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Common Origins of Hippocampal Ivy and Nitric Oxide
Synthase Expressing Neurogliaform Cells
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GABAergic interneurons critically regulate cortical computation through exquisite spatiotemporal control over excitatory networks.
Precision of this inhibitory control requires a remarkable diversity within interneuron populations that is largely specified during
embryogenesis. Although interneurons expressing the neuronal isoform of nitric oxide synthase (nNOS) constitute the largest hippocam-
pal interneuron cohort their origin and specification remain unknown. Thus, as neurogliaform cells (NGC) and Ivy cells (IvC) represent
the main nNOS * interneurons, we investigated their developmental origins. Although considered distinct interneuron subtypes, NGCs
and IvCs exhibited similar neurochemical and electrophysiological signatures, including NPY expression and late spiking. Moreover,
lineage analyses, including loss-of-function experiments and inducible fate-mapping, indicated that nNOS * IvCs and NGCs are both
derived from medial ganglionic eminence (MGE) progenitors under control of the transcription factor Nkx2-1. Surprisingly, a subset of
NGCs lacking nNOS arises from caudal ganglionic eminence (CGE) progenitors. Thus, while nNOS * NGCs and IvCs arise from MGE
progenitors, a CGE origin distinguishes a discrete population of nNOS ~ NGCs.

Introduction

Cortical circuit processing critically relies on the ability of a rela-
tively small number of GABAergic inhibitory interneurons to
temporally and spatially coordinate information transfer among
large numbers of glutamatergic principal cells (Somogyi and
Klausberger, 2005). Disruption of this excitation—inhibition dy-
namic is a precipitating factor in several neurological disorders
(Levitt et al., 2004; Cossart et al., 2005; Lewis et al., 2005), and
developmental studies indicate that several genes associated
with such disorders are expressed in interneurons during em-
bryogenesis (Batista-Brito et al., 2008). Therefore, interneu-
ron misspecification early in development may underlie
pathological alterations of mature cortical networks (Batista-
Brito and Fishell, 2009). However, the remarkable diversity of
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interneurons has confounded our understanding of their precise
roles in controlling network computation.

Recently, developmental criteria have been used to explore the
functional diversity of interneurons (Wichterle et al., 2001; Nery
et al., 2002; Butt et al., 2005, 2008; Miyoshi et al., 2007; Sousa et
al., 2009). Indeed, the ultimate fate of an interneuron, the sub-
group to which it belongs, and thus its role in the mature cortical
network, is in part dictated by early specification during embry-
ogenesis (Butt et al., 2005; Miyoshi et al., 2007; Batista-Brito and
Fishell, 2009). Neocortical and hippocampal interneurons origi-
nate mainly from the medial and the caudal ganglionic emi-
nences (MGE and CGE, respectively) in the ventral telencephalon
(Anderson et al., 1999; Lavdas et al., 1999; Sussel et al., 1999;
Pleasure et al., 2000; Wichterle et al., 2001; Nery et al., 2002; Butt
et al., 2005; Fogarty et al., 2007). MGE-derived interneurons
ultimately give rise to parvalbumin (PV)- and somatostatin
(SOM)-expressing interneuron cohorts, whereas calretinin
(CR)- and vasoactive intestinal peptide (VIP)-expressing inter-
neurons arise from the CGE (Xu et al., 2004; Butt et al., 2005;
Fogarty et al., 2007; Miyoshi et al., 2007). Curiously, in the hip-
pocampus, the neuronal isoform of nitric oxide synthase (nNOS)
is expressed in an interneuron subpopulation that does not over-
lap with PV or SOM interneurons (Fuentealba et al., 2008b) and
also largely segregates from CR interneurons (Jinno and Kosaka,
2002), leaving the developmental origin of nNOS interneurons in
question. nNOS strongly colocalizes with neuropeptide Y in both
Ivy cells (IvCs) (Fuentealba et al., 2008b; Szabadics and Soltesz,
2009) and a subset of neurogliaform cells (NGCs) (Price et al.,
2005). Based on laminar positioning, IvCs and NGCs are consid-
ered distinct interneuron subtypes with unique functional roles
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during hippocampal rhythmic activity (Fuentealba et al., 2008b).
However, the similar electrophysiological, anatomical, and mo-
lecular properties of IvCs and NGCs suggest that they may belong
to the same interneuron family (Szabadics and Soltesz, 2009).
Interestingly, NPY containing interneurons have dual origins
arising from both the MGE and CGE (Butt et al., 2005; Fogarty et
al., 2007), raising the intriguing possibility that nNOS */NPY *
NGCs and IvCs can be parsed based on lineage. Here we used a
multiparametric approach combining genetic, molecular, immuno-
histochemical, and electrophysiological analyses to directly compare
and contrast the developmental origins of nNOS hippocampal in-
terneurons with particular emphasis on IvCs and NGCs.

Materials and Methods

Animals. All experiments were conducted in accordance with animal
protocols approved by the National Institutes of Health.

Double-heterozygote Olig2“"***'*:Z/EG*/~ (Novak et al., 2000;
Takebayashi et al., 2002) and double-homozygous Mash1BAC*ER/CeERy
RCE:LoxP™/* (Miyoshi et al., 2010) male mice were crossed with 6- to
8-week-old wild-type Swiss Webster females (Taconic) for litter produc-
tion. Pregnant mice received tamoxifen [2 mg on embryonic day 9.5
(E9.5)and E10.5,3 mgon E11.5and E12.5,4 mgon E13.5 and E14.5, and
3 mg on E16.5; Sigma-Aldrich] dissolved in corn oil (20 mg/ml; Sigma-
Aldrich) between 1:00 and 3:00 P.M. by oral gavage with a silicon-
protected needle (Fine Science Tools).

Genotyping was done by PCR with the following primers: Olig2“"*FR,
forward, TCGAGAGCTTAGATCATCC; reverse, CACCGCCGCCCAG-
TTTGTCC; mutant reverse, GGACAGAAGCATTTTCCAGG (wild
type: 247 bp, mutant:172 bp); Z/EG, forward, ACACCCTGGTGAAC-
CGCATCGAG, reverse, GCGCTTCTCGTTGGGGTCTTTGC (296 bp);
Mash1BAC-CreER, forward, AACTTTCCTCCGGGGCTCGTTTC, re-
verse, TCCACTCTCCATCTTGCCAGAG, mutant reverse, CGCCTG-
GCGATCCCTGAACATG (wild type: 169 bp, mutant: 247 bp); RCE:
LoxP, forward, CCCAAAGTCGCTCTGAGTTGTTATG, reverse, GAAGGA-
GCGGGAGAAATGGATATG, mutant reverse, CCAGGCGGGCCATT-
TACCGTAAG (wild type: 550 bp, mutant: 350 bp); Nkx2-1Cre, forward,
AAGGCGGACTCGGTCCACTCCG, reverse, TCCTCCAGGGGACT-
CAAGATG, mutant reverse: TCGGATCCGCCGCATAACCAG (wild
type: 220 bp, mutant: 550 bp). Alternatively, Z/EG allele screening was
performed using LacZ staining with fluorescein di-B-p-galactopyra-
noside (Anaspec). Nkx2-1~ and Nkx2-1* alleles were genotyped using
the primer as described by Butt et al. (2008). NPY-hrGFP (Jackson Lab-
oratory) mice were genotyped as described in van den Pol et al. (2009).
Alternatively, postnatal day (P)0—P2 NPY-hrGFP and Nkx2-1BAC-Cre/
RCE:LoxP pups were examined under blue light illumination for screen-
ing cerebral GFP fluorescence. NPY-tau-GFP (Jackson Laboratory) mice
were genotyped using the same primers as used for the ZEG mouse.

