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Cell Type-Specific Inhibitory Inputs to Dendritic and
Somatic Compartments of Parvalbumin-Expressing
Neocortical Interneuron
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Parvalbumin (PV)-producing fast-spiking neurons are well known to generate gamma oscillation by mutual chemical and electrical
connections in the neocortex. Although it was clearly demonstrated that PV neurons form a dense gap junction network with each other
not only at the proximal sites but also at the distal dendrites, comprehensive quantitative data on the chemical connections are still
lacking. To elucidate the connectivity, we investigated inhibitory inputs to PV neurons in the somatosensory cortex, using the transgenic
mice in which the dendrites and cell bodies of PV neurons were clearly visualized. We first examined GABAergic inputs to PV neurons by
labeling postsynaptic and presynaptic sites with the immunoreactivities for gephyrin and vesicular GABA transporter. The density of
GABAergic inputs was highest on the cell bodies, and almost linearly decreased to the distal dendrites. We then investigated inhibitory
inputs from three distinct subgroups of GABAergic interneurons by visualizing the axon terminals immunopositive for PV, somatostatin
(SOM), or vasoactive intestinal polypeptide (VIP). PV and SOM inputs were frequently located on the dendrites with the ratio of 2.5:1, but
much less on the cell bodies. By contrast, VIP inputs clearly preferred the cell bodies to the dendrites. Consequently, the dendritic and
somatic compartments of PV neurons received ~60 and 62% of inhibitory inputs from PV and VIP neurons, respectively. This compart-
mental organization of inhibitory inputs suggests that PV neurons, together with gap junctions, constitute mutual connections at the

dendrites, and that their activities are negatively controlled by the somatic inputs of VIP neurons.

Introduction

Neocortical GABAergic interneurons constitute 20—-30% of neu-
rons in the mammalian cerebral cortex. They are divided into at
least three distinct subgroups by chemical markers in the mouse
neocortex (Xu et al., 2010): (1) parvalbumin (PV)-producing
cells, (2) somatostatin (SOM)-producing cells, and (3) the cells
immunoreactive for other markers such as vasoactive intestinal
polypeptides (VIPs). PV neurons, mostly corresponding to fast-
spiking (FS) neurons (Kawaguchi and Kubota, 1993), are the
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major component of cortical GABAergic interneurons, and have
attracted particular attention in the basic and clinical neurosci-
ences. PV-producing FS neurons are considered to participate in
the generation of gamma oscillation (Whittington et al., 1995;
Hestrin and Galarreta, 2005; Somogyi and Klausberger, 2005;
Bartos et al., 2007), and to enhance information processing by
controlling the activity of pyramidal cells (Sohal et al., 2009). It
has also been reported that PV-producing FS neurons play a key
role in motor control (Isomura et al., 2009), higher order brain
functions such as memory (Letzkus et al., 2011), and psychiatric
disorders including schizophrenia (Lewis et al., 2005, 2012). It is,
therefore, a crucial issue to reveal the precise structural rules of
the PV neuron network, as pointed out previously (Bartos et al.,
2007).

The connectivity between FS neurons in the neocortex has
been extensively investigated by using paired recording experi-
ments with acute slices. FS neurons are interconnected with each
other through chemical and electrical synapses (Galarreta and
Hestrin, 1999, 2001, 2002; Gibson et al., 1999). These mutual
connections were reportedly located mainly on the cell bodies
and proximal dendrites between neighboring pairs of FS basket
cells, the major population of FS neurons, by light and electron
microscopic analyses (Tamads etal., 1997, 1998, 2000; Gupta etal.,
2000). However, it was recently demonstrated that gap junctions
are distributed not only at the proximal sites but also at the distal
dendrites of PV neurons in the rat and cat neocortex by confocal
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Figure 1.

GFP-positive postsynaptic site. Scale bars: (inA’) 4,200 um; G, 2 wm; D, T um.

laser-scanning and electron microscopic observations of the im-
munoreactivity for gap junction protein connexin36 (Fukuda
and Kosaka, 2003; Fukuda et al., 2006). On the other hand, there
was no quantitative study about the chemical connections at
the distal dendrites between PV neurons.

