower levels of the motor cortex ( p < 0.0036) (Fig. 4D). Collec-
tively, the data suggest that Nkx6.2-expressing precursors in the
dMGE contribute mainly CR-, SST-, and NPY-expressing inter-
neurons to the neocortex. In addition to interneurons, Nkx6.2—
Cre/R26R—GFP and Nkx2.1-Cre/Nkx6.2—Cre/R26R—GFP trans-
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genic mice showed extensive colocalization between GFP and the
oligodendrocyte lineage marker Sox10 (sex-determining region
Y-box containing gene 10) (data not shown). This recapitulates
the expression of the endogenous Nkx6.2 gene in oligodendro-
cytes undergoing maturation (Awatramani et al., 1997).

Recent work has identified a subpopulation of CR ¥ cells in
the mouse cortex that coexpress SST and have morphological and
physiological characteristics of Martinotti cells (Xu et al., 2006).
They represent 33% of the total CR™ population in the cortical
areas examined (Xu et al., 2006). This is comparable with the
contribution of Nkx6.2-expressing precursors to the CR ¥ corti-
cal interneuron population. We therefore examined the charac-
teristics of CR ™ cells in Nkx6.2—Cre/R26R—GFP transgenic mice.
We find that CR "GFP " interneurons have a stellate morphology
(Fig. 5A—C). Bipolar CR ™ interneurons did not express GFP,
indicating that they are generated elsewhere. We characterized
and quantified the colocalization of CR, SST, and GFP in brain
sections of adult Nkx6.2—Cre/R26R—GFP mice (Fig. 5D-G). We
find that 82.5 + 2.6% of CR "SST  cells present in the motor and
somatosensory cortex coexpress GFP, and 93.3 = 3.3% of
CR™GFP * cells coexpress SST. These data indicate that CR ™
interneurons generated from Nkx6.2-expressing precursors in
the dMGE correspond to putative CR* SST* Martinotti cells
and that these cells are generated from Nkx6.2-expressing precur-
sors in the IMGE.

Cortical interneurons generated from

Lhx6-expressing precursors

Our data so far showed that the majority of CB ¥, SST *, and PV *
interneurons are indeed generated from Nkx2.1-Cre™ and
Nkx6.2-Cre™ pallidal precursors. However, there were small
numbers of these cells (10-20% in Nkx2.1-Cre/Nkx6.2—Cre/
R26R-GFP transgenic mice) that remained unaccounted for,
suggesting that they may be generated outside the MGE. Alterna-
tively, the absence of GFP expression in these cells may be attrib-
utable to inefficient recombination in the MGE of our Cre trans-
genic mice. To distinguish between these two possibilities, we
generated BAC transgenic mice that express Cre under transcrip-
tional control of Lhx6. Lhx6 is thought to be expressed in all
MGE-derived neurons as they emerge from the neuroepithelium,
and expression persists in PV* and SST " interneurons in the
adult cortex (Cobos et al., 2005, 2006; Liodis et al., 2007).

When crossed to the R26R-YFP reporter mice, activation of
YFP in Lhx6—Cre/R26R-YFP transgenic mice was observed in all
Lhx6™ cells, indicating that expression of the transgene recapit-
ulates the endogenous pattern (Fig. 6 A-D). Activation of YFP
was also observed in blood vessels scattered throughout the brain.
This may reflect an early expression of Lhx6 or the Cre transgene
in the developing vasculature. To identify interneuron subtypes
that are generated from Lhx6 * cells, we immunolabeled sections
from adult Lhx6—Cre/R26R—-YFP brains for YFP and the inter-
neuron markers described in previous sections. We observed a
striking 100% contribution to the SST ™ population and a near
100% contribution to PV ™ and CB™ cells in both motor and
somatosensory cortex (Fig. 6 E), indicating that these two inter-
neuron populations are generated exclusively from Lhx6 " pre-
cursors. Interneurons expressing CB, PV, or SST were the pre-
dominant interneuron subtypes generated from Lhx6-expressing
precursors (Fig. 6G). The contribution of Lhx6 " cells to CR * and
NPY * populations was comparable with that of Nkx6.2 " precur-
sors (compare Figs. 4A, B, 6 E). In the motor cortex, Lhx6-derived
CR™ interneurons had a stellate morphology and were located
mainly in the upper layers of the cortex, whereas NPY “YFP *
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Although expression of Gsh2 is observed

Figure 5.
(R GFP * cells have a stellate morphology. D-G, Coexpression of SST and GFP in all (R ™ cortical interneurons derived from
Nkx6.2-expressing precursors. Scale bar, 10 m.

interneurons were concentrated in lower layers (Fig. 6 F). Immu-
nolabeling for CR, SST, and YFP showed that 100% of CR "SST *
cells in the motor and somatosensory cortex coexpress YFP and
100% of CR¥GFP ™ cells coexpress SST. These results together
with the Nkx6.2—Cre data indicate that cortical CR™ SST™
Martinotti cells are generated from Nkx6.2/Lhx6-expressing
precursors.