Immunofluorescence. Three- to four-week-old mice were perfused
transcardially using a 0.1 M PBS solution containing 4% paraformalde-
hyde followed by 1 or 3 h of postfixation. Brains were cryoprotected using
20-30% sucrose/PBS solution, sliced to 40 wm thickness using a freezing
microtome, and kept at 4°C for up to 3 weeks until used. Free-floating
sections were blocked for 2 h at room temperature in a PBS/0.5% Triton
X-100/1% BSA/10% normal goat serum (NGS) solution before being
incubated overnight at 4°C with primary antibodies diluted in a PBS/1%
BSA/1% NGS solution (BG-PBS). Slices were washed with BG-PBS sup-
plemented with 0.5% Triton X-100 before being incubated for 1 h at
room temperature with secondary antibodies diluted in BG-PBS. Nu-
clear counterstaining was performed with 100 ng/ml DAPI (4’,6-dia-
midino-2-phenylindole; Invitrogen) solution in PBS for 20 min. After
extensive washing in PBS, slices were mounted on gelatin-coated slides in
Vectashield (Vector Laboratories). Antibodies were used in the following
concentrations: mouse anti-PV (1:1000; Sigma-Aldrich), rabbit anti-PV
(1:1000; Swant), rabbit anti-SOM (1:500; Dako), rabbit anti-NPY (1:500;
Immunostar), rabbit anti-NPY [1:1000; a generous gift from Betty
Eipper, University of Connecticut Health Center, Farmington, CT; code
JH3 (Milgram et al., 1996)], rabbit anti-VIP (1:500; Immunostar), rabbit
anti-CR (1:1000; Millipore), rabbit anti-nNOS (1:1000, Millipore),
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mouse anti-nNOS (1:1000, Sigma-Aldrich), mouse anti-Coup TFII (1:
500; Perseus Proteomics), chicken anti-GFP (1:2000; Aves Laboratories),
goat anti-chicken alexafluor488 (1:500; Invitrogen), F(ab)2 fragment of
goat anti-rabbit alexafluor555 (1:500; Invitrogen), and goat anti-mouse
alexafluor633 (1:500; Invitrogen). Fluorescent images were captured us-
ing a Retiga 4000R cooled CCD camera (Qimaging) or using a Live Duo
scan confocal system (Zeiss).

In situ hybridization. Postnatal P15—-P17 brains were fixed by transcar-
dial perfusion followed by 4 h to overnight postfixation with 4% PFA/
PBS solution at 4°C. Brain tissue was then rinsed with PBS, cryoprotected
using 30% sucrose/PBS solution overnight at 4°C, embedded in Tissue
Tek, frozen on dry ice, and sectioned at 12 wm. Section in situ hybridiza-
tions were performed as previously described (Hanashima et al., 2002),
using nonradioactive digoxigenin-labeled probes. The ¢cDNA probes
used included Gad67 and Lhx6.

Electrophysiology. P14—P21 mice (of various genotypes, as indicated
throughout the text) were anesthetized with isoflurane and the brain
dissected out in ice-cold saline solution containing the following (in
mu): 80 NaCl, 25 NaHCO,, 1.25 NaH,PO,, 3.5 KCl, 4.5 MgSO, 0.5
CaCl,, 10 glucose, 90 sucrose, saturated with 95% O, and 5% CO,, pH
7.4. Transverse hippocampal slices (300 wm) were cut using a VT-1000S
vibratome (Leica) and incubated in the above solution at 35°C for recov-
ery (1 h), after which they were kept at room temperature until use.
Individual slices were transferred to an upright microscope and visual-
ized with infrared differential interference contrast microscopy (Axio-
scope FS2; Zeiss). Slices were perfused (2 ml/min) with extracellular
solution composed of (in mm) 130 NaCl, 24 NaHCO;, 3.5 KCl, 1.25
NaH,PO,, 2.5 CaCl,, 1.5 MgCl,, 5 Na-pyruvate, and 10 glucose, satu-
rated with 95% O, and 5% CO,, pH 7.4. Recordings were performed at
32—34°C with electrodes (3—5 M(2) pulled from borosilicate glass (World
Precision Instruments) filled with 150 mm K-gluconate, 4 mm NaCl, 3
MgCl,, 0.5 EGTA, and 10 HEPES plus 2 mg/ml biocytin (Sigma-
Aldrich). The pH was adjusted to 7.4 with KOH (~300 mOsm). Whole-
cell patch-clamp recordings were made using a Multiclamp 700B
amplifier (Molecular Devices). Signals were filtered at 3 kHz (Bessel fil-
ter; Frequency Devices) and digitized at 20 kHz (Digidata 1440A and
pClamp 10.2 Software; Molecular Devices). Recordings were not cor-
rected for a liquid junction potential. Resting potentials were measured
immediately after breakthrough. Input resistances (R,) was measured
using a linear regression of voltage deflections (£15 mV from resting
potential, ~60 mV) in response to 2 s current steps of six to 10 different
amplitudes (increment, 5 pA). Membrane time constant (,,,) was calcu-
lated from the mean responses to 20 successive hyperpolarizing current
pulses (—20 pA; 400 ms). Time constant was determined by fitting volt-
age responses with a single exponential function. Membrane capacitance
(C,,) was calculated according to C,,, = 7,,/R, . Action potential thresh-
old was defined as the voltage at which the slope trajectory reaches 10
mV/ms (Stuart and Hiusser, 1994). Action potential amplitude was de-
fined as the difference in membrane potential between threshold and the
peak. Afterhyperpolarization (AHP) amplitude was defined as the differ-
ence between action potential threshold and the most negative mem-
brane potential attained during the AHP. These properties were obtained
from the mean value of the first two action potentials elicited by depo-
larizing 800-ms-long current pulse of just suprathreshold strength. The
adaptation ratio was defined as the ratio of the average of the last two to
three interspike intervals relative to the first interspike interval during an
800-ms-long spike train. Firing frequency was calculated as the inverse of
the mean interspike interval during the same spike train. Adaptation
ratio and firing frequency were calculated based on response evoked by
current pulse of just above threshold strength and twice that value.

Single-cell reverse transcription—PCR. The single-cell reverse transcrip-
tion—PCR (scPCR) protocol was designed to detect simultaneously the
transcripts of PV, CR, calbindin, the GABA synthesizing enzymes
GADG65 and 67, NPY, SOM, VIP, cholecystokinin (CCK), nNOS, and the
GABA, receptor subunit a1l (GABAARal). At the end of the recording,
cell cytoplasm was aspirated into the recording pipette while maintaining
the tight seal. The content of the pipette was expelled into a test tube and
subjected to reverse transcription (RT) and two steps of PCR as described
previously (Lambolez et al., 1992; Cauli et al., 1997; Karagiannis et al., 2009).
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The cDNA present in the RT reaction were first amplified simultaneously
using all primer pairs described in supplemental Table S1 (available at
www.jneurosci.org as supplemental material) in a total volume of 100 ul
(for each primer pair, the sense and antisense primers were positioned on
two different exons). A second round of PCR was then performed using
2 ul of the first PCR product as a template. In the second round, each
cDNA was amplified individually with a second pair of primers internal
to the primer pair used in the first PCR (nested primers; see supplemental
Table S1, available at www.jneurosci.org as supplemental material) and
positioned on two different exons. The RT-PCR protocol was tested on 1
ng of total RNA purified from mouse whole brain. All the transcripts
were detected from 1 ng of whole-brain RNA (see Fig. 1 F). The sizes of
the PCR-generated fragments were as predicted by the mRNA sequences
(see supplemental Table S1, available at www.jneurosci.org as supple-
mental material). Routinely, a control for mRNA contamination from
surrounding tissue was performed by placing a patch pipette in the slice
without establishing a seal. Positive pressure was then interrupted and,
following the removal of the pipette, its content was processed as de-
scribed. No PCR product was obtained using this protocol.