We have recently generated transgenic mice expressing so-
matodendritic membrane-targeted green fluorescent protein
(GFP) almost specifically in PV neurons, and succeeded in visu-
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Sampling of PV neurons in the $1and estimation of the surface area. 4, A’, After triple immunofluorescence staining for GFP,
gephyrin, and one of the presynaptic markers, we randomly selected two PV neurons in the middle portion of each cortical layer of the S1in
the four transgenic mice (a total of eight neurons in each layer). B, We then captured 3D image stacks, chose a long dendrite (arrowheads)
per cell, and marked the sites at the distances of 20, 80, and 140 um away from the cell body ((B) alongside the dendrite (arrows). ¢, D, At
high magnification, we acquired 3D image stacks at 13.0—21.7 um long dendritic compartments (20, 80, and 140 ..m away from (B) and
at the somatic compartment (three image stacks were randomly selected per soma), and calculated the surface area [um 2]. For further
details, see Materials and Methods. E, Schematic demonstration of the input sites of inhibitory terminals onto a GFP-positive dendrite. We
counted close contacts/appositions between presynaptic marker-positive punctae and GFP-positive somatodendritic compartments as
inhibitory input sites, only when gephyrin immunoreactivity was apposed to the presynaptic punctae from the GFP-positive side (arrows).
Arrowheads indicate the close contacts that are not judged as input sites, since gephyrin immunoreactivity is observed outside of the
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alizing their dendrites and cell bodies effi-
ciently (Kameda et al.,, 2012). We then
found that GABAergic terminals were
more densely distributed on the cell bod-
ies than on the dendrites, compared with
glutamatergic ones in the primary so-
matosensory cortex (S1). This result leads
to a further question about inhibitory in-
puts to PV neurons: Are there any posi-
tional preferences of inhibitory inputs to
PV neurons among GABAergic sub-
groups? To address this question, we here
visualized different presynaptic GABAer-
gic subgroup markers such as PV, SOM,
and VIP in the transgenic mice, and quan-
titatively investigated these subgroup in-
puts. In addition, to estimate inhibitory
synaptic inputs more accurately than be-
fore, we used the immunoreactivity for
gephyrin as a postsynaptic marker for in-
hibitory synapses (Fritschy et al., 2008).

Materials and Methods

All animal care and use were in accordance
with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals, and the
experiments were approved by the Committee
for Animal Care and Use and that for Recom-
binant DNA Study in Kyoto University. Ten
adult male C57BL/6 mice (8 weeks; Japan SLC,
Hamamatsu) and five adult male transgenic
mice (8 weeks) were used in the present study.
The transgenic mice express somatodendritic
membrane-targeted GFP (myrGFP-LDLRct)
specifically in PV neurons. The dendrites and
cell bodies were sufficiently visualized in the
mice compared with immunofluorescence
staining for PV. Indeed, the dendrites were
clearly observed with GFP immunoreactivity
up to their ends, and small swellings were usu-
ally found ~1.0 wm from the end of the den-
drites (Kameda et al., 2012, their Fig. 2A-C"
and Fig. 7A). All efforts were made to minimize
animal suffering and the number of animals
used.

Tissue preparation. Five transgenic mice and
four wild mice were deeply anesthetized with
chloral hydrate (70 mg/100 g body weight),
and perfused transcardially with 20 ml of 5 mm
phosphate-buffered 0.9% saline (PBS; pH 7.4),
followed by perfusion for 10 min with the same
volume of 4% formaldehyde, 75%-saturated
picric acid, and 0.1 m Na,HPO, (adjusted to
pH 7.0 with NaOH). The brains were removed,
and postfixed for 4 h at 4°C with the same fix-
ative. After cryoprotection with 30% sucrose in
PBS, the brains were cut into 30-um-thick
frontal sections on a freezing microtome.

For in situ hybridization histochemistry, we instead used 4% formal-
dehyde in 0.1 M sodium phosphate (PB; pH 7.4) as a fixative and post-
fixed the brain blocks with the same fixative for 3 d at 4°C in three wild
mice. After cryoprotection with 30% sucrose in PBS, the brains were cut
into 20-um-thick frontal sections on a freezing microtome.

Double labeling with fluorescence in situ hybridization and immunoflu-
orescence. The following hybridization procedure was performed as re-
ported previously (Hioki et al., 2010). Briefly, free-floating sections were
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Figure 2.