Subpallial origin of calretinin- and neuropeptide
Y-expressing neocortical interneurons

To determine the embryonic origin of CR " and NPY ¥ cortical
interneurons that remained unlabeled in the Cre transgenic
mice we described thus far, we fate mapped the remaining
pallial and subpallial neuroepithelial regions. To identify in-
terneurons originating in the pallium, we used mice express-
ing Cre under transcriptional control of the homeobox-
encoding genes Emx] and DbxI to mark pallial precursors
(supplemental Fig. 3, available at www.jneurosci.org as sup-
plemental material) (Fogarty et al., 2005; Kessaris et al., 2006).
Expression of Emx1I is restricted to the dorsal pallium, whereas
expression of Dbxl is restricted to the pallial-subpallial
boundary and identifies the lateral and ventral pallial regions
(Simeone et al., 1992; Lu et al., 1994). There was no colocal-
ization between GFP/YFP and any of the interneuron markers
examined in cortical sections of adult EmxI1—Cre/Dbx1—Cre/
R26R-GFP mice in which the pallium and all its cell deriva-
tives express GFP (Fig. 7A-E), reinforcing the view that the
pallium does not generate interneurons at any stage in vivo
(Iwasato et al., 2000; Gorski et al., 2002). To identify interneu-
rons originating in all subpallial regions, we used another
transgenic mouse that expresses Cre recombinase under tran-
scriptional control of the Gsh2 gene (Kessaris et al., 2006).

Coexpression of (R, SST, and GFP in cortical interneurons of Nkx6.2—Cre/R26R—GFP transgenic mice. A-C,

throughout the subpallium (Hsieh-Li et
al., 1995), in our transgenic mice, ex-
pression of Cre and activation of the YFP
reporter was poor in the MGE (Kessaris
etal., 2006). Indeed, in single transgenic
mice (Gsh2—-Cre/R26R-YFP), the contri-
bution of Gsh2—Cre® precursors to
MGE-derived interneuron populations
such as CB*, PV ™, and SST ™ interneu-
rons was significantly lower than the
contribution of precursors expressing
Cre in the MGE (Nkx2.1-Cre or Nkx2.1—
Cre/Nkx6.2—Cre, or Lhx6—Cre), con-
firming that Cre expression and activa-
tion of the reporter gene in this region is
inefficient (supplemental Fig. 4 and see
supplemental Fig. 5 for Cre expression
in the LGE/CGE, available at www.
jneurosci.org as supplemental material).
We therefore used compound Gsh2—Cre/
Nkx2.1-Cre/R26R-YFP transgenic mice
to label the majority of the subpallial
neuroepithelium and identify emerging
interneurons (supplemental Fig. 3,
available at www.jneurosci.org as sup-
plemental material). In Nkx2.1-Cre/
Gsh2—Cre/R26R-YFP transgenic mice,
nearly all interneurons identified in the
cortex coexpressed YFP (Fig. 7F-L). The
complete colocalization of all interneu-
ron markers with YFP in the Gsh2-Cre/Nkx2.1-Cre/R26R—
YFP transgenic mice and the partial colocalization of NPY and
CR with YFP in Lhx6—Cre/R26R—YFP transgenic mice indicate
that the majority of CR- and NPY-expressing interneurons in
the neocortex are generated outside the MGE, possibly from
precursors residing within the LGE/CGE (compare Figs. 6 E,
7K). These included all bipolar CR * interneurons.