Data analysis. Inmunocytochemical cell counting was performed on
at least three nonconsecutive sections from at least three animals from
differentlitters. Except for experiments with Nkx2-1 conditional mutant,
two mutant animals and two control littermates were used for each time
points. Values are given as mean = SEM.

Electrophysiological parameters were measured using procedures
written in Igor 6 (Wavemetrics) and using Clampfit 10 (Molecular De-
vices). Differences between groups was assayed using the Kruskal-Wallis
test followed by multiple-comparison post hoc tests using the software
Statistica 8 (Statsoft). The level of significance (5%) was adjusted using
the Bonferroni correction.

Results

Ivy and neurogliaform cells share similar electrophysiological
and molecular properties

To initially target IvCs and NGCs, we took advantage of two
bacterial artificial chromosome-based transgenic lines, NPY-tau-
GFP (Pinto et al., 2004) and NPY-hrGFP (van den Pol et al,,
2009), that express GFP under control of the NPY promoter. CA1l
GFP " interneurons (n = 13 IvCs and 35 NGCs) were visually
identified and then characterized by combining patch-clamp re-
cordings, scPCR, and biocytin labeling (Cauli et al., 1997) for
physiological, molecular, and morphological identification, re-
spectively. Their electrophysiological profile was examined using
15 features describing their intrinsic excitability and firing prop-
erties (see Materials and Methods for definitions of the parame-
ters). The scPCR protocol was designed to detect simultaneously
the transcripts of multiple interneuron markers (see Materials
and Methods and supplemental Table S1, available at www.
jneurosci.org as supplemental material) including nNOS and
GABAARal.

Consistent with previous studies (Vida et al., 1998; Price et al.,
2005), NGCs were found close to the boundaries between stra-
tum lacunosum moleculare (s.l.m.) and stratum radiatum (s.r.),
or stratum moleculare (s.m.) of the dentate gyrus, or at the bor-
der with CA3. Cells exhibited multipolar morphologies com-
prised of several primary dendrites emanating from the soma
(Fig. 1A). The dendritic field was typically restricted to s.1.m. with
occasional dendrites penetrating s.r. or s.m. NGCs exhibited a
dense axonal field with its lateral extent broader than the corre-
sponding dendritic field. In contrast, IvCs were typically found
throughout s.r., stratum pyramidale (s.p.), and stratum oriens
(s.0.) with dendritic arbors that often crossed these layers without
penetrating s.l.m. (Fig. 1A) as described previously (Fuentealba
et al., 2008b). Similar to NGCs, the axonal plexus of IvCs com-
prised thin branches that formed a dense and widespread plexus
covering a greater extent of the CA1 field than their dendritic tree.
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scPCR analysis of morphologically identified NGCs and IvCs
(n = 35 and 13, respectively) revealed infrequent expression of
PV, CR, SOM, VIP, and CCK transcripts. Both IvCs and NGCs
consistently coexpressed NPY, nNOS, and GABAARal (Fig.
1 B, C; supplemental Tables S2 and S3, available at www.jneurosci.
org as supplemental material), however a subset of NGCs (10 out
of 35) were nNOS-negative. Importantly, s.1.m. interneurons that
lacked an NGC-like morphology (n = 15) were never positive for
NPY or nNOS and only rarely expressed GABAAR«1 transcripts,
confirming that this combination of markers serves as a relatively
unique footprint to IvC and NGC populations.

Among the 15 electrophysiological properties measured for
each IvC and NGC (IvC, n = 13; NGC nNOS ", n = 25; NGC
nNOS ~, n = 10; Table 1, see Materials and Methods for defini-
tion), 13 were not significantly different between the three groups
with the exception of membrane capacitance ( p = 0.0026) and
the action potential adaptation ratio (measured at twice thresh-
old stimulation; p = 0.005). Post hoc multiple-comparison tests
performed within these parameters revealed a significant differ-
ence between IvCs and the two NGC groups but not between the
two NGC groups. The difference in membrane capacitance likely
reflects the dendritic field of IvCs that typically spreads across
several layers resulting in greater total dendritic length.

NGCs are characterized by a delay to generate action poten-
tials when challenged by just suprathreshold current injection
(Fig. 1D) (Price et al., 2005; Zsiros and Maccaferri, 2005) and
therefore are often named “late spiking” (LS) (Kawaguchi, 1995).
All recorded NGCs, whether nNOS * or nNOS ~, exhibited a LS
phenotype, as did all identified IvCs (Fig. 1D). This feature,
quantified as the latency to generate the first spike upon just
suprathreshold stimulation, was similar for IvCs, nNOS * NGCs,
and nNOS ™ NGCs (511 = 51 msvs 376 = 40 ms vs 354 * 66 ms,
respectively; n = 13, 25, 10, respectively; p = 0.1058). Impor-
tantly, no significant differences were found between IvC and
NGC spike thresholds, amplitudes and durations, AHP ampli-
tudes and durations, and maximum slopes during spike repolar-
ization (Table 1). These similarities between action potential
waveforms are easily visualized in phase plots (dV,,,/dt vs V) of
firing in response to 2X threshold stimulation, which clearly in-
dicate that IvCs and NGCs exhibit similar spike amplitude and
maximum slope during the rising and repolarizing phases of ac-
tion potentials (Fig. 1E). In addition, neither cell type exhibited
adaptation of firing frequency at threshold stimulation and in-
stead typically increased their firing frequency toward the end of
the stimulus (adaptation ratio = 1) (Fig. 1 D). However, upon
stronger stimulation, NGCs switched to an adaptive spiking pro-
file that was more pronounced than in IvCs (adaptation ratio at
2X threshold, 0.73 * 0.04 and 0.72 = 0.07 for nNOS™" and
nNOS ~ NGCs respectively vs 0.92 % 0.02 for IvCs).

Taken together, our data indicate that despite residing in dif-
ferent hippocampal layers, IvCs and NGCs have similar dendritic
and axonal features with almost identical electrophysiological
properties. Moreover, IvCs and the vast majority of NGCs, the
nNOS ™ cohort, exhibit overlapping molecular profiles.