Chemical characterization of three distinct subgroups of GABAergic neurons in the S1. A-C", We performed double immunofluorescence labeling for PV, SOM, and VIP, and found no

overlap in the cell bodies between these chemical markers in the mouse S1. D—F”, GAD67 mRNA and the immunoreactivity for PV, SOM, or VIP were visualized with FastRed (magenta) and AF488
(green), respectively. Almost all of the cellsimmunoreactive for PV, SOM, or VIP displayed the signals for GAD67 mRNA (arrowheads). G-I, PV, SOM, or VIP immunoreactivity in VGAT-immunopositive
terminal-like structures in the S1. VGAT and PV, SOM, or VIP immunoreactivities were visualized with AF488 (green) and AF647 (magenta), respectively. We randomly selected six sites in the middle
portion of each layer of the $1in three wild mice, acquired 3D image stacks under a confocal laser-scanning microscope, and the colocalization of the immunoreactivities in the axon terminal-like
structures (arrowheads). Approximately 80 of VGAT-positive terminals at each site were analyzed in the present study. Arrows in G indicated the presumed dendrites or axon fibers, which were not
punctate but usually showed long or straight profiles in the 3D stack. Scale bars: (in F") A-F', 20 wm; (in /) G, H, 2 pum.

hybridized for 1620 h at 60°C with 1 ug/ml digoxigenin (DIG)-labeled
sense or antisense riboprobe (Roche Applied Science) for glutamate de-
carboxylase 67 kDa isoform (GAD67; Tamamaki et al., 2003) in a hybrid-
ization buffer. After washes and ribonuclease A (RNase A) treatment, the
sections were incubated overnight with a mixture of 1:1000-diluted alka-
line phosphatase-conjugated anti-DIG sheep antibody (11-093-274—
910; Roche Applied Science) and one of the following antibodies: mouse
monoclonal antibody against PV (P-3088; Sigma; 1:4000); rabbit poly-
clonal antibody against SOM (A09211; Peninsula Laboratories; 1:2000);
and rabbit polyclonal antibody against VIP (20077; ImmunoStar; 1:500).
The sections were then incubated for 2 h with 5 ug/ml Alexa Fluor
(AF)488-conjugated antibody against mouse IgG or rabbit IgG (A-11029
or A-11034; Invitrogen), and finally reacted with HNPP Fluorescence
Detection kit (HNPP/FastRed; Roche Applied Science) for several hours.
Sense probe detected no signal higher than the background.

Double immunofluorescence labeling. The brain sections obtained from the
wild mice were incubated overnight with one of the following mixtures: (1)
1/4000-diluted mouse anti-PV antibody and 1/2000-diluted rabbit anti-
SOM antibody, (2) 1/4000-diluted mouse anti-PV antibody and 1/500-
diluted rabbit anti-VIP antibody, (3) 1/500-diluted rat anti-SOM antibody
(MAB354; Millipore) and 1/500-diluted rabbit anti-VIP antibody, (4) 1
ug/ml mouse anti-gephyrin antibody (147011; Synaptic Systems) and 1
ug/ml rabbit anti-vesicular GABA transporter (VGAT) antibody (131003;
Synaptic Systems), (5) 1 ug/ml mouse anti-VGAT antibody (131011; Syn-
aptic Systems) and 1 ug/ml rabbit anti-gephyrin antibody (147003; Synaptic
Systems), (6) 1 ug/ml rabbit anti-VGAT antibody and 1/4000-diluted

Table 1. Laminar distributions of three distinct subgroups of GABAergic neurons in
the S1

PV SOM VIP

L1 0(0/201)° 0(0/147) 23 =+ 2.0°(4/183)
123 334 % 3.2(413/1216) 13.2 = 3.1 (171/1276) 23.7 = 2.1(301/1271)
L4 54.2 = 5.1(617/1122) 16.1 = 3.1 (158/1006) 8.2 = 2.6 (84/1003)
L5 49.7 * 4.3 (659/1317) 32.5 + 4.9 (454/1398) 2.0 £ 0.5(27/1340)
(
(

L6 43.2 = 5.5 (390/895) 31.9 = 2.4 (353/1107) 4.4+ 0.7 (38/868)
Total ~ 43.5 % 3.0(2079/4751)  22.9 * 1.7 (1136/4934) 9.7 £ 1.0 (454/4665)

“The denominator and numerator in parentheses are the total number of the cells expressing GAD67 mRNA and that
of neurons positive for individual chemical marker, respectively. °Data are given as mean = SD of the percentages
in three mice.