The embryonic origin of hippocampal interneurons

Previous studies had suggested that hippocampal interneurons
generated during embryonic development are derived predomi-
nantly from subpallial regions and migrate tangentially into the
cortex (Pleasure et al., 2000; Wichterle et al., 2001). Using our
panel of transgenic mice, we examined the contribution of the
pallium (EmxI */DbxI *) and the subpallium (Gsh2 */Nkx2.17")
as well as the contribution of the MGE alone (Lhx6 ") to inter-
neurons in the CA1 area of the hippocampus. Pallial precursors
did not generate any interneurons in CA1 identified by immuno-
histochemical staining for GFP and CR, PV, SST, or NPY (data
not shown). The majority of the CR* neurons in the dentate
gyrus of the hippocampus were positive for GFP in the EmxI—
Cre/Dbx1-Cre/R26R-GFP transgenic mice, indicating a pallial
origin. These CR ™ cells represent a transient stage of adult newly
born granule neurons (data not shown) (Brandt et al., 2003).
Gsh2 " [Nkx2.1" precursors generated nearly all of the CR™,
PV*, NPY ™, and SST™ interneurons in the CAl area of the
hippocampus (Fig. 8 A—E), confirming the exclusive subpallial
origin of hippocampal interneurons. The contribution of Lhx6 *
precursor populations to hippocampal interneurons was similar
to that of the neocortex. All SST* and PV ™ interneurons were
positive for YFP in Lhx6—Cre/R26R—YFP transgenic mice, indi-
cating an MGE origin for these cells (Fig. 8 F—J). Contribution to
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the CR ™ populations of the hippocampus
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was also comparable with that of the neo-
cortex with only a small number of these
cells being generated in the MGE. Unlike
the neocortex, however, Lhx6 * precursors
generated most of the NPY ™ interneurons
found in the hippocampal CAl area in
Lhx6—Cre/R26R-YFP  transgenic mice
(Fig. 8 F-).

Discussion E
Using Cre—lox fate mapping in transgenic
mice, we demonstrate that subpallial pre-
cursor domains identified by expression of
molecular markers generate neurochemi-
cally distinct interneuron subtypes and
thus contribute to the generation of inter-
neuron diversity in the adult cortex.

(1)SST*,PV ", and CB " interneurons
present in the adult cortex are generated
from Nkx2.1/Lhx6-expressing precursors
in the MGE. (2) All CR "SST * Martinotti
cells are generated from dMGE precursors
that express Nkx6.2 and Lhx6. (3) Small
but significant numbers of NPY * inter-
neurons are generated from the dMGE,
and these are distributed in lower cortical
layers. (4) The majority of CR " and NPY ©
interneurons are generated outside the
pallidal neuroepithelium from precursors
expressing Gsh2. The data are summarized
in Table 1.
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Activity of Cre recombinase in Lhx6 —Cre/R26R—YFP transgenic embryos and contribution of Lhx6-expressing pre-
cursors to cortical interneuron populations in the adult mouse. A-D, Expression of GFP and Lhx6 in E16.6 transgenic embryos. E,
F, The contribution of Lhx6-expressing precursors to interneuron populations expressing (B, CR, PV, NPY, or SST in the motor and
somatosensory cortex. The extent of colocalization between YFP and each of the five markers was quantified, and the data are

presented as percentage of the total number of cells expressing each of the five markers. G, The number of Lhx6-derived cells

Neuroepithelial origin of cortical
interneurons and generation of
diversity in the adult cortex

The origin of pallial interneurons has been
controversial. Previous work had suggested that the majority of
GABAergic interneurons in humans are generated from cortical
precursors (Letinic et al., 2002), and in vitro studies in rodents
have shown a capacity for cortical neuroepithelial cells to gener-
ate GABAergic interneurons (Gotz et al., 1995; He et al., 2001;
Bellion et al., 2003; Gulacsi and Lillien, 2003). However, the bulk
of data support a major subpallial origin for cortical interneurons
in rodents (for review, see Wonders and Anderson, 2006). In our
studies, the absence of colocalization between GFP and any of the
interneuron markers examined in R26R—GFP mice expressing
both EmxI1-Cre and Dbx1—Cre, and the near complete colocaliza-
tion of all interneuron markers with YFP in R26R—-YFP mice
expressing Cre in the subpallium support the notion of an exclu-
sive subpallial origin.

Cortical interneurons are heterogenous with respect to mor-
phology, electrophysiology, and neurochemical properties. It is
unknown how this diversity arises. One possibility is that diver-
sity is generated through regional genetic patterning of the sub-
pallial neuroepithelium, as is well established for more caudal
regions of the CNS, such as the brainstem and spinal cord. In-
deed, morphologically distinct subdivisions of the subpallial neu-
roepithelium generate different subsets of interneurons. How-
ever, this cannot account for the large spectrum of interneuron
subtypes observed in the adult cortex. The demonstration that
cortical Martinotti cells that coexpress CR and SST are generated
from a small dorsal subdomain of the MGE neuroepithelium

coexpressing YFP and one of the markers (B, CR, PV, NPY, or SST are presented as a percentage of the total number of YFP ™ cells.
Scale bar: A, 100 um; B=D, 20 m.

(identified by expression of Nkx6.2) suggests that genetic pattern-
ing may parcellate the neuroepithelium into smaller precursor
pools, restricting their neurogenic potential and contributing to-
ward larger precursor heterogeneity. Recent evidence has shown
that there are also temporal shifts in interneuron subtype gener-
ation from embryonic telencephalic precursors (Miyoshi et al.,
2007). Together, the spatial and temporal control of neuronal
subtype specification from embryonic precursor cells may ac-
count for the large interneuron diversity observed in the adult
cortex. The extent to which interneurons diversify further at
postnatal stages remains unclear.

The embryonic origin of PV*, SST*,and CB*

GABAergic interneurons

PV *and SST * interneurons represent two nonoverlapping pop-
ulations in the rodent cortex (Kubota et al., 1994; Gonchar and
Burkhalter, 1997), whereas expression of CB in nonpyramidal
cells is thought to be associated mainly with the SST-expressing
group (Gonchar and Burkhalter, 1997). Several studies have
shown that PV ™" interneurons are generated in the MGE and
represent the majority of interneurons emerging from this region
[data range from 30% (Nery et al., 2002), 57% (Butt et al., 2005),
67% (Valcanis and Tan, 2003), and 70% (Wichterle et al., 2001)].
Transplantation studies examining the origins of SST © and CB ©
cells in the telencephalon had shown that 26-35% of MGE-
derived interneurons express SST (Wichterle et al., 2001; Nery et
al., 2002; Butt et al., 2005) and 13% express CB (Nery etal., 2002).
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Figure7. Corticalinterneurons derived from Emx1/Dbx1- and Gsh2/Nkx2. T-expressing precursors. A-J, Colocalization between GFP/YFP and the interneuron markers B, CR, PV, NPY, and SST in

adult EmxT1—Cre/Dbx1—Cre/R26R—GFP transgenic mice (A—E) and Gsh2—Cre/Nkx2.1-Cre/R26R—YFP transgenic mice (F-J). Arrowheads indicate colocalization between GFP/YFP and the interneu-
ron marker. Arrows indicate interneurons that do not express GFP/YFP. K-L, The contribution of Gsh2/Nkx2.1-expressing precursors to interneuron populations expressing (B, (R, PV, NPY, or SSTin
the motor and somatosensory cortex. The colocalization between GFP and each of the five markers was quantified, and the data are presented as percentage of the total number of cells expressing

each of the five markers. Scale bar: (in ) A-J, 20 m.

Our data agree partly with these findings. PV and SST ™ cells
represent ~45 and 35%, respectively, of the interneurons gener-
ated from Nkx2.1 " or Lhx6 " cells. CB™ cells show very similar
distribution with PV- and SST-expressing interneurons and may
well correspond to either or both of those interneuron popula-
tions. More importantly, however, we demonstrate that all PV ™,
CB*, and SST™ interneurons are generated from Lhx6-
expressing precursors. In vivo transplantation studies had previ-
ously identified a small percentage of CGE-derived cells express-
ing PV (2.8%) (Nery et al., 2002), 27-35% expressing SST (Nery
etal., 2002; Butt et al., 2005), and 17% expressing CB. These cells
may correspond to MGE-derived interneurons migrating cau-
dally into the cortex. Alternatively, they may originate from
Lhx6™ cells present in the ventral CGE, which is a caudal exten-
sion of the MGE. We cannot distinguish between these two pos-
sibilities. Nevertheless, our data together with data from Nkx2.1
null mutant mice, which fail to develop PV * or SST * cells in vitro
(Xu et al., 2004), and Lhx6 null mice, which show a dramatic
reduction of PV* and SST * cells (Liodis et al., 2007), demon-
strate that these two interneuron populations of the cortex orig-
inate entirely from Nkx2.1- and Lhx6-expressing cells in the de-
veloping subpallium. Although expression of Nkx2.1 is abolished
soon after interneurons emerge from the MGE (Sussel et al.,
1999), expression of Lhx6 persists in most PV- and SST-

expressing cells in the adult cortex (Cobos et al., 2005, 2006;
Liodis et al., 2007). Thus, expression of Lhx6 identifies predom-
inantly PV- and SST-expressing interneurons at all embryonic
and adult stages.

The embryonic origin of NPY * GABAergic interneurons

Expression of NPY in the cortex can be highly dynamic: it can
easily be induced by neuronal excitation or epileptiform activity
and is transiently activated by cortical pyramidal cells at early
embryonic stages (Gall et al., 1990; Schwarzer et al., 1996). In
addition to this contingent expression of the neurotransmitter
in cortical neurons, constitutive expression can also be observed
in certain interneuron populations of the cortex. In the rat cortex,
NPY primarily colocalizes with SST (Kawaguchi and Kubota,
1997). In Nkx2.1 null mutant mice in which the MGE is respeci-
fied into LGE, there is a lack NPY * cells at birth (Anderson et al.,
2001), and telencephalic cultures from these mice fail to develop
NPY © interneurons (Xu et al., 2004). However, our in vivo lin-
eage tracing work demonstrates that, compared with SST, only a
small number of cells generated from the MGE express NPY.
These originate mainly in the dMGE, in the region of the neuro-
epithelium that expresses Nkx6.2. They represent a significant
proportion of NPY ™ cells in the cortex and are localized mainly
in deep cortical layers. The majority of NPY " interneurons are
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generated outside the MGE, presumably

from the LGE and/or CGE. Our data agree  fate mapping

Table 1. The origin of interneuron subtypes from subpallial neuroepithelial domains identified by genetic

with transplantation studies that showed a

much higher frequency of NPY ™" cells  Subpallial germinal zone

Cre mice used for in vivo fate mapping

(level of Cre activity) Interneuron subtype

emerging from the CGE rather than the Central and ventral MGE
MGE (Butt et al., 2005).

The embryonic origin of CR*
GABAergic interneurons

Similar to NPY-expressing interneurons,
the majority of CR™ cells are generated
outside the MGE, possibly within the CGE
(Xu et al., 2004; Butt et al., 2005). Most
CR ™ interneurons have bipolar morphol-

Dorsal MGE

LGE/dorsal CGE

Nkx2.1—Cre (high) SSTHR™

Lhx6 —Cre (high) pyt

Gsh2—Cre (low) ®}*

Nkx6.2—Cre (low)

Nkx6.2—Cre (high) CR*SST™ (Martinotti)

Lhx6 —Cre (high) NPY*
Nkx2.1-Cre (low)
Gsh2—Cre (low)
Gsh2—Cre (high) (R™SST™ (bipolar)
NPY*

ogy and reside in the outer layers of the
cortex. They were not labeled with GFP/
YFP in Nkx2.1-Cre/R26R—GFP, Nkx6.2—
Cre/Nkx2.1-Cre/R26R-GFP, or Lhx6—
Cre/R26R-YFP transgenic mice.

A small but significant population of CR ¥ interneurons are
derived from Nkx6.2-expressing precursors. These cells coex-
press SST and have a stellate morphology thus correspond to the
recently identified subpopulation of Martinotti cells (Xu et al.,
2006). They are derived entirely from Nkx6.2-expressing subpal-
lial precursors most likely in the dMGE. It is conceivable, how-
ever, that CR* or NPY ™ cells may arise from Nkx6.2-expressing
precursors in the preoptic area that do not express the Nkx2.1—
Cre transgene (Fig. 1C). Although migration of interneurons
from this region to the cortex has not been demonstrated, addi-
tional research is required to examine this possibility.

The origin of hippocampal interneurons in rodents

Interneurons of the hippocampus are generated during em-
bryogenesis. They are born earlier than pyramidal cells (Sori-
ano et al., 1989a,b), and evidence shows that they originate

Transgenic mice expressing Cre recombinase in distinct and overlapping domains were used to fate map neuroepithelial stem cell zones in vivo. Neurochemi-
cally distinct interneuron subtypes originate from discrete neuroepithelial domains identified by expression of molecular markers.

from different precursors. Projection neurons are generated
from hippocampal neuroepithelial cells, whereas interneu-
rons are generated in the subpallium and migrate tangentially
to reach the cortex (Pleasure et al., 2000; Wichterle et al.,
2001). We confirm that all CR™, PV*, NPY ™", and SST " in-
terneurons in the CAl area are generated from the subpallial
neuroepithelium. PV ™", NPY ™, and SST * cells are born from
Lhx6-expressing cells in the MGE. CR * interneurons are born
outside the MGE. The pallial neuroepithelium gave rise to all
CR ™ granule neurons in the dentate gyrus that are generated
at postnatal stages (Brandt et al., 2003).

In conclusion, our work has shown that genetic restriction
of neuronal potential at the precursor stage contributes to-
ward the extensive pallial interneuron diversity observed in
the adult cortex. Identification of additional genetic subdivi-
sions of the subpallial neuroepithelium may not only help us
understand how this diversity arises but will also provide
us with a handle on specific interneuron populations, allowing
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us to manipulate their properties and dissect their functions
in vivo.
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