Ivy and nNOS * neurogliaform interneurons both originate
from MGE

The common NPY expression within all NGCs and IvCs, com-
bined with the fact that a large population of hippocampal NPY *
interneurons originate from the MGE (Fogarty et al., 2007),
prompted us to consider whether IvCs and NGCs both derive
from the MGE. The homeobox gene Nkx2-1 (also known as
Titf1) is expressed ubiquitously throughout the MGE and is ex-
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Table 1. Electrophysiological properties of identified IvC and NGC

IvC NGF nNOS * NGF nNOS

(n=13) (n=125) (n=10)
Resting potential (mV) —63 1 —60 =2 —67 £ 2
Input resistance (M€2) 185 = 14 251+19 228 +22
Membrane capacitance (pF) 107 = 11* 64+7 62 +8
Time constant (ms) 19 =1 17 =3 131
Spike threshold (mV) —33%1 =301 —31=%1
Spike amplitude (mV) 56 =2 58 =1 57 *3
Spike half-width (ms) 0.80 = 0.04 0.92 = 0.06 0.75 + 0.03
Maximal decay slope (mV/ms) —71*+4 —72+4 —80+7
AHP amplitude (mV) 214+ 06 21804 219+ 14
AHP half-width (ms) 73E6 636 8115
Minimal frequency (Hz) 79+ 0.7 78 =05 82+ 14
Adaptation ratio at threshold 1.22 = 0.05 1.14 +£0.10 1.01 = 0.06
Frequency at 2 X threshold (Hz) 32=*2 38+3 407
Adaptation ratio at 2 X threshold 0.92 = 0.02% 0.73 = 0.04 0.72 = 0.07
First spike latency (ms) 511 £51 376 + 40 354 £ 66

*vC significantly different from NGF nNOS * and nNOS .

cluded from the lateral ganglionic eminence (LGE) and CGE. It
has been proposed that Nkx2-1 acts as a molecular switch that
favors MGE fate over CGE fate (Butt et al., 2008). To investigate
the developmental origins of IvCs and NGCs, we used a com-
bined genetic fate-mapping and immunocytochemical approach.
We crossed an Nkx2-1BAC-Cre driver line (Xu et al., 2008) with

the newly developed Cre-dependent GFP reporter line RCE:LoxP
(Sousa et al., 2009) to confer permanent labeling of Nkx2-1-
expressing precursors with GFP to examine the fate of MGE-
derived interneurons in the mature hippocampus. We then
stained hippocampal sections for a variety of classic interneuron
markers. In CA1 of adult hippocampus, the majority (73%) of
GFP ™ cells were located in s.o. and s.p. (35 % 3% and 38 = 1%,
respectively, of the total number of CA1 GFP ¥ interneurons vs
16 = 1and 11 *= 1% in s.r. and s.l.m.; n = 1992) (Fig. 2A). As
observed in other studies using a different MGE driver line (Fogarty
et al., 2007) or a different reporter line (Xu et al., 2008), all PV ™"
interneurons were also GFP ™ (Fig. 2 B), and a similar coexpression
pattern was observed for SOM * interneurons (data not shown),
confirming the reliability of the Nkx2-1BAC-Cre/RCE:LoxP con-
struct for labeling MGE-derived interneuron precursors.

Next, because IvCs and NGCs combined represent the major-
ity of nANOS ™ hippocampal interneurons, we compared the ex-
pression pattern of nNOS and GFP in our Nkx2-1BAC-Cre/RCE:
LoxP cross. In contrast to PV © and SOM T interneurons, nNOS *
interneurons were found throughout all the layers of CA1 (Fig.
2C). On average, nNOS ™ interneurons comprised 37 = 2% of
GFP 7 interneurons (n = 1992) (Fig. 2 D). Within the s.l.m., this
percentage rose to 94 = 2% but dropped to 23 * 2% and 25 = 3%
ins.0.and s.p., respectively. Conversely, 75 = 1% of CA1 nNOS
interneurons were also GFP™ (n = 990) (Fig. 2C,D). The vast
majority of nNOS ™ interneurons derived from Nkx2-1 progeni-
tors were found in the s.o., s.r., and s.L.m., with a smaller percentage
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Nkx2-1BAC-Cre/RCE:LoxP
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FII ™ interneurons are not MGE-derived,
confirming CoupTFII as a useful marker
of CGE lineage. Consistent with the low
colocalization between CoupTFII and
GFP, we found that only 6 = 1% of
nNOS ™ interneurons coexpressed CoupT-
FII (n = 695) (Fig. 2F,G). The highest per-
centage of CoupTFII/nNOS * colocalization
was found in s.p., where GFP/nNOS coex-
pression was lowest. These data further in-
dicate that most nNOS™ interneurons
originate from the MGE with only a small
fraction deriving from CGE progenitors.
To confirm whether GFP* s.L.m. in-
terneurons in the Nkx2-1BAC-Cre/RCE:
LoxP mouse are indeed NGCs, we targ-
eted GFP " cells in acute brain slices from
these mice for whole-cell patch-clamp re-
cordings to perform electrophysiological
scPCR and post hoc morphological char-
acterization (n = 13). All tested GFP ™"
cells exhibited NGC morphologies (Fig.
2 H) and LS profiles (Fig. 2I) that yielded
phase plots (Fig. 2]) similar to IvCs and
NGCs recorded in NPY-GFP mice (com-
pare Fig. 1 D). Moreover, the molecular pro-
file of s..m. GFP " cells was typified by a
high occurrence of NPY, nNOS, and
GABAARa1 (Fig. 2K; supplemental Table
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Interneurons expressing nNOS belong to an MGE lineage. 4, Histogram showing the distribution of GFP-positive cells

(n=13)
Spatial and temporal origins of
nNOS * interneurons

in CA1 of Nkx2-1BAC-Cre/RCE:LoxP mice (n = 1992). B, €, Images illustrating the coexpression between GFP, PV, and nNOS. Filled
arrowheads indicate interneurons expressing PV (B) or nNOS () and GFP. Transparent arrowheads point to PV (or nNOS)-positive
interneurons that are negative for GFP. D, In green, the number of Nkx2-1-derived cells coexpressing GFP and nNOS presented as
a percentage of the total number of GFP ™ cells. In red, the contribution of Nkx2-1-expressing precursors to the population of
nNOS ™ interneurons in CA1 (n = 990). E, F, Images illustrating the low coexpression between CoupTFIl with GFP and nNOS.
G, Fraction of interneurons coexpressing CoupTFIl and nNOS presented as a percentage of the total number of nNOS * cells (n =
695). H, Neurolucida reconstruction of aNGC GFP * interneuron. Scale bar: 50 um. I, Voltage responses of cell shown in H to three
current step injections (—200 pA, just suprathreshold, and twice the suprathreshold current). J, Phase plot of the voltage response
shown in H to the 23X suprathreshold current. Inset illustrates overlaid action potentials; scale bar: 10 mV, 2 ms. K, Single-cell
RT-PCR analysis of the cell shown in H. The numbers under the gel represent the summary data for all tested GFP * interneurons

In addition to the place of birth, a growing
body of evidence suggests that interneu-
ron identity is specified in the embryonic
brain in a temporally dependent manner
(Butt et al., 2005; Miyoshi et al., 2007).
Olig2 is a basic helix-loop-helix transcrip-
tion factor (Lu et al., 2002) expressed in
progenitors of the ventral embryonic em-
inences, with the highest levels of expres-

recorded in s.l.m. Scale bars: 50 wm.

of nNOS ™ interneurons within s.p. being GFP * (e.g., 57 * 2% and
95 = 2% of nNOS * cells colocalized GFP in s.p. and s.L.m., respec-
tively) (Fig. 2D).

To investigate a potential CGE origin of nNOS™ interneu-
rons, we additionally compared nNOS and the chicken ovalbu-
min upstream-transcriptional factor IT (CoupTFI], also known as
Nr2f2 or Arp-1) expression patterns. CoupTFII is expressed in
the CGE and remains detectable during interneuron migration
(Kanatani et al., 2008; Willi-Monnerat et al., 2008) as well as
in a subset of mature hippocampal interneurons (Fuentealba et
al., 2008a; Kanatani et al., 2008). In contrast to nNOS, the expres-
sion pattern of CoupTFII was complementary to that of GFP in
Nkx2-1/RCE-lox-P offspring with very few CoupTFII * interneu-

sion occurring in the MGE. Using a driver

allele expressing a tamoxifen-inducible
form of Cre recombinase (CreER) under control of the endoge-
nous Olig2 locus (Olig2CreER) (Takebayashi et al., 2002),
crossed with the Cre-dependent GFP reporter allele Z/EG (Novak
et al., 2000), we next performed inducible genetic fate mapping
(Joyner and Zervas, 2006) of the temporally distinct cohorts of
MGE-derived precursors (Miyoshi et al., 2007) to further verify
the MGE origin of nNOS ™ interneurons and probe for any tem-
poral order to the birth of these cells. Pregnant females received a
single dose of tamoxifen by gavaging at different time points
between E9.5 and E13.5, and then GFP " cells were characterized
in 3—4-week-old animals. For all tested time points, this fate-
mapping strategy resulted in GFP labeling of just a few interneu-
rons throughout the hippocampus. In the dentate gyrus and CA3,
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Figure 3.  Inducible genetic fate mapping of MGE-derived nNOS * interneurons. 4, Example of
nNOS expression in fate-mapped intermneurons in mature hippocampus of Olig2 “E/ZEG mouse after
tamoxifen administration at E10.5. Scale bar: 25 m. B, Contribution of nNOS ™ interneurons to the
cohort arising from MGE between E9.5 and E13.5. , Neurolucida reconstruction of a fate mapped Ivy
cellin Olig2 *E%/ZEG mouse afterinduction at E11.5. Scale bar: 50 jum. D, Single-cell RT-PCR analysis
of the cellshownin €. Numbers underthe gel represent the summary data for all fate-mapped lvy cells.
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we found fate-mapped cells in all the layers. In CA1, GFP ™ cells
preferentially localized in s.o0. and s.p.

A significant fraction of fate-mapped interneurons at each
time point was nNOS * (Fig. 34, B). Indeed, nNOS ™ cells repre-
sented ~34% of the populations fate mapped at early time points
(E9.5and E10.5; n = 79 each) but decreased in number to ~20%
at intermediate time points (E11.5 and E12.5; n = 124 and 79,
respectively) and then finally peaked at 51% after tamoxifen in-
duction at the latest time point examined (E13.5; n = 39). In
agreement with lineage analysis of Nkx2-1-expressing interneu-
ron precursors, we found nNOS " fate-mapped interneurons in
all layers of CAl. To confirm the identity of these spatially and
temporally fate-mapped interneurons, we recorded and analyzed
46 GFP ™ interneurons from 2—3-week-old animals that had un-
dergone tamoxifen administration between E9.5 and E13.5. Thir-
teen of 46 GFP " cells were positive for nNOS (supplemental
Table S4, available at www.jneurosci.org as supplemental mate-
rial), and most of these cells were also positive for NPY and the
GABAARal transcripts (12 out of 13 for each marker). Impor-
tantly, virtually all cells displayed a LS phenotype, characteristic
of nNOS * cells recorded in NPY-GFP mice. The morphology of
six out of seven interneurons, located in s.r. and s.0., was success-
fully recovered, allowing their classification as IvCs (Fig. 3C-F).
Cells located in the s.l.m. all exhibited firing and molecular pro-
files consistent with NGCs and, in three out of six cells, their NGC
morphology was confirmed (supplemental Fig. S1 and Table S4,
available at www.jneurosci.org as supplemental material). Taken
together, these data again point to a common MGE origin of IvCs
and nNOS * NGCs and further indicate that the temporal origins
of these cells exhibit a biphasic pattern.

Nkx2-1 requirement for the generation of IvCs and NGCs

The transcription factor Nkx2-1 and its downstream effector, the
Lim homeodomain protein Lhx6, are required for the proper
specification and migration of MGE-derived interneurons
(Pleasure et al., 2000; Liodis et al., 2007; Butt et al., 2008). Previ-
ous studies on embryonic neocortex and hippocampus have
found that loss of Nkx2-1 function results in loss of NPY * and
nNOS ™ cortical interneurons (Pleasure et al., 2000; Anderson et
al., 2001). However, lineage analysis showed that NPY * inter-
neurons exhibit dual MGE/CGE origin (Butt et al., 2005; Fogarty
et al., 2007). Given the molecular diversity of neocortical nNOS
and NPY interneurons (Lee and Jeon, 2005; Karagiannis et al.,
2009) and the essentially postnatal development of hippocampal
NPY and nNOS expression patterns (Soriano et al., 1994; Morys
et al., 2002), we investigated further the role of Nkx2-1 on spec-
ification of IvCs and NGCs in mature hippocampus when NPY
and nNOS phenotypes are fully established. Because Nkx2-1
knock-out mice die at birth, we used an Nkx2-1 loxP-flanked
conditional loss-of-function allele (Kusakabe et al., 2006) to-
gether with a genetic fate-mapping strategy to examine the role of
Nkx2-1 in specifying the fate of nNOS " precursors. By crossing
the Olig2CreER driver line onto an Nkx2-1 conditionally null
background, we were able to genetically remove Nkx2-1 gene
function from the MGE progenitor population during the period
of cortical interneuron genesis (Butt et al., 2008). Although the
use of this strategy overcomes the issue of perinatal lethality,
mutant pups exhibit a large decrease in the number of GABAergic

<«

E, Vloltage responses of cell shownin Cto three current step injections (— 150 pA, just suprathreshold,
and twice threshold stimulation). F, Phase plot of the voltage response shown in Eto 23X suprath-
reshold current injection. Inset illustrates overlaid action potentials; scale bar: 10mV, 2 ms.
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Figure 4.  Nkx2-1 s necessary for the specification of nNOS ™ interneurons. 4, B, In situ hybridization against GAD67 and Lhx6 transcripts on hippocampus of Nkx2-1*/¢ control (left) and

Nkx2-1 ~/ mutant (right) P15 mice after loss of Nkx2-1 function at E10.5. , D, Immunohistochemical expression patterns of PV and nNOS in CA1 of control and mutant mice after tamoxifen
induction at E10.5. E, Summary histogram of relative abundance of PV * and nNOS * interneurons in CA1 of control and mutant littermates after loss of Nkx2-1 function at F10.5 and E12.5.

F, Expression pattern of CR in CA1 of control and mutant mice after tamoxifen induction at E10.5. Scale bars: 4, B, 200 wm; €, D, and F, 50 um.

interneurons in the cortex and hippocampus (Fig. 4A) precipi-
tating seizures and poor survival after 2 weeks of age after
tamoxifen-mediated Cre activation at E9.5 or E10.5 (Butt et al.,
2008). Therefore, we compared the abundance of different hip-
pocampal PV, CR, and nNOS interneuron subpopulations in P13—
P15 mutant animals (genotype: Olig2CreER "/~ :Nkx2-1%")
induced at E10.5, with control littermates (genotype: Olig2CreER */
—:Nkx2-1%/*), We also compared the effects of Nkx2-1 deletion at
E10.5 with the results of the deletion at E12.5 in P21 animals.
Although the loss of Nkx2-1 function does not decrease the
total number of GABAergic neurons generated during embryo-
genesis (Butt et al., 2008), it significantly reduces the number of
MGE-derived cortical interneurons in the hippocampus at post-
natal stages, as indicated by a large reduction in the number of
Lhx6 " interneurons (Fig. 4 B). As expected, we observed a mas-
sive reduction in the number of PV * interneurons in the whole
hippocampus after removal of Nkx2-1 at E10.5 (10% of control)
(Fig. 4C,E). The loss of PV " interneurons was still evident but
considerably more moderate in mutant mice induced at E12.5
(46% of control). We also found a large decrease in the number of
nNOS * cells in mutants induced at E10.5 (30% of control) (Fig.
4D, E), consistent with an MGE-dominant origin of nNOS *in-
terneurons. This loss of nNOS ™ interneurons was most promi-
nent in s.o., s.r., and s.l.m. (Fig. 4D, E). Interestingly, the vast
majority of nNOS™ cells remaining in the mutant mice were
located in s.p., the layer where most nNOS *GFP ™ cells were
observed in the Nkx2-1BAC-Cre/RCE:LoxP mouse (compare Fig.

3B). Indeed, quantification confirmed that the reduction of
nNOS ™ interneurons in s.p. was the smallest (—46% vs —67,
—79, and —97% of control after induction at E10.5 in s.p., s.o.,
s.r., and s.l.m., respectively) (Fig. 4E), suggesting that s.p.
nNOS ™" interneurons were preferentially spared by the deletion
of Nkx2-1. As with PV ™ interneurons, the loss of nNOS * inter-
neurons in mutant mice induced at E12.5 was less pronounced
but still evident (42% of control) (Fig. 4E). As a control, we
examined the effect of Nkx2-1 loss of function on the distribution
of CR™ interneurons that originate from the CGE. In contrast
with PV cells, no significant decrease in the distribution of
CR " interneurons was observed in mutants induced at E10.5
(Fig. 4 F) and E12.5, confirming that the loss of Nkx2-1 affects
primarily MGE-derived interneurons. Altogether, our loss of
function results demonstrate that Nkx2-1 is crucial to the
specification of nNOS ™ interneurons and in particular IvCs
and nNOS™ NGCs, further confirming the MGE origin of
these two cell populations.

nNOS is expressed in a subset of VIP-expressing

bipolar interneurons

The colocalization of CoupTFII/nNOS and the presence of
nNOS */GFP ~ cells in the Nkx2-1BAC-Cre/RCE:LoxP mouse in-
dicate that an additional subset of nNOS " interneurons originate
from the CGE. Thus, we examined the overlap of nNOS expres-
sion with VIP, a marker encountered in CGE-derived interneu-
rons (Xu et al., 2004; Butt et al., 2005). We found that a small
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Figure 5. A subset of nNOS ™ interneurons derive from the CGE and coexpresses VIP.
A, Imageillustrating the coexpression of VIP and nNOS in wild-type mouse. Scale bar: 25 um. B, In
green, the number of cells coexpressing nNOS and VIP presented as a percentage of the total
numberof VIP * cells (n = 240). Inred, contribution of VIP-expressing interneurons tothe population
of INOS ™ cells in CAT (n = 631) €, Neurolucida reconstruction of a VIP */nNOS ™ interneuron
following electrophysiological recording. D, Voltage responses of cell shown in Cto three current step
injections (—80 pA, just suprathreshold, and twice suprathreshold stimulation). E, Phase plot of the
voltage response shown in D to 23X suprathreshold current injection. Inset illustrates overlaid action
potentials; scale bar: 10mV, 2 ms. F, Single-cell RT-PCR analysis of the cell shown in €. Numbers under
the gel give the RT-PCR summary data for all VIP */nNOS * inteeurons recorded. G, Example of
nNOS expression in fate-mapped interneurons in mature hippocampus of Mash 1BAC-CreER/RCE:LoxP
mouse after tamoxifen administration at £16.5. Scale bar: 25 um. H, Contribution of nNOS * inter-
neurons to the cohort arising from CGE between E12.5 and E16.5.

fraction of CA1 nNOS ™ cells also express VIP (7 * 1%; n = 631)
(Fig. 5A,B). Conversely, interneurons coexpressing the two
markers represented 17 = 2% of all VIP * cells (n = 240). This
percentage rose to 23 = 6% when considering cells in s.p. alone,
indicating that nNOS */VIP  cells represent a significant portion
of the VIP™ interneuron population. This distribution of
nNOS */VIP * interneurons between CA1 layers is similar to the
distribution of nANOS * CGE-derived interneurons observed with
CoupTFII staining (Fig. 5B; compare Fig. 2 F).

To further characterize this cell population, we took advan-
tage of a GAD65-GFP transgenic line in which GFP is expressed
in a subset of CGE-derived interneurons to target CGE-derived

Tricoire et al. @ MGE Origin of nNOS Interneurons

VIP* interneurons (Lépez-Bendito et al., 2004; Xu and Callaway,
2009). Of 38 GFP " recorded cells analyzed by scPCR, we found
both nNOS and VIP mRNAs in eight cells. PV, SOM, and NPY
were rarely detected, whereas CR was found in 75% of the cells
(n = 6 out of 8) (Fig. 5; supplemental Fig S2, available at www.
jneurosci.org as supplemental material). The morphology of four
cells was recovered and none showed morphology consistent
with IvCs or NGCs (Fig. 5C). Typically, somas were located in s.p.
orins.r. close to the pyramidal layer and the dendritic fields were
vertically oriented with primary axon descending to emit several
horizontally oriented branches at the s.o.-alveus border. These
morphological features, combined with VIP expression, are reminis-
cent of the interneuron population that has been reported to synap-
tically target other interneurons (Freund and Buzsiki, 1996).
Moreover, VIP */nNOS ¥ cells exhibited diverse firing properties
but importantly none had a LS phenotype (Fig. 5D, E; supplemental
Fig. S2, available at www.jneurosci.org as supplemental material).
Thus, the small subset of CGE-derived nNOS ™ interneurons is un-
likely to contribute to the IvC and NGC populations.

To examine the temporal origin of CGE-derived nNOS ™ in-
terneurons, we used a driver line in which CreER is under tran-
scriptional control of a 300-kb-long promoter fragment of
the basic helix-loop-helix transcription factor Mashl (Ascll)
(Battiste et al., 2007). Although Mash1 is expressed throughout
the subventricular area of the ventral telencephalon (Guillemot et
al., 1993), this driver allele, crossed with the RCE:LoxP reporter
allele, labels only Mash1-expressing cells in the CGE and LGE but
not in the MGE (Miyoshi et al., 2010). Given that the LGE does
not generate appreciable numbers of cortical interneurons, we
used this driver allele in combination with the RCE:LoxP reporter
to study expression of the temporally distinct cohort of CGE-
derived interneurons in 4—6-week-old animals after tamoxifen
administration at E12.5, E14.5,and E16.5 (n = 326, 690, and 726,
respectively). In contrast with the localization of Nkx2-1-
expressing interneurons and in agreement with our CoupTFII
expression pattern, CA1 fate-mapped cells were mainly found in
s.r. and sl.m. (29 * 1% and 49 * 3% of total GFP cells after
induction at E14.5; n = 357). We found that nNOS "/GFP*
interneurons typically exhibited a bipolar or vertically oriented
morphology (Fig. 5G) and constituted only a small fraction of the
CGE-derived interneuron population (E12.5: 3 = 2%, E14.5 =
8+ 1%, E16.5 =10 £ 1%) (Fig. 5H). Interestingly, the distribu-
tion of fate-mapped cells that expressed nNOS * differed from
the general localization of GFP * CGE-derived interneurons, be-
ing mainly found in s.p. and s.r. (41 % 10% and 28 * 7% of total
nNOS™ cells after induction at E14.5; n = 56). However, this
distribution of NNOS * CGE-derived interneurons overlaps with the
distribution of nNOS */CoupTFII * interneurons, indicating that a
small subset of NNOS ™ interneurons are generated in the CGE.

Our data show that a small fraction of nNOS ™ interneurons
arises from the CGE at later embryonic stages than the nNOS ™
NGC and IvC populations. In addition, the anatomy, laminar
organization, and molecular and electrophysiological properties
of these CGE-derived nNOS * cells are inconsistent with those of
IvC and NGC populations. Taken together, these findings indi-
cate that VIP */nNOS * cells constitute an interneuron subpopu-
lation distinct from IvCs and NGCs.

A subset of nNOS ™ neurogliaform cells arises from the CGE

Lineage analyses using genetic (Fogarty et al., 2007) and trans-
plant (Butt et al., 2005) approaches have shown that a large num-
ber of NPY ™" interneurons derive from the MGE. However,
removal of Lhx6 only mildly affects the NPY * interneuron pop-
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nNOS ™~ NGCs are derived from the CGE

B

and therefore should be considered distinct
from nNOS * MGE-derived NGCs.

Discussion

GABAergic neurons expressing nNOS are
one of the largest interneuron popula-
tions in the hippocampus (Jinno and Ko-
saka, 2002; Czéh et al., 2005; Fuentealba et
al., 2008Db). In this study, lineage analyses
based on genetic fate mapping com-
bined with molecular, electrophysiologi-
cal, and morphological characterization
showed that these interneurons derive
from both MGE and CGE. Remarkably,
our findings reveal that IvCs and nNOS *
NGCs have completely overlapping devel-
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A subset of NGC derives from the CGE. A, Fluorescence image of two fate-mapped cells derived from Mash?1 fate
mapping (tamoxifen induction at E14.5) that exhibit neurogliaform morphology and that are nNOS-negative. B, Neurolucida
reconstruction of a fate-mapped NGCin Mash1BAC-CreER/RCE:LoxP mouse after induction at E12.5. Scale bar: 50 wm. C, Voltage
responses of cell shown in B to three current step injections (— 200 pA, just above threshold, and twice the current for just above

differences in laminar organization. Sur-
prisingly, classically defined NGCs can be
subdivided into two groups based on nNOS
expression and lineage with nNOS™
NGCs being derived from the MGE and
nNOS ~ NGCs arising from CGE progeni-
tors. A schematic diagram summarizing
these findings is shown in Figure 7.

threshold). D, Phase plot of the voltage response shown in C to twice the current for just above threshold. Inset illustrates overlaid

action potentials; scale bar: 10 mV, 2 ms.

ulation generated during late stages of embryogenesis (Zhao et
al., 2008). Moreover, in contrast to our current findings in hip-
pocampus, considerable evidence indicates a CGE origin of
NGCs in the neocortex where nNOS expression is reduced (Butt
etal., 2005; Miyoshi et al., 2007) (Miyoshi etal., 2010). Combined
with our current findings, these observations suggest that
nNOS “/NPY * NGCs likely arise from CGE progenitors. Using
the Mash1BAC-CreER/RCE:LoxP line, we examined the mor-
phology of CGE-derived interneurons located in the s.l.m. after
GFP immunolabeling. At each time point tested (E12.5, E14.5,
and E16.5), we found GFP * cells exhibiting a neurogliaform like
architecture (Fig. 6 A) with dendritic arbors that profusely rami-
fied close to the cell body. To ascertain the identity of these cells,
we recorded 34 GFP* interneurons from animals induced at
E12.5 and E16.5. Among these, 16 cells exhibited a LS phenotype
similar to the firing profile of NGCs described above (Fig. 6;
supplemental Fig. S1, available at www.jneurosci.org as supple-
mental material). The remaining cells exhibited adapting spiking
in response to near threshold stimulation and these did not pos-
sess NGC morphologies. Biocytin filling and staining of eight
GFP " LS CGE-derived interneurons was sufficient for morpho-
logical classification as NGCs. scPCR analysis of these cells re-
vealed prominent GAD65 (8 out of 8), GAD67 (8 out of 8),
GABAAR«1(7 out of 8), and NPY (8 out of 8), but variable nNOS
(4 outf8) transcript expression. An example of a CGE-derived LS
interneuron fully identified as a NGC s illustrated in Figure 6. These
results are consistent with previous studies that have identified
NGCs in the GAD65-GFP transgenic line that principally labels
CGE-derived cortical interneurons (Lopez-Bendito et al., 2004; Xu
and Callaway, 2009). Thus, a subset of immunocytochemically

Ivy and nNOS * neurogliaform

interneurons are generated within

the MGE

IvCs and NGCs have been argued to rep-
resent distinct interneuron subtypes (Fuentealba et al., 2008b),
despite the rich similarity between these cell types, including co-
expression of NPY with nNOS, dense axonal arbors, and slow
pyramidal cell inhibition. We found that both of these interneu-
rons exhibit a LS phenotype and fail to express other classical
interneuron markers such as PV, SOM, or CR. Our initial char-
acterization based on several electrophysiological and molecular
properties is consistent with previous findings in separate IvC
and NGC studies (Price et al., 2005; Szabadics et al., 2007; Fuen-
tealba et al., 2008b), yet failed to reveal any clear distinction be-
tween IvCs and NGCs. Thus, we turned to developmental studies
to examine whether IvCs and NGCs could be parsed based on
lineage profiles. Our fate-mapping analyses revealed that IvCs
and the majority of NGCs, the nNOS * cohort, derive from the
same progenitor pool in the MGE. Using lineage analysis with an
Nkx2-1BAC-Cre driver allele and inducible genetic fate mapping
with the Olig2CreER allele combined with GFP reporter lines, we
determined that both IvCs and nNOS™ NGCs are generated
within the MGE. However, Nkx2-1 is also expressed in the pre-
optic area (POA) (Flames et al., 2007), a region adjacent to the
MGE that gives rise to some cortical NPY "' interneurons
(Gelman et al., 2009). Despite the fact POA-derived hippocampal
interneurons remain to be identified, their neocortical homologs
lack basic features of IvCs and NGCs such as coexpression of NPY
with nNOS and LS behavior (Gelman et al., 2009), making it
unlikely that any nNOS "/GFP ™" cells in the Nkx2-1BAC-Cre/
RCE:LoxP originate from the POA. Thus, our lineage analysis
indicates a common developmental origin for IvCs and NGCs
within the MGE. However, given the distinct laminar organiza-
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Figure 7. Origin of nNOS * and other main hippocampal interneuron subtypes. Schematic dia-
gram summarizing the findings reported in the present study. The scheme is completed based on
previous reports using genetic fate mapping for elucidating the sources of hippocampal PV, SOM,
NPY, and (R interneurons (Fogarty et al., 2007; Gelman et al., 2009). p, A progenitor stage that
does not yet express the denoted subgroup marker. Note that while NPY-expressing interneu-
rons derived from the POA were not specifically examined in the present study, they exhibit a
non-late spiking firing pattern and are nNOS-negative (Gelman et al., 2009), thus distinguish-
ing them from MGE/CGE-derived neurogliaform/Ivy cells.

tion, and hence synaptic connectivity of IvCs and NGCs, it is
possible that both cell types mature under distinct local envi-
ronmental cues. Moreover, it remains possible that the respec-
tive progenitors that give rise to NGCs and IvCs within the
MGE are under differential patterning influences that have yet
to be elucidated (Xu et al., 2005; Wonders et al., 2008).

Dual origin of nNOS * interneurons

Several recent studies have determined the embryonic sources of
various distinct neocortical interneuron populations, yielding
considerable insight into the origins of interneuron diversity
(Wonders and Anderson, 2006; Batista-Brito and Fishell, 2009).
However, despite the widespread expression of nNOS within
GABAergic cells (Jinno and Kosaka, 2002), the developmental
origin, specification, and circuit integration properties of
nNOS * interneurons have remained elusive as investigation has
been hampered by heterogeneous nNOS expression levels (Lee
and Jeon, 2005) and perinatal lethality of Nkx2-1-deficient mice
(Pleasure et al., 2000). To overcome this latter issue, we used
inducible conditional loss of function to examine the role of
Nkx2-1 in specifying nNOS * interneurons. The longer survival
of conditional Nkx2-1 knock-out mice allowed us to investigate
the role of Nkx2-1 in a broader nNOS interneuron population, as
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we could extend our study to postnatal time points when nNOS is
typically upregulated to yield mature expression patterns (Morys
et al., 2002). We found that Nkx2-1 deficiency in interneuron
precursors results in a large loss of nNOS * interneurons postna-
tally, consistent with the decrease of cortical nNOS * interneu-
rons in embryonic (E19) Nkx2-1 knock-out mice (Anderson et
al., 2001). In contrast with PV " interneurons that were almost
completely absent in the hippocampus of mutant animals, we
observed a small but significant proportion of nNOS * interneu-
rons still present after loss of function at E10.5. Although a frac-
tion of nNOS™ interneurons are generated before E10.5, as
shown by the temporal fate mapping of MGE-derived interneu-
rons, and thus could have escaped from control of Nkx2-1, most
of the remaining nNOS * interneurons in the mutant postnatal
hippocampus are located in s.p. Thus, it is likely that the remain-
ing nNOS " interneurons originate from the CGE, as corrobo-
rated by the distribution of nNOS ™ CGE-derived interneurons
and the bipolar morphology of remaining nNOS * cells in the
mutants. These data are also consistent with the results of lineage
analysis of MGE-derived interneurons using the Nkx2-1BAC-Cre
allele, in which the overlap between GFP and nNOS was weakest
in s.p. While it is possible that the remaining nNOS * cells result
from respecification of MGE-derived precursors into a CGE-like
phenotype (Butt et al., 2008), the most parsimonious explanation
is that the majority of nNOS * cells originate from the MGE with
a small cohort derived from the CGE.

Consistent with a CGE origin of some nNOS ™ interneurons,
nNOS is expressed in a subset of CR ™ interneurons (Jinno and
Kosaka, 2002). Using transgenic mice that express GFP in CGE-
derived interneurons, we identified a bipolar NPY-lacking
nNOS™ interneuron population that coexpresses VIP and
mainly localizes near the pyramidal layer. The diverse firing
properties of these cells are consistent with those of neocortical
VIP * interneurons (Porter et al., 1998). In general, the properties
of nNOS */VIP " neurons are reminiscent of type 1S3 cells that
are thought to inhibit a subset of SOM * interneurons located in
s.0. that project in turn to s.l.m. (Freund and Buzsaki, 1996).
Thus, the small cohort of CGE-derived nNOS ™ interneurons
may represent interneuron targeting interneurons, revealing a
potential functional segregation between CGE- versus MGE-
derived nNOS ™ cells. In addition, nNOS could be a useful
marker to discriminate IS3 from the two other IS cell subtypes.

Dual origin of neurogliaform interneurons

Historically, NGCs have been viewed as a functionally homoge-
nous interneuron subtype characterized by the expression of
NPY with frequent coexpression of nNOS (Tamés et al., 2003;
Price et al., 2005). Provided the NPY-GFP mice used for our
initial characterization accurately report the total NGC popula-
tion, we found that the nNOS ™ subset, hence MGE derived, rep-
resents the majority of all hippocampal NGCs with a minor
contribution from CGE-derived NGCs. This contrasts with find-
ings in the neocortex in which fate-mapping evidence supports a
dominant CGE origin for NGCs (Butt et al., 2005; Miyoshi et al.,
2007) (Miyoshi et al., 2010). Interestingly, our hippocampal
CGE-derived population of NGCs is nNOS ~, perhaps explaining
the reduced level of n(NOS in the neocortex (Yan and Garey, 1997;
Lee and Jeon, 2005). This striking difference between neocortical
and hippocampal NGCs suggests that interneuron precursors
could be fated early during embryogenesis to reside in either the
hippocampus or neocortex, perhaps reflecting differential sensi-
tivities to specific sorting factors like chemokines (Li et al., 2008;
Lopez-Bendito et al., 2008) that promote migration of nNOS ™
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NGC and IvC precursors into the hippocampus instead of stop-
ping to enter the neocortex. Alternatively, these cells may adopt a
different fate depending on whether they integrate into the hip-
pocampus or neocortex due to differential expression of mor-
phogenic molecules within these local environments.

We also identified two groups of NGCs that originate from
different ganglionic eminences but migrate to the same layer
(s..m.) and adopt very similar electrophysiological, morpholog-
ical, and molecular phenotypes. This leads to consideration of
whether nNOS * and nNOS ~ NGCs subserve different functions
within the hippocampus. The opposite vasoactive properties of
NO and NPY (Cauli et al., 2004) and the preferential location of
NGCs in a blood vessel rich region (L. Tricoire and C. J. McBain,
unpublished observations) (Coyle; 1978; Price et al., 2005) sug-
gest that nNOS ™ NGCs might have a central role in spatially
coordinating hippocampal hemodynamics with changes in local
circuit activity (Estrada and DeFelipe, 1998). Similarly, dual ex-
pression of NPY/nNOS could allow exquisite bidirectional regu-
lation of synaptic transmission (Bacci et al., 2002; Garthwaite,
2008). In contrast, nNOS~ NGCs would have more limited in-
fluence over local hemodynamics and synaptic activity. These
differences could be particularly important if the two NGC co-
horts exhibit distinct afferent/efferent connectivity.

Despite their distinct origins and differential nNOS expres-
sion, CGE- and MGE-derived NGCs ultimately adopt indistin-
guishable morphological and electrophysiological properties
with similar molecular profiles. This leads one to question the
role of genetic specification versus local environment in control-
ling the integration and maturation of GABAergic neurons in the
hippocampal network. For example, NPY expression is depen-
dent upon neuronal activity (Marty, 2000) and its level in both
NGC cohorts may be driven by the shared excitatory inputs from
CA3 and entorhinal cortex (Price et al., 2005). By analogy, the
morphological and electrophysiological similarity between the
two NGC groups could reflect sensitivity to a common morpho-
gen present within s..m. In contrast, nNOS expression could be
largely predetermined by genetic programming at the embryonic
progenitor level, as the majority of nNOS ™ interneurons belong
to the same embryonic lineage. Such nature versus nurture influ-
ences upon the ultimate fate of postmigratory interneurons
remain largely unexplored but may contribute to cortical in-
terneuron diversity.

In conclusion, we used a multiparametric approach to examine
the diversity of hippocampal nNOS ™ interneurons with particular
emphasis on determining whether IvCs and NGCs can be distin-
guished upon combined electrophysiological, molecular, and devel-
opmental criteria. However, our findings do not provide evidence
that these two groups can be parsed based on these parameters.
Nonetheless, we cannot rule out the possibility that these two inter-
neuron subpopulations perform distinct functions during network
activity that would be dictated by their respective laminar organiza-
tion and connectivity (Somogyi et al., 1998). Indeed, another classi-
fication scheme based on interneuron firing properties during
discrete network activity patterns (Klausberger and Somogyi, 2008)
may find temporally distinct contributions of IvCs and NGCs to
circuit oscillations (Fuentealba et al., 2008b).
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