mouse anti-PV antibody, (7) 1 pg/ml mouse anti-VGAT antibody and
1/2000-diluted rabbit anti-SOM antibody; and (8) 1 ug/ml mouse anti-
VGAT antibody and 1/500-diluted rabbit anti-VIP antibody. The incuba-
tion was performed at room temperature in PBS containing 0.3% Triton
X-100, 0.25% A-carrageenan and 1% normal donkey serum (NDS) (PBS-
XCD). Lambda carrageenan is a soluble substance that belongs to a family of
linear sulfated polysaccharides and contributes to a high viscosity of the
incubation medium. We have been applying this substance to the immuno-
staining, since it was helpful in avoiding uneven binding of antibodies to
sections (Kaneko and Mizuno, 1988). After several washes, the sections were
incubated for 2 h with a mixture of 5 ug/ml AF488-conjugated antibody
against mouse IgG, rabbit IgG, or rat IgG (A-21208; Invitrogen) and 5 pg/ml
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Table 2. Laminar distributions of inhibitory presynaptic terminals positive for PV, SOM, or VIP in the S1
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PV SOM Vip

PV/VGAT VGAT/PV SOM/VGAT VGAT/SOM VIP/VGAT VGAT/VIP
L1 7.9 + 1.87 (38/475)° 96.3 = 6.4 (38/39) 30.8 = 3.2 (151/487) 98.0 = 1.7 (151/154) 33.1 = 3.0 (161/491) 95.3 £ 0.9 (161/169)
1273 38.7 £ 2.9 (190/494) 95.9 2.3 (190/198) 22.6 + 2.9 (105/467) 93.7 £ 1.6 (105/112) 23.0 £ 2.5(113/486) 95.1 £ 1.6 (113/119)
L4 45.9 * 4.4 (229/498) 94.4 + 1.0 (229/243) 26.7 = 7.6 (130/494) 97.0 = 1.1(130/134) 20.7 £ 5.1(101/499) 98.3 + 2.9(101/103)
L5 43.8 = 0.9 (214/489) 95.6 = 1.7 (214/224) 28.8 = 0.8 (143/495) 96.4 = 2.8 (143/148) 21.5 = 1.8 (102/471) 92.7 £ 0.2 (102/110)
L6 40.1 = 3.9 (197/487) 94.2 +3.9(197/209) 31.0 = 1.7 (146/473) 97.3 £ 0.9 (146/150) 21.7 £ 1.6 (106/488) 94.7 £ 2.6 (106/112)
Total 35.5 + 1.0 (868/2443) 95.1 = 1.5 (868/913) 28.1 = 2.8 (675/2416) 96.7 = 0.8 (675/698) 23.9 * 1.7 (583/2435) 95.2 + 1.1(583/613)

“Data are given as mean + SD of the percentages in three mice. “The denominator and numerator in parentheses are the total number of the axon terminal-like structures immunoreactive for VGAT and individual presynaptic marker,

respectively, in three mice.

Figure 3.  Light and electron microscopic distribution of gephyrin immunoreactivity in the S1. A,~A;, Gephyrin and VGAT immunoreactivities were visualized with AF488 (green) and AF647
(magenta), respectively. Almost all of the immunoreactivities were closely apposed to each other (arrowheads). B—H, Gephyrin and VGAT immunoreactivities were labeled with DAB reaction
products (white arrows) and silver grains, respectively. Gephyrinimmunoreactivity was localized at the postsynaptic ites (between two white arrowheads) facing VGAT-positive axon terminals (AT).
Black arrowheads indicate the unlabeled asymmetric synapse. Den, dendrite. Scale bars: (in A;) A,, 2 um; (in 6) E, 500 nm; (in H) B-D, F, 100 nm.

AF594-conjugated antibody against rabbit IgG (A-11037; Invitrogen) or
AF647-conjugated antibody against rabbit IgG or mouse IgG (A-21245 or
A-21236; Invitrogen) in PBS-XCD.

Triple immunofluorescence labeling. The brain sections obtained from
the transgenic mice were incubated overnight with a mixture of 1.0
ug/ml guinea pig anti-GFP antibody (Nakamura et al., 2008), 1.0 pg/ml
mouse or rabbit anti-gephyrin antibody, and one of the following anti-
bodies: 1 ug/ml rabbit anti-VGAT antibody, 1/4000-diluted mouse
anti-PV antibody, 1/2000-diluted rabbit anti-SOM antibody, and 1/500-
diluted rabbit anti-VIP antibody. The sections were then incubated over-

night with a mixture of 5 ug/ml AF488-conjugated antibody against
guinea pig IgG (A-11073; Invitrogen), AF568-conjugated antibody
against mouse or rabbit IgG (A-11031 or A-11036; Invitrogen), and
AF647-conjugated antibody against rabbit or mouse IgG.

Image acquisition. The sections were mounted onto aminopropyltriethox-
ysilane-coated glass slides and coverslipped with CC/Mount (K002; Diag-
nostic BioSystems) or 50% (v/v) glycerol and 2.5% (w/v) triethylenediamine
in PBS. For cell counting, the sections were observed under an epifluores-
cence microscope Axiophot (Carl Zeiss) with appropriate filter sets for
AF488 (450—490 nm excitation and 514-565 nm emission), FastRed, and
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GABAergicinputs to PV neurons. A,—-B,, GFP, gephyrin, and VGAT were labeled with AF488 (green), AF568 (red), and AF647 (blue), respectively. VGAT-positive axon terminals were in

close apposition to gephyrin immunoreactivity on the GFP-positive dendrites and cell bodies (arrowheads). ¢, We estimated the surface area of the dendrites and cell bodies, and then calculated the
number of inputs per surface area [/um 2] in each layer (a total of eight neurons in each layer). GABAergic inputs clearly preferred the cell bodies, and the density was almost linearly decreased to
the distal dendrites. Each symbol represents mean = SD. D, The data obtained from all 32 dendrites and cell bodies were pooled. We further estimated the number of total inputs per PV neuron,
using the data on the surface area [1um %] and the input density [/em ?]. The number of inputs to the cell bodies in each layer was estimated by the following formula, presuming the cell body to
be spherical: [the mean number of inputs per surface area (Table 3)] X 4 X [section area of the cell body (Kameda et al., 2012)]. The number of inputs to the dendrites in each layer was estimated
by the formula: Dy X Ay _sq, Dgg X Asy_119and ;49 X A4, Where D, = [the mean number of inputs per surface area around x um from the cell body (Table 3)] and A, = [the total surface
areaofy um from the cell body (Kameda etal., 2012)]. Finally, the average number of GABAergicinputs per PV neuronin all layers (blue bars in D) was estimated by the following formula: >, {[the
mean number of inputs per PV neurons in each layer] X [the laminar distribution rate (%) of PV neurons in each layer (Kameda et al., 2012)]}. Statistical significance was judged by the Tukey’s

multiple-comparison test after one-way ANOVA: *p << 0.05; **p < 0.01; ***p << 0.001. Scale bars: (inA,) A;—A;, 2 um; (in B,) B,~Bj, 1 um.

AF594 (530-585 nm excitation and =615 nm emission), using a 40X ob-
jective lens (Plan-NEOFLUAR, NA = 0.75; Carl Zeiss). The digital
images were captured with the QICAM FAST digital monochrome
camera (QIMAGING), modified (=20% contrast enhancement) in soft-
ware Canvas X (ACD Systems), and saved as TIFF files. Neocortical areas and
cortical layers were determined by NeuN immunoreactivity or DAPI nuclear
staining.

Other sections were observed under an AOBS-TCS SP2 confocal laser-
scanning microscope (Leica) with a 63X oil-immersion objective lens
(HCX PL APO, NA = 1.40; Leica) and the pinhole set at 1.0 Airy disk
unit. Image size was 512 X 512 pixels, and the zoom factor was set to 1,
16, or 32, which corresponded to a pixel dimension of 465, 29.06, or
14.53 nm in both the X and Y directions, respectively. AF488, AF568, or
AF647 was excited with 488, 543, or 633 nm laser beams and observed
through 500-580, 590-650, or 660—850 nm emission prism windows,
respectively. Up to 150 images with a Z-interval of 122 nm were acquired
per stack, and deconvolved using software Huygens Essential (version
3.7; Scientific Volume Imaging) with the following parameters: micro-
scopic type, confocal; back projected pinhole diameter, 238 nm; lens
objective NA, 1.4; lens immersion refractive index, 1.515; medium re-
fractive index, 1.515; excitation wavelength, 488, 543, or 633 nm; emis-

sion wavelength, 519, 603, or 668 nm; vertical mapping function, log;
algorithm, classical maximum likelihood estimation; background estima-
tion mode, lowest; relative background, 0%; maximum iteration number,
40; signal-to-noise ratio, 3—-10; quality threshold, 0.1; iteration mode, fast;
photobleaching correction, auto; and brick layout, auto. Morphological pa-
rameters (dendritic length, section area, and somatic length) in the 3D im-
ages were measured by using software LSM 5 Image Examiner (Carl Zeiss).
All confocal images were modified (=40% contrast enhancement) in soft-
ware Canvas X and saved as 8-bit/color TIFF files.

Immunoelectron microscopy. Three wild mice were deeply anesthe-
tized with chloral hydrate, perfused transcardially with 20 ml of PBS, and
then perfused with the same volume of 4% paraformaldehyde and 0.05%
glutaraldehyde in 0.1 M sodium PB, pH 7.4. After postfixation for 20 h
with 4% paraformaldehyde in 0.1 M PB at 4°C, the brain blocks were cut
into 50-um-thick coronal sections with a Super Microslicer Zero 1 (Do-
saka). Sections were placed in PBS containing 30% sucrose for 1 h and
then freeze-thawed with liquid nitrogen for enhancement of the penetra-
tion of antibody (Li et al., 2012).

Subsequently, the sections were pre-incubated for 30 min in PBS
containing 20% NDS, 0.1% Photo-flo (Kodak), and then incubated
overnight at 4°C with a mixture of 5 ug/ml anti-VGAT mouse antibody
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and 5 ug/ml rabbit antibody against gephyrin in PBS containing 2% NDS
and 0.1% Photo-flo. After incubation overnight at 4°C with a mixture of
10 pg/ml biotinylated anti-mouse IgG donkey antibody (Jackson Immu-
noResearch Laboratories) and 1/20-diluted gold-conjugated anti-rabbit
pig IgG goat antibody (Ultra-small Gold Reagent; Aurion), the sections
were postfixed with 1% glutaraldehyde in 0.1 M PB for 10 min. After
washes with distilled water, gold particles were developed in the dark with
a silver enhancement kit (R-GENT SE-EM; Aurion). The sections were
incubated for 4 h with avidin-biotinylated peroxidase complex (1:100;
ABC-Elite; Vector Laboratories) in PBS and reacted for 40—60 min with
0.02% diaminobenzidine (DAB) and 0.0002% H,0, in 0.1 M Tris-HCI,
pH 7.6. The sections were then washed with 0.1 m PB, placed for 40 min
in 0.1 M PB containing 1% osmium tetroxide, counterstained for 30 min
with 1% uranyl acetate, dehydrated, and flat embedded in epoxy resin.

After polymerization of the resin, each tissue samples were cut into
70-nm-thick ultrathin sections by a diamond knife on an ultrami-
crotome (Leica Ultracut UCT) and mounted on pioloform-coated cop-
per grids (Stork Veco; Eerbeek). The sections were finally examined with
an electron microscope (H-7650; Hitachi) at 80 kV. All the digital images
were modified (=30% contrast enhancement) in software Canvas X and
saved as 8-bit TIFF files.

Estimation of synaptic input density to PV-expressing neurons. After
triple immunofluorescence staining for GFP, gephyrin, and one of the
presynaptic markers as described above, we randomly selected eight PV
neurons in the middle one-third portion of each layer of the S1 in the
transgenic mice without reference to the barrel-septum structures, and
acquired image stacks under a confocal laser-scanning microscope to
locate the sample points (Fig. 1A,A"). Since the dendritic length of
L4-L5 PV neurons was shorter than that of L2/3 and L6 PV neurons
(Kameda et al., 2012) and even the longest dendrite of randomly selected
L4-L5 neurons was often 140 wm long and a little longer, we selected a
long dendrite per cell and sampled the data on the dendritic compart-
ments at 20, 80, and 140 wm away from the cell body alongside the
dendrite (Fig. 1B). All the dendrites analyzed here were located in the
same layer as the cell bodies were located.

3D image stacks of higher magnification were captured at the dendritic
compartments located at the three different distances from the cell body
(zoom factor = 16; Fig. 1C). Each analyzed dendritic compartment was
13.0-21.7 pmlong, and its center was located exactly at 20, 80, or 140 um
from the cell body. The surface area of the dendrite (S,) was estimated by
the following formula when the dendrite was regarded as cylinder: the
diameter of the dendrite (D) = [section area (A)]/[dendritic length (L)]
and then, S; = 7 X D X L. On the somatic membrane, we randomly
selected three sites per soma in the thin optical section that ran through
the center of the cell body, and acquired 3D image stacks of higher mag-
nification (zoom factor = 32; Fig. 1D). The somatic membrane of three
analyzed sites was almost perpendicular to XY plane, and the surface area
(S.) was estimated by the following formula: S, = > ; ., {length (L) X
[thickness of the optical section in z-axis (0.610—1.464 wm)]}.

To count the number of putative synaptic input sites on the somato-
dendritic membrane of PV neurons, we observed the image stack in 3D
by using software LSM 5 Image Examiner. We first observed close con-
tacts between presynaptic marker-positive punctae and GFP-positive
dendrites or cell bodies in all the XY, XZ, and YZ planes, continually
changing the Z depth in the image stack. The two fluorescences often
overlapped partially with each other probably because of the limited
spatial resolution of the fluorescence microscopy. Further, only when the
immunoreactivity for postsynaptic marker gephyrin was found at the
somatodendritic side of the contact, did we count the contact as a puta-
tive synaptic input site (Fig. 1E, arrows). Finally, we divided the number
of putative synaptic inputs by the surface area of somatodendritic mem-
brane (S, or S,) to obtain synaptic input density [/um?].

Statistical analysis. Multiple comparisons were performed by Tukey’s
multiple-comparison test after one-way ANOVA (Prism4.0c; GraphPad
Software.). The frequency histogram of PV neurons against the density of
VIP inputs on the cell bodies was analyzed by nonlinear regression with a
mixture of Gaussian distributions. Fitting was performed by maximum
likelihood estimation, and the model was selected by the Bayesian infor-
mation criterion (Schwarz, 1978) (Igor 5.05; WaveMetrics).
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Table 3. GABAergic inputs to PV neurons

Dendrite
Cell body 20 wm 80 wm 140 um
((B) from (B from (B from (B

Number of inputs

L2/3 1013 £203 1888 +247 11.88 =164 8.00=* 1.41

L4 963141 2075191 1288 * 164 888 * 236

L5 875205 1888203 1138288 850131

L6 10.00 =131 19.25+381 1213223 813136

Total 963174 1944 =265 1206212 838=*162
Surface area [ um?]

L2/3 259+ 6.0 50.1 9.9 39.9 =55 295*+28

L4 21825 53396 0085 332x56

L5 213+ 36 473+ 74 38.7 9.0 347 =103

L6 23430 497 +181 38147 314x33

Total 231%42 501116 394£69 322*63
Density [10 ~%/um?]

L2/3 39332 38353 29926 271*35

L4 440 =32 39.7 =56 32152 267 =58

L5 407 = 43 405+ 55 30691 259*6.1

L6 49 +34 404 * 6.4 31951 259*36

Total 417 £39 39.7 £55 311 £57 264 =47

We randomly selected two PV neurons in each layer in four transgenic mice (a total of eight neurons in every layer),
and calculated the number of inputs, surface area [ um 2], and input density [10 ~2/jum ?]. Data are given as
mean == SD. (B, cell body.

Results

Three distinct subgroups of GABAergic neurons

In the present study, we investigated the cell type-specific inhibitory
inputs to PV neurons by visualizing presynaptic terminals with the
anti-PV, anti-SOM, or anti-VIP antibody. Although these chemical
markers were well known to constitute three distinct subgroups in
the rat neocortex (Kawaguchi and Kubota, 1996, 1997), there was a
controversy in the mouse visual cortex about the presence (Gonchar
etal.,2007) or absence of VIP neurons that were immunoreactive for
SOM (Xu et al., 2010). We thus attempted to determine whether or
not these chemical markers might show overlap in the mouse S1. As
reported by Xu et al. (2010), we observed no colocalization between
SOM and VIP immunoreactivities as well as between PV and SOM
or between PV and VIP immunoreactivities (Fig. 2A—C") at least by
the present immunofluorescence method and antibodies. The pre-
vious (Xu et al., 2010) and present findings thus indicate that these
three makers distinguish the separate subgroups of neocortical
GABAergic interneurons in the mouse neocortex. In addition, the
proportion of those three subgroups in GABAergic neurons was
estimated by combining fluorescence in situ hybridization for
GAD67 mRNA and immunofluorescence for PV, SOM, or VIP in
the S1 (Fig. 2D—F"). PV-, SOM-, and VIP-positive cells accounted
for 43.5, 22.9, or 9.7% of GAD67-expressing neurons, respectively,
across entire layers (Table 1), collectively covering 76.1% of GABAe-
rgic neurons.

We further examined GABAergic nature of the axon terminal-
like structures immunopositive for PV, SOM, or VIP by dual
immunolabeling with anti-VGAT antibody in the S1. In the 3D
image stacks of confocal laser-scanning microscopy (CF-LSM),
we observed the colocalization of PV, SOM, or VIP immunore-
activity in VGAT-positive punctae (Fig. 2G-I). In L1 of the S1,
only 8% of VGAT-immunopositive punctae showed PV immuno-
reactivity, whereas >30% of those displayed the immunoreactivity
for SOM or VIP (Table 2). In L2-L6, ~40%, 30%, or 20% of VGAT-
positive punctae exhibited the immunoreactivity for PV, SOM, or
VIP, respectively (Table 2). Inversely, >95% of PV-, SOM-, or VIP-
immunoreactive punctae were positive for VGAT. Since VGAT im-
munoreactivity was localized to synaptic vesicles in GABAergic axon
terminals (Chaudhry et al., 1998), the last finding indicated that the
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punctae immunoreactive for PV, SOM, or
VIP could be used as a presynaptic terminal
marker of the GABAergic subgroup.

Immunohistochemical characterization
of gephyrin

To visualize inhibitory postsynaptic sites,
we used the immunoreactivity for gephy-
rin in the present study. Gephyrin pro-
vides a scaffold for postsynaptic proteins,
GABA,, and glycine receptors, being an
anchor to the cytoskeleton (Fritschy et al.,
2008). It has been reported that gephyrin
immunoreactivity is localized at the post-
synaptic sites of symmetrical synapses in
the cerebellar cortex and trigeminal mo-
tor nucleus (Sassoe-Pognetto et al., 2000;
Li et al., 2012). To characterize the distri-
bution of gephyrin immunoreactivity in
the mouse neocortex, we first observed
the immunoreactivities for gephyrin and
VGAT by the CF-LSM in the S1. In the 3D
image stacks, the two immunoreactivities
were judged to form close contacts/appo-
sitions when we recognized the contacts in
all the XY, XZ, and YZ planes (Fig. 3A,—
A;). The close contacts/appositions often
showed a partial overlap of fluorescence
signals probably because of the limited spa-
tial resolution of the CF-LSM. Approxi-
mately 96% (1906 of 1986, three animals) of
gephyrin-immunopositive punctae were
closely apposed to VGAT-immunopositive
punctae, and inversely 98% (1906/1947) of
VGAT-positive punctae were in close appo-
sition to gephyrin-positive punctae. This
clearly indicated intimate relationship of
VGAT and gephyrin immunoreactivities in
the mouse neocortex.

We then investigated the intimate re-
lationship of gephyrin and VGAT im-
munoreactivities in the S1 by electron
microscopy. When VGAT immunore-
activity was singly labeled with silver
grains, the immunoreactivity was dis-
tributed in the axon terminals forming
symmetric synaptic contacts, but not
with asymmetric ones (data not shown)
as reported previously (Chaudhry et al.,
1998). In the double immunostaining
for VGAT and gephyrin (Fig. 3B-H),
gephyrin immunoreactivity indicated
by peroxidase reaction products was
localized at the postsynaptic sites of
those VGAT-immunopositive synapses
in both somatic and dendritic profiles.
When membrane contacts between
VGAT-positive and gephyrin-positive
profiles were randomly examined, we
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Figure 5. PVand SOM inputs to PV neurons. A,—-C,, GFP, gephyrin, and either PV or SOM were labeled with AF488 (green),
AF568 (red), and AF647 (blue), respectively. PV-positive axon terminals were frequently found in close apposition to gephyrin
immunoreactivity on the GFP-positive dendrites, but much less on the cell bodies (arrowheads). SOM-positive axon punctae
formed close contacts with the immunoreactivity for gephyrin on the GFP-positive dendrites, whereas few SOM-positive ones
apposed to gephyrin immunoreactivity on the cell bodies. Note that the immunofluorescence signal for PV at the distal dendrite
was sometimes too weak to be detected under the CF-LSM, whereas that for GFP was strong and clear (4,-4,). D, E, The data
obtained from all 32 dendrites and cell bodies were pooled. For the data in each layer, see Tables 4 and 5. Each symbol represents
mean = SD. Statistical significance was judged by the Tukey’s multiple-comparison test after one-way ANOVA: *p << 0.05; **p <
0.01; ***p < 0.001. Scale bars: (in A,) A,-A;, (;—C,, 2 wm; (in B,) B;~B;, 1 m.

found synaptic specialization in 92.4% (61/66, three animals) ~ GABAergic inputs to PV neurons
of those contacts. These results indicate that gephyrin is a ~ GABAergic inputs to PV neurons were investigated quