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GABAergic Interneurons

Diego M. Gelman,' Francisco J. Martini,' Sandrina Nobrega-Pereira,"-> Alessandra Pierani,’ Nicoletta Kessaris,*

and Oscar Marin!

'nstituto de Neurociencias de Alicante, Consejo Superior de Investigaciones Cientificas and Universidad Miguel Herndndez, 03550 Sant Joan d’Alacant,

Spain, 2Doctoral Program in Experimental Biology and Biomedicine, Center for Neuroscience and Cell Biology, University of Coimbra, 3004-517 Coimbra,

Portugal, *Department de Biologie du Développement, Institut Jacques Monod, Centre National de la Recherche Scientifique, Unité Mixte de Recherche

7592, Université Paris Diderot, 75251 Paris, France, and *Wolfson Institute for Biomedical Research and Department of Cell and Developmental Biology,

University College London, London WCIE 6AE, United Kingdom

GABA-containing (GABAergic) interneurons play an important role in the function of the cerebral cortex. Through mostly inhibitory
mechanisms, interneurons control hyperexcitability and synchronize and shape the spatiotemporal dynamics of cortical activity under-
lying various brain functions. Studies over the past 10 years have demonstrated that, in most mammals, interneurons originate during
development from the subcortical telencephalon—the subpallium—and reach the cerebral cortex through tangential migration. Until
now, interneurons have been demonstrated to derive exclusively from two subpallial regions, the medial ganglionic eminence and the
caudal ganglionic eminence. Here, we show that another subpallial structure, the preoptic area, is a novel source of cortical GABAergic
interneurons in the mouse. In utero labeling and genetic lineage-tracing experiments demonstrate that neurons born in this region
migrate to the neocortex and hippocampus, where they differentiate into a distinct population of GABAergic interneurons with relatively
uniform neurochemical, morphological, and electrophysiological properties.

Introduction

Functioning of the cerebral cortex requires the coordinated
activity of excitatory neurons and inhibitory interneurons. In
contrast to other regions, however, the large diversity of inter-
neuronal populations that exists in the mammalian cerebral cor-
tex is simply astonishing (Ramoén y Cajal, 1899; Lorente de No,
1922; Fairén et al., 1984). As Cajal first suggested, this wealth of
interneurons— his short-axon cells—is likely responsible for the
enormous computational capability acquired by this structure
during evolution. Such diversity underlies many of the emergent
functional properties of the cerebral cortex, from the dynamic
behavior of receptor fields to the modulation of oscillatory activ-
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ity and its synchronization (Gupta et al., 2000; McBain and
Fisahn, 2001; Hensch, 2005; Klausberger and Somogyi, 2008).

Increasing evidence suggests that GABAergic interneurons in
the isocortex and hippocampus belong to probably >20 distinct
neuronal populations, which can be defined on the basis of their
morphological, electrophysiological, and neurochemical charac-
teristics (Freund and Buzsaki, 1996; Kawaguchi and Kondo,
2002; Markram et al., 2004; Somogyi and Klausberger, 2005). In
general, these groups of interneurons have relatively homoge-
neous intrinsic electrical properties, reinforcing the view that
they belong to distinct classes of cells. Although we are far from
realizing the extent of this diversity (Petilla Interneuron Nomen-
clature Group et al., 2008), understanding the origin of the dis-
tinct classes of interneurons may help us to identify the logic
behind their integration into cortical circuits and, eventually,
their function.

With the possible exception of human and nonhuman pri-
mates (Letinic et al., 2002), cortical GABAergic interneurons
seem to derive almost exclusively from the subpallium in all ver-
tebrates studied so far (Anderson et al., 1997, 2002; Cobos et al.,
2001a; Gonzalez et al., 2002; Stithmer et al., 2002; Brox et al.,
2003; Tuorto et al., 2003; Mueller et al., 2006; Fogarty et al., 2007;
Métin et al., 2007; Xu et al., 2008) and reach the cortex through a
long tangential migration (Corbin et al., 2001; Marin and Ruben-
stein, 2001, 2003; Métin et al., 2006). In particular, the medial
ganglionic eminence (MGE) and the caudal aspect of the lateral
ganglionic eminence (cLGE) [also known as the dorsal aspect of
the caudal ganglionic eminence (dCGE)] have been suggested to
generate most cortical GABAergic interneurons (Xu et al., 2004).
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specifically electroporated into the subpallium,

A

as described previously (Borrell et al., 2005).
In situ hybridization and immunohistochem-
istry. For in situ hybridization, embryonic
brains were fixed overnight in 4% paraformal-
dehyde (PFA) and embedded in Tissue-Tek
OCT compound (Sakura Finetek). Twenty mi-
crometer frozen sections were hybridized with
digoxigenin-labeled probes as described previ-
ously (Flames et al., 2007). For immunohisto-

chemistry, embryonic brains were fixed in 4%

PCx

Figure 1.

striatum; Th, thalamus. Scale bars: A, 50 pum; B—E, 100 wm.

These studies, however, have not ruled out the possibility that
specific classes of interneurons may derive from other subpallial
sources. Indeed, in vitro studies have suggested that the rostral
LGE and the subpallial septum may also give rise to cortical
GABAergic interneurons (Jiménez et al., 2002; Taglialatela et al.,
2004), although there is yet little in vivo support for this possibil-
ity. Here, we tested the hypothesis that the embryonic preoptic
area (POA) is a source of cortical GABAergic interneurons. Using
in utero electroporation and in vivo genetic lineage tracing, we
found that the embryonic POA give rise to at least a distinct class
of cortical interneurons. These results reinforce the view that
cortical interneuron diversity arises to a large extent from the
spatial segregation of distinct progenitor cells within the subpal-
lium, and open up the venue for future studies aimed at charac-
terizing the complete repertoire of cortical GABAergic interneu-
rons that may derive from this novel source.

Materials and Methods

Mouse lines. CD1 wild-type embryos were used for expression analyses
and in utero transplantation experiments. Nkx2-1-Cre (Xu et al., 2008),
Nkx5-1-Cre, Lhx6-Cre (Fogarty et al., 2007), and Rosa-EYFP (Srinivas et
al,, 2001) transgenic mice were maintained in a mixed C57BL/6 X 129/
Sv] X CBA background. BAC transgenic Nkx5-1-Cre mice were gener-
ated as previously described (Fogarty et al., 2005). The BAC used to
generate these mice spanned ~200 kb of genomic DNA around the
Nkx5-1 locus and was purchased from BacPac Resources. The codon-
improved Cre recombinase (iCre) with a nuclear localization signal was
fused to the translation initiation codon using an approach based on the
PCR, and followed by an SV40 polyadenylation signal. The day of vaginal
plug was considered to be embryonic day 0.5 (E0.5). Animals were kept at
the Instituto de Neurociencias de Alicante under Spanish and European
Union regulation.

In utero electroporation. Timed-pregnant Nkx2-1-Cre females were
deeply anesthetized, and the abdominal cavity was cut open. Embryos
were exposed in the uterus, and 1 ul of a 1 pg/ul solution of pPCAGGS-
LoxP-STOP-LoxP-EGFP plasmid was injected into the lateral ventricle
of the telencephalon through the uterine wall. Square electric pulses of 35
V and 50 ms were passed through the uterus five times, spaced 950 ms,
using a square pulse electroporator (CUY21E; Nepa GENE). DNA was

Molecular characterization of progenitor cells in the embryonic POA. A—E, Coronal sections through the caudal
telencephalon at E13.5 showing the expression of Nkx2-1 (A), Shh (B), Olig2 (C), Dbx1 (D), and Nkx6-2 (E) mRNA. Sections B—E are
from the same brain and are adjacent to each other. The red dashed lines mark the ventricular zone, whereas the white arrowheads
mark the limit between the MGE and the POA. GP, Globus pallidus; H, hippocampus; NCx, neocortex; PCx, piriform cortex; Str,

PFA at 4°C from 2 to 6 h. Brains were then
embedded and cut frozen at 20 wm in the cryo-
stat or sectioned in the vibratome at 60 wm.
Postnatal mice were anesthetized with an over-
dose of sodium pentobarbital and transcardi-
ally perfused with 4% PFA. Postnatal brains
were removed, fixed for 1-3 h at 4°C, and cryo-
protected in 30% sucrose in PBS. Brains were
then cut frozen on a sliding microtome at 40
pm. The following primary antibodies were
used:  rat  anti-5-bromo-2’-deoxyuridine
(BrdU) (1:100; Accurate), mouse anti-Cre (1:
2000; a gift from G. Schiitz), rabbit anti-
CyclinD1 (1:1; Thermo Fisher Scientific), rab-
bit anti-GABA  (1:1000; Sigma-Aldrich),
chicken anti-green fluorescent protein (GFP)
(1:3000; Aves Labs), rabbit anti-Lhx6 (1:1000; a
gift from V. Pachnis), rabbit anti-NG2 (1:200;
Millipore Bioscience Research Reagents), rabbit anti-Nkx2-1 (1:2000;
Biopat), mouse anti-neuronal nuclei (NeuN) (1:500; Millipore Bio-
science Research Reagents), rabbit anti-neuronal isoform of nitric oxide
synthase (nNOS) (1:1000; Immunostar), rabbit anti-PH3 (1:500; Milli-
pore), rabbit anti-parvalbumin (PV) (1:5000; Swant), rat anti-
somatostatin (SST) (1:200; Millipore Bioscience Research Reagents),
rabbit anti-S100 (1:1000; Sigma-Aldrich), rabbit anti-calretinin (CR) (1:
3000; Swant), and rabbit anti-vasointestinal peptide (VIP) (1:1000; Im-
munostar). The following secondary antibodies were used: goat anti-
chicken 488, donkey anti-rabbit 555, donkey anti-mouse 555 (all from
Invitrogen) and donkey anti-rat Cy3 (Jackson ImmunoResearch Labo-
ratories). The immunofluorescence detection of enhanced yellow fluo-
rescent protein (EYFP) was performed using an anti-GFP antibody.
DAPI (4',6'-diamidino-2-phenylindole) (Sigma-Aldrich) was used for
fluorescent nuclear counterstaining. Nkx5-1-derived cells were mapped
using a microscope equipped with Neurolucida software.

Slice preparation and recordings. A vibratome was used to cut coronal
slices (300 wm) through the somatosensory cortex of postnatal day 17
(P17) to P22 Nkx5-1-Cre;Rosa26R-YFP mice. Slices were cut in ice-cold
modified artificial CSF (aCSF) (248 mwm sucrose, 3 mm KCl, 0.5 mMm
CaCl,, 4 mm MgCl,, 1.25 mm NaH,PO,, 26 mm NaHCO;, and 10 mm
glucose, saturated with 95% O, and 5% CO,) and stored in a warmed
(32°C) incubation chamber for at least 30 min before recording sub-
merged in aCSF (124 mm NaCl, 3 mm KCl, 2 mm CaCl,, 1 mm MgCl,, 1.25
mM NaH,PO,, 26 mm NaHCO; and 10 mum glucose, saturated with 95%
0O, and 5% CO,). For whole-cell recordings, slices were individually
transferred to the stage of an upright Leica DMLFSA microscope coupled
to a confocal spectral scanning head (Leica TCS SL) and viewed through
a 20X water-immersion objective. Slices were continuously superfused
with aCSF at room temperature or warmed at 30°C. Glass microelec-
trodes (borosilicate; 1.5 mm outer diameter X 0.86 inner diameter;
Harvard Apparatus; 3—6 M() resistance) were filled with a potassium-
gluconate-based intracellular solution (140 mm K-gluconate, 10 mm
HEPES, 2 mm NaCl, 4 mm KCl, 4 mm ATP, 0.4 mm GTP, 0.6 mMm Alexa
555) containing 2 mg/ml biocytin for postrecording immunocytochem-
istry. To visualize and target cells, yellow fluorescent protein (YFP)-
positive neurons were excited at 488 nm. To visualize targeted cells after
whole-cell configuration, Alexa 555 was excited at 543 nm. Interneurons
were kept under current-clamp configuration with an Axoclamp 200A
amplifier operating in a fast mode, filtered on-line at 2 kHz, and acquired
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on a personal computer at a sampling rate of 20 kHz using pClamp 6.0.2
software program. To characterize the electrophysiological parameters of
the cells, we applied prolonged (5 s) and short-duration (0.5 s) hyperpo-
larizing and depolarizing current steps. Data analysis was performed
off-line in Clampfit 9.2. The morphological reconstruction of recorded
interneurons was performed using a microscope equipped with Neu-
rolucida software. Electrophysiological parameters were calculated as
follows: steady-state frequency is the reciprocal of the average of the last
five interspike intervals; onset frequency is the reciprocal of the first or
second interspike interval; adaptation is the percentage of reduction of
the steady-state frequency with respect to the onset spike frequency (for each
cell, the adapting value was calculated as the average of all saturated adapting
traces). For the classification of interneurons, we followed that recently
adopted by the Petilla Interneuron Nomenclature Group et al. (2008).

Quantification. For the birth dating of cortical YFP-expressing cells,
YFP/BrdU double-labeled cells were counted using Neurolucida soft-
ware from four different rostrocaudal levels of the cortex for three
animals. To examine differences across populations, data were statis-
tically analyzed using x> tests. For the quantification of colocalization
patterns [YFP/NeuN, YFP/GABA, and YFP/Neuropeptide Y (NPY)],
labeled cortical cells were counted from four different sections
throughout the rostrocaudal extent of the cortex. In all cases, data
were expressed as average = SEM.

Results

Progenitor cells in the POA are different from those in

the MGE

The embryonic anterior POA is defined anatomically as the re-
gion immediately in front of the optic recess, at the limit between
the telencephalon and the diencephalon. The POA is therefore
part of the telencephalic stalk, the non-evaginated telencephalon
(Puelles et al., 2000). The POA is also immediately adjacent to the
MGE, and, as in this region, virtually all progenitor cells in the
POA express the homeobox transcription factor Nkx2-1 (Flames
et al., 2007) (Fig. 1A). However, expression of the transcription
factor DbxI and the morphogenetic protein Shh can be detected
in the POA ventricular zone (VZ), but not in the MGE, whereas
Olig2, a transcription factor expressed at high levels in MGE pro-
genitors, is virtually absent from the POA VZ (Fig. 1 B-D). Other
features distinguish the embryonic POA from the adjacent MGE.
For example, the POA VZ contains cells that express Nkx6-2,
whereas the adjacent ventral domain of the MGE does not (Fig.
1E). Moreover, the POA does not seem to contain a pool of
secondary progenitors organized in a SVZ, as it is the case for the
MGE and other telencephalic regions (data not shown). Thus,
POA progenitors appear to be molecularly distinct from those in
the MGE (Flames et al., 2007), although expression of common
transcription factors indicates that they may share some proper-
ties. Of particular interest is the expression of Nkx2-1, because
this transcription factor has been previously associated with pro-
genitor cells giving rise to highly motile neurons in the MGE
(Wichterle et al., 1999; Nery et al.,, 2002). This observation
prompted us to test the hypothesis that POA progenitors, like
those in the MGE, may also generate long-range migrating cells,
such as cortical interneurons.

The embryonic POA gives rise to cells that migrate to

the cortex

Despite the substantial number of studies analyzing the deriva-
tives of the ganglionic eminences (Corbin et al., 2001; Marin and
Rubenstein, 2001; Wonders and Anderson, 2006), virtually noth-
ing is known about the destiny of neurons generated in the em-
bryonic POA. Fate-mapping analysis of cells derived from the
Nkx2-1 lineage in the telencephalon suggests that the embryonic
POA givesrise to at least some parts of the adult preoptic area (Xu
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Figure2.  The embryonic POA gives rise to cells that migrate to the cortex. A, Schema of the

experimental design followed in B—E’. B, B', A representative case of the distribution of GFP
(B)-and Nkx2-1(B')-expressing cellsin a coronal section through the telencephalon ofan E15.5
embryo in which the POA was electroporated at E12.5. The white arrowhead indicates the
location of basal forebrain cells derived from the POA. C, ', High-magpnification images of the
boxed areas shownin Band B', respectively. The open arrowheads in Band Cmark labeled cells
with migratory morphology in the subpallium andin the cortex. D, D', E, E’, Images of representative
cellsfound in the cortex. These cells typically stain for Calbindin (D, D) and do not express Lhx6 (E, E').
Scale bars: (in B) B, B’, 250 m; (in € €, €', 100 wm; (in D) D, D', E, E’, 25 pum.

etal., 2008), although no specific fate-mapping analysis has been
performed for this region exclusively. In addition, early slice cul-
ture studies hinted to the possibility that neurons derived from
the POA might migrate to the cortex (Marin et al., 2001), al-
though this idea has mostly gone unnoticed (Butt et al., 2005;
Métin et al., 2006; Wonders and Anderson, 2006). To directly test
this hypothesis, we performed a series of in utero electroporation
experiments in which we targeted a plasmid encoding for Gfp in
the embryonic preoptic area at E12.5. It has been reported that
adjusting the angle of inclination of the electrode paddles at ~30°
with respect to the horizontal plane of the brain results in the
specific electroporation of the ganglionic eminences (Borrell et
al., 2005). A caveat of this approach, however, is that most at-
tempts result in the labeling of progenitor cells throughout the
entire subpallium (Borrell et al., 2005). To limit the target region
for the electroporation, we combined this approach with the Cre/
loxP recombination system. In brief, we constructed a plasmid in
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cortex; Str, striatum; Th, thalamus. Scale bars: (in 4) A-C, 50 um.

which expression of Gfp was dependent on Cre-mediated recom-
bination, and used this vector to target the ventral telencephalon
of E12.5 Nkx2-1-Cre transgenic mouse embryos (Fig. 2A). In
these experiments, expression of Gfp was always limited to the
Nkx2-1-expressing region of the telencephalon (MGE and POA),
and occasionally, expression was restricted to the embryonic
POA (n = 4) (Fig. 2B, B'). Analysis of mouse embryos in which
the POA was specifically targeted revealed numerous GFP+ cells
in the vicinity of the POA VZ at E15.5 (Fig. 2B). In addition,
streams of cells emanating from the POA and migrating in dorsal
and rostromedial directions were consistently observed at this
stage in POA-electroporated embryos (Fig. 2C, C') (data not
shown). In most cases (n = 3 of 4), migrating GFP+ cells were
also found in the cortex, suggesting that POA progenitors give
rise to a population of cortical cells (Fig. 2B, D, E). Immunohis-
tochemical characterization of these cells revealed that they stain
for Calbindin, a common marker of immature cortical interneu-
rons at this stage (Liu and Graybiel, 1992; Polleux et al., 2002),
but many lack expression of the LIM-homeobox transcription
factor Lhx6 (Fig. 2D, E'). Because Lhx6 is a reproducible marker
of cortical interneurons derived from the MGE (Lavdas et al.,
1999; Fogarty et al., 2007) that is likely absent from cells emerging
from the POA (Flames et al., 2007), the expression profile of cor-
tical cells found in these experiments (Calbindin */Lhx6 ~) reinforce
the notion that interneurons derived from the POA migrate to
the cortex during embryonic stages.

Cortical GABAergic interneurons derive from the

embryonic POA

The previous in utero tracing experiments suggested that the POA
is the origin of a population of cortical interneurons. However,
because these experiments were analyzed at E15.5 to confirm that
electroporation was restricted to the POA, it remained to be dem-
onstrated that this population of POA-derived cells end up inte-
grating in the adult cortex as GABAergic interneurons. To this
aim, we performed genetic lineage experiments using again the
Cre/loxP system. As part of a large effort to delineate distinct
progenitor domains in the mouse subpallium (Flames et al.,

Restricted expression of Nkx5-1in the developing preoptic area. A-C, Coronal sections through the caudal telenceph-
alonat E10.5 (A), E12.5 (B), and E13.5 (€) showing the expression of Nkx5-7 RNA. H, Hippocampus; NCx, neocortex; PCx, piriform

gion immediately adjacent to the VZ in the
most ventral aspect of the POA expresses
Nkx5-1 (also known as Hmx3). Nkx5-1 ap-
pears to be transiently expressed by a pop-
H ulation of early postmitotic POA-derived
cells from midgestation to late embryonic
stages (Figs. 3, 4A, B) (data not shown).
Th Remarkably, Nkx5-1 does not seem to be
expressed in other regions of the develop-
ing telencephalon (Fig. 3) (data not
shown), which made this gene ideal for ge-
netic tracing derivatives of the POA. We gen-
erated a bacterial artificial chromosome
(BAC) transgenic mouse line that expresses
Cre recombinase under transcriptional
control of the Nkx5-1 gene to lineally label
cells that are generated from the POA
(supplemental Fig. S1, available at www.
jneurosci.org as supplemental material).
In Nkx5-1-cre mice, Cre expression in the
telencephalon was restricted to the POA at
all stages examined (supplemental Fig. S2,
available at www.jneurosci.org as supple-
mental material). Moreover, when crossed to
the Cre reporter mouse R26R-EYFP (Srinivas et al., 2001), we found
that the pattern of YFP expression—detected with antibodies
against GFP, which also recognize this fluorescent protein—at
E13.5 is remarkably similar to that of the endogenous Nkx5-1
gene (Fig. 4B, C). Unlike the endogenous gene, however, Cre-
mediated recombination led to the permanent expression of YFP
in those POA-derived cells that transiently expressed the Nkx5-1
gene, which allowed their tracing. Analysis of the distribution of
YFP-expressing cells at different embryonic stages revealed that
many of the cells that transiently expressed Nkx5-1 in the embry-
onic POA remain in the mantle of this region (Fig. 4D, E). How-
ever, we also found a small population of YFP-expressing cells
that migrate tangentially from the POA and progressively colo-
nize the embryonic cortex starting from E13.5 (data not shown).
These cells had the typical morphology of tangentially migrating
GABAergic interneurons (Fig. 4F, G), as described for example
for MGE-derived cells (Lavdas et al., 1999; Martini et al., 2009).
Interestingly, although some tangentially migrating YFP-
expressing cells invade the cortex following a direct dorsal route
(Fig. 4C, arrowheads), many others seem to migrate first in a
rostromedial direction through the septal region to invade the
cortex at intermediate and rostral telencephalic levels, both
through the lateral pallium or directly through the septal region
(supplemental Fig. S3, available at www.jneurosci.org as supple-
mental material). Once in the cortex, YFP-expressing cells mi-
grate primarily through the marginal zone and the subplate (Fig.
4F, G), but very rarely via the cortical SVZ, one of the main
migratory routes for MGE- and CGE-derived interneurons
(Wichterle et al., 2001; Tanaka et al., 2003).

We next analyzed the distribution of YFP-expressing cells in
the telencephalon of adult Nkx5-1-Cre;Rosa26R-YFP mice. We
found that many YFP-expressing cells populate medial and lat-
eral aspects of the preoptic area (Fig. 5A), thereby demonstrating
that this region mostly derives from the embryonic POA. In ad-
dition, a few YFP-expressing cells were also identified in the ol-
factory bulb, striatum, septum (medial, lateral, triangular, and
septofimbrial nuclei), claustrum and endopiriform nucleus, the
medial division of the bed nucleus of the stria terminalis, and
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several amygdala subdivisions, including [

E13.5 Shh ||

Nkx5-1 I

the lateral, basolateral, basomedial, and —
medial nuclei (Fig. 5A) (data not shown).
Most  prominently, disperse  YFP-
expressing cells were found through the
cerebral cortex, including the piriform
cortex and the hippocampus (Fig. 5A-C)
(data not shown). Immunohistochemical
analysis revealed that many YFP-
expressing cells found in the cortex were

neurons (39.4 = 2.39%; n = 660 cells from
two different brains), as identified by |

Il E17.5 DAPI

staining against the neuronal marker
NeuN (Fig. 5D-D"), whereas the remain-
ing ones stained for glial markers, such as
S100 and NG2 (supplemental Fig. S4,
available at www.jneurosci.org as supple-
mental material). Most YFP-expressing
neurons in the neocortex were located in
supragranular layers, independently of
their birth date (Fig. 5B, D, E). Of these, a
large proportion was found in layer I (Fig.
5B, E).

We next investigated the molecular
properties of POA-derived  YFP-
expressing cortical neurons. We found
that virtually all of them stained with anti-
bodies against GABA (Fig. 6A, A, A"), re-
inforcing the view that the embryonic
POA generates a population of cortical
GABAergic interneurons. GABAergic in-
terneurons derived from the POA distrib-
ute throughout the entire neocortex, and
many were also found to populate the hip-
pocampus (Fig. 6C). Because different
classes of cortical GABAergic interneurons —
typically express one or several calcium-
binding proteins and neuropeptides
(Markram et al., 2004; Somogyi and
Klausberger, 2005; Gonchar et al., 2008),
we analyzed their expression in YFP-
expressing neurons in the cortex. Approx-
imately one-third of the YFP-expressing
GABAergic interneurons in the cortex
were found to exclusively express NPY
(33.54 = 2.52%; n = 817 cells from three
different brains) (Fig. 6A-A", B), whereas the remaining
GABAergic interneurons did not stain for any of the other typical
markers of these cells, including PV, CR, SST, VIP, or the nNOS
(supplemental Fig. S5, available at www.jneurosci.org as supple-
mental material). We also analyzed the expression of the tran-
scription factor Lhx6 in YFP-expressing neurons in the cortex.
Lhx6 lies downstream of Nkx2-1 in the subpallium (Du et al.,
2008), and therefore it is frequently assumed that all interneurons
derived from Nkx2-1-expressing territories would also express
this transcription factor. We found that virtually all YFP-
expressing neurons in the cortex do not express Lhx6 at P30
(Fig. 6 B-B"). To confirm that NPY */SST ~ cortical interneu-
rons do not derive from a Lhx6-expressing lineage, we next
examined the expression of NPY and SST in Lhx6-Cre;Rosa26R-
YFP mice (Fogarty et al., 2007). In these mice, very few NPY */
SST ™ interneurons were found to derive from the Lhx6 lineage
(3.10 = 1.78%; n = 243 cells from three different animals) (sup-

Nkx5-1-Cre;R26R-YFP

Figure4.

pm; F, 50 pum; G, 100 em.

YFP expressionin the developing telencephalon of Nkx5-7-Cre;Rosa26R- YFP embryos. A-C, Coronal adjacent sections
through the caudal telencephalon of an E13.5 Nkx5-1-Cre;Rosa26R-YFP embryo showing the expression of Shh (A) and Nkx5-1 (B)
mRNA and YFP protein (C). In situimages (A, B) were pseudocolored using Photoshop software. YFP expression (C) closely parallels
Nkx5-1mRNA expression in the adjacent section (B). The arrowheads point to cells that seem to follow a dorsal migration from the
POA. D-G, Coronal sections through the telencephalon of E15.5 (D, F) and E17.5 (E, G) Nkx5-1-Cre;Rosa26R-YFP embryos showing
the distribution of YFP-expressing cells derived from Nkx5-1-expressing cells in the POA. F, G, High-magnification images of the
boxed areas shown in D and E, respectively. ac, Anterior commissure; MZ, marginal zone; CP, cortical plate; IZ, intermediate zone;
sp, subplate; SVZ, subventricular zone; VZ, ventricular zone; V-V, cortical layers V and VI. Scale bars: (in A) A-C, 100 m; D, E, 250

plemental Fig. S6, available at www.jneurosci.org as supplemen-
tal material), whereas most SST "/NPY ~ or SST */NPY * neu-
rons did (96.85 = 5.00%; n = 593 cells from three different
animals). In sum, YFP-expressing cortical neurons in Nkx5-1-
Cre;Rosa26R-YFP mice are GABAergic interneurons, frequently
express NPY, and mostly derive from a Nkx2-1*/Lhx6 ~ lineage
in the POA.

Nkx5-1-derived cortical interneurons constitute a
functionally homogeneous population

Although analyzing molecular properties typically represent a
good way to identify distinct groups of GABAergic interneurons
in the cerebral cortex (Markram et al., 2004; Gonchar et al.,
2008), our failure to find any marker that labels Nkx5-1-derived
cortical interneurons in addition to NPY prevented us from as-
sessing to what extent these neurons belong to two or more dis-
tinct subtypes of cortical interneurons. To address this question,
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Figure5.  YFPexpressionin the adult telencephalon of Nkx3-1-Cre;Rosa26R-YFP mice. A, B, Images of a coronal section through
the telencephalon of P30 Nkx5-7-Cre;Rosa26R-YFP mice showing the distribution of YFP-expressing cells. B, High-magnification
image of the boxed area shown in 4, in which the overall laminar distribution of YFP-expressing cells is visualized. Note that
whereas YFP-expressing cells are abundant in medial regions of the preoptic area, very few cells are found in the region of the
magnocellular preoptic nucleus (MCPO). ¢, Many YFP-expressing cells in the neocortex of a P30 Nkx3-1-Cre;Rosa26R-YFP mice have
the morphological features of cortical interneurons. D-D", Immunohistochemistry against YFP (D, D”) and NeuN (D’, D”) in the
neocortex of P30 Nkx5-1-Cre;Rosa26R-YFP mice. The arrowheads indicate YFP-expressing cells that express NeuN, whereas the
open arrowhead points to a YFP-expressing cell that does not contain NeuN. £, Quantification of the distribution of E12.5 (light gray
bars)-and E15.5 (dark gray bars)-born YFP-expressing cells in the neocortex of P30 Nkx5-1-Cre;Rosa26R-YFP mice (n = 3). ***p <
0.001and **p << 0.0, ttest. Error bars indicate SEM. Cg, Cingulate cortex; CPu, caudoputamen nucleus; I-VI, cortical layers | to VI;
ICx, insular cortex; Ls, lateral septum; MCx, motor cortex; MPOA, medial preoptic area; Ms, medial septum; SCx, somatosensory
cortex. Scale bars: 4, 500 pum; B, 250 m; ¢, D-D", 50 pum.
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respectively), and membrane depolariza-
tion beyond 0 mV consistently failed to
evoke action potentials (supplemental
Fig. S7, available at www.jneurosci.org
as supplemental material). Data from
these cells were not included in our sub-
sequent analysis.

Consistent with our previous charac-
terization, recorded interneurons (n = 49)
were mostly located in superficial layers of
the cortex. Recorded neurons had a multi-
polar shape, with relatively diverse so-
matic, dendritic, and axonal morphologies
(Fig. 7B, D). Moreover, in agreement with
our previous observations, many re-
corded interneurons stained for NPY, but
not all of them did (n = 13 of 16) (Fig.
7C-C") (data not shown). Nevertheless, all
interneurons recorded displayed a rather
homogeneous firing pattern, with a tem-
poral structure that was highly dependent
on the stimulation level (Fig. 7E-G; sup-
plemental Table S1, available at www.
jneurosci.org as supplemental material).
Recorded interneurons displayed a non-
adapting and low-frequency spike behav-
ior when near-threshold current steps
were applied (range, 5-30 Hz; n = 33)
(Fig. 7E; supplemental Fig. S8, available at
www.jneurosci.org as supplemental mate-
rial). In contrast, a consistent adapting fir-
ing pattern was found in all excitable YFP-
expressing cells when large depolarizing
current steps were applied (adapting per-
centage, 79.20 * 1.26%; range, 58 —89%j;
n = 37) (Fig. 7F, G). We observed onset
frequencies ranging from 99 to 574 Hz and
steady-state frequencies from 22 to 98 Hz.
During a pulse, frequency adaptation
was extremely fast, typically within the
first two to five spikes, depending on the
stimulus (supplemental Fig. S8, avail-
able at www.jneurosci.org as supple-
mental material). Moreover, when stim-
uli were strong enough for spikes to
adapt, saturating levels of adaptation
were immediately observed (supple-
mental Fig. S8, available at www.
jneurosci.org as supplemental material).
In summary, cortical neurons derived
from Nkx5-1 cells in the embryonic POA

we recorded the electrophysiological properties of YFP-
expressing cells from the somatosensory cortex of P17-P22
Nkx5-1-Cre;Rosa26R-YFP mice. In brief, YFP-expressing cells
were identified under confocal microscopy and characterized in
whole-cell configuration with pipettes containing the fluorescent
molecule Alexa 555 (Fig. 7A—A"). More than 90% of all recorded
YFP-expressing cells were excitable. Glial cells were easily identi-
fied because their fluorescence was usually more intense than
interneurons and they typically appeared in clusters of two or
three cells. When recorded, glial YFP-expressing cells displayed a
hyperpolarized resting membrane potential and low membrane
resistance (—79.80 * 1.43 mV, n = 5; 80.0 = 10.0 MQ, n = 3;

belong to a rather homogenous class of rapidly adapting
interneurons.

Discussion

Our results show that the embryonic POA is the source of a
population of cortical GABAergic interneurons in the mouse. In
utero labeling and genetic lineage-tracing experiments demon-
strate that neurons born in the POA migrate to the neocortex and
hippocampus, where they differentiate into a distinct population
of GABAergic interneurons with relatively uniform neurochem-
ical, morphological, and electrophysiological properties. Our
findings have two major implications. First, they demonstrate
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that the POA, a progenitor region adjacent

NPY GABA NPY

to the MGE but with different molecular ]
properties, is a novel source of cortical
GABAergic interneurons. Second, our re-
sults also suggest that unique, distinct
populations of cortical interneurons can
be traced to a relatively small population of

spatially restricted progenitor cells in the

subpallium, reinforcing the view that ge-
netic patterning of this region into distinct
populations of progenitor cells is a prom-
inent cause of cortical interneuron

diversity.

The embryonic POA is a novel source of
cortical interneurons

Cortical interneurons constitute one of the
most diverse groups of cells in the CNS. In
fact, the variability of interneurons is so
large, and defining features so diverse,
than it has even been suggested that they
do not exist as distinct groups, but rather
as a collection of cells with a continuous
spectrum of characteristics (Parra et al.,
1998). Increasing evidence, however, sug-
gests that cortical interneurons indeed be-
long to distinct neuronal populations
(probably >20 distinct cell types), which
can be defined on the basis of their mor-
phological, electrophysiological, and neu-
rochemical characteristics (Freund and
Buzsaki, 1996; Kawaguchi and Kondo,
2002; Markram et al., 2004; Klausberger
and Somogyi, 2008).

A large body of evidence suggests that
distinct classes of interneurons originate
from different regions of the subpallium
(Wonders and Anderson, 2006). In partic-
ular, genetic and fate-mapping studies—
primarily in the mouse—have revealed
that most cortical interneurons are born in
two relatively large regions of the subpal-
lium, the MGE and the dCGE (Sussel et al.,
1999; Wichterle et al., 2001; Nery et al.,
2002; Xu et al., 2003; Butt et al., 2005;
Fogarty et al, 2007). Interneurons ex-
pressing PV or SST, which together account for ~70% of cortical
interneurons in rodents, appear to derive primarily from the
MGE (Xu etal., 2003; Butt et al., 2005; Flames et al., 2007; Fogarty
et al., 2007; Wonders et al., 2008), whereas bipolar cells express-
ing CR, which represent ~15% of the total population, seem to
emerge exclusively from the dCGE (Xu et al., 2003; Lopez-
Bendito et al., 2004; Butt et al., 2005; Fogarty et al., 2007). What
about the remaining types of interneurons? It has been suggested
that cortical GABAergic interneurons may arise from other pro-
genitor regions within the subpallium. For example, it has been
proposed that the LGE and the embryonic septal region give rise
to GABAergic neurons that migrate to the cortex (Jiménez et al.,
2002; Taglialatela et al., 2004). This idea, however, is mostly based
on short-term experiments, and therefore it is unclear whether
cells arising from these regions ultimately differentiate into
cortical interneurons. In contrast, our experiments unequivo-
cally demonstrate the POA gives rise to a population of

P30  Nkx5-1-Cre;R26R-YFP

Figure 6.

® GABA
® GABA + NPY

Distribution of POA-derived interneurons in the neocortex and hippocampus of Nkx5-7-Cre;Rosa26R-YFP mice.
A-A",Immunohistochemistry against YFP (4, A™), GABA (A", A”),and NPY (4", A”") in the neocortex of P30 Nkx5-1-Cre;Rosa26R-
YFP mice. The arrowhead points to a YFP-expressing neuron that expresses GABA but not NPY, whereas the open arrowhead
indicates a YFP-expressing neuron that coexpresses GABA and NPY. B—B", Immunohistochemistry against YFP (B, B”), Lhx6
(B’, B™), and NPY (B”, B") in the neocortex of P30 Nkx5-1-Cre;Rosa26R-YFP mice. The arrowhead points to a YFP-expressing
neuron that expresses NPY but not Lhx6, whereas the open arrowhead indicates a YFP-expressing neuron that is negative for both
Lhx6 and NPY. €, Schemas depicting the distribution of YFP-expressing interneurons containing GABA (red dots) or GABA and NPY
(blue dots) in the neocortex and hippocampus of a P30 Nkx5-7-Cre;Rosa26R-YFP mouse. The schematic of the sagittal view of the
mouse brain indicates the approximate location of the coronal sections drawn in € (numbers 1-6). Scale bar: (in B) A-B", 25 m.

GABAergic neurons that migrate to the cortex during embry-
onic stages and differentiate into a distinct class of cortical
interneurons.

POA-derived cortical interneurons characterized in this study
belong to a fairly homogenous population. These interneurons
are mainly found in superficial layers of the cortex (often at the
boundary between layer I and II), have a multipolar morphology,
and have the intrinsic electrophysiological profile of adapting
interneurons (Petilla Interneuron Nomenclature Group et al.,
2008). In addition, Nkx5-1-derived interneurons frequently ex-
press NPY but not SST or any of the other common markers for
interneurons. Since NPY levels have been shown to fluctuate in
other brain nuclei (Xu et al., 1999), it is possible that all Nkx5-1-
derived interneurons may express NPY, in many cases below our
threshold of detectability. Interneurons with similar properties
have also been found to derive from the dCGE (Butt et al., 2005),
a finding that is in agreement with our observation that not all
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Figure7. Corticalinterneurons derived from Nkx5-1 cells constitute a relatively homogenous population with adapting firing pattern. A-A", Single confocal sections acquired during initial steps
of a patch-clamp recording: green fluorescence of a cortical YFP cell as seen before pipette patch (4); the same cell in cell-attached (4”) and whole-cell (4”) configuration using a pipette containing
Alexa 555. B, Confocal reconstruction of a recorded cell acquired immediately after an electrophysiological session. (~C”, Immunohistochemistry against NPY in an Alexa 555-containing neuron
recorded in the neocortex. D, Morphological varieties of POA-derived cortical interneurons in Nkx5-1-Cre;Rosa26R-YFP mice. Images are Neurolucida reconstructions from recorded neurons. The
dotted red lines indicate the limits of cortical layer I. E, Current-clamp recordings in whole-cell configuration. Responses to hyperpolarizing and near-threshold depolarizing current steps. Neurons
start firing at low frequency (red trace). F, Larger current steps give rise to an adapting firing pattern. Increasing stimulation levels generates faster onset and steady-state frequencies. G, No
differences were observed applying prolonged stimulating current steps. Scale bars: A-A", C-C", 10 m; B, 25 m; D, 100 pm.
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NPY */SST ~ interneurons in the cortex derive from Nkx5-1-
expressing cells (data not shown). This conclusion is also consis-
tent with the suggestion that NPY */SST ~ cortical interneurons
derive from a lineage of subpallial cells that express DIx but not
Lhx6 (Zhao et al., 2008; this study), a profile that is found both in
the dCGE and in the POA (Flames et al., 2007). Thus, NPY */
SST ™ cortical interneurons appear to originate from distinct pro-
genitor pools in the dCGE and the POA.

Fate-mapping studies have shown that the embryonic POA
maps close to the anterior commissure locus of the commissural
plate, near the rostromedian end of the neural forebrain area
(Rubenstein et al., 1998; Cobos et al., 2001b). From that perspec-
tive, it is likely that POA-derived interneurons populate the cere-
bral cortex in topologic rostrocaudal direction, a possibility that
is consistent with the observation of a higher density of POA-
derived interneurons in the rostro-intermediate regions of the
cortex than in intermediate-caudal areas of the cortex, both dur-
ing embryonic development and in the adult brain (Fig. 6). A
similar situation—although in reverse orientation—has been de-
scribed for dCGE-derived interneurons, which invade the cortex
through a caudal migration and therefore tend to populate more
efficiently caudal cortical regions (Nery et al., 2002; Yozu et al.,
2005). In the case of NPY "/SST ~ cortical interneurons, the ex-
istence of these two opposing sources (POA and dCGE) may
contribute to the relatively homogenous distribution of this in-
terneuron population throughout the entire cortex. This strategy
may have been adopted during evolution to cope with the general
problem of homogenously distributing a population of tangentially
migrating neurons with similar properties, and may apply not only
to interneurons but also to other cell types, such as Cajal-Retzius
cells (Takiguchi-Hayashi et al., 2004; Bielle et al., 2005).

Origin of cortical interneuron diversity

Recent studies suggest that the generation of interneuronal diver-
sity is linked to regional differences in the specification of pro-
genitor cells in the subpallium (Wonders and Anderson, 2006).
In the MGE, for example, progenitor cells appear to give rise to at
least 10 distinct classes of cortical interneurons (Butt et al., 2005;
Miyoshi et al., 2007), which can be distinguished on the basis of
their morphology, neurochemical content, and electrophysiolog-
ical profile. Several hypotheses have been put forward to explain,
from a developmental perspective, the origin of cortical interneu-
ron diversity. One possibility is that, as in the spinal cord (Jessell,
2000), different types of interneurons derive from discrete, spa-
tially segregated progenitor domains, each defined by the expres-
sion of a particular combination of transcription factors (Flames
etal., 2007). Consistent with this idea, it has been recently found
that SST /CR ™ Martinotti cells appear to derive primarily from
the dorsal aspect of the MGE (a progenitor domain now desig-
nated as pMGEL1) (Flames et al., 2007; Fogarty et al., 2007; Won-
ders et al., 2008), whereas fast-spiking PV " interneurons mostly
originate from ventral domains of the MGE (Flames et al., 2007;
Wonders et al., 2008). The current findings reinforce this idea, as we
found that a relatively small progenitor domain within the subpal-
lium generates a distinct population of cortical interneurons.

In addition, it is possible that a single progenitor domain gen-
erates more than one class of interneuron over the same develop-
mental period. In the spinal cord, for example, motor neurons
derive from a single progenitor domain, but they acquire many
distinct subtype identities (i.e., columns, divisions, and pools of
motor neurons) through the acquisition of different transcrip-
tional programs (Jessell, 2000). Thus, the expression of different
combinations of transcription factors in neurons derived from
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the same progenitor pool may contribute to increase the diversity
of interneuronal subtypes (Cobos et al., 2006; Wonders and
Anderson, 2006). Our present results are also consistent with this
second possibility: Expression of Nkx5-1 in early postmitotic
neurons derived from the POA identifies a rather homogenous
population of cortical interneurons, which suggest that expres-
sion of Nkx5-1 might be somehow linked to the fate of this neu-
ronal population. Although additional experiments would be
required to test this idea, it is possible that the embryonic POA
gives rise to other classes of cortical interneurons in addition to
the population of NPY */SST ~ interneurons identified in this
study and that expression of Nkx5-1 only identifies one of the
possible lineages originated in this region. In this context, it is
worth mentioning that two distinct progenitor domains have
been described within the embryonic POA (Flames et al., 2007).
Thus, Nkx5-1-derived may only identify derivatives from one of
these regions.

Finally, it has been suggested that interneuron diversity may
also arise as a consequence of the temporal change in fate of
progenitor cells (Miyoshi et al., 2007). An important implication
of this idea is that environmental cues could differentially influ-
ence the maturation of different classes of interneurons, adding
to their diversity. Considering the current evidence, it seem ob-
vious that high-resolution fate-mapping studies—allowing the
analysis of a very restricted number of identified progenitors or
even single progenitor cells—are needed to directly determine
the relative contribution of all these factors to the origin of inter-
neuron diversity in the cerebral cortex.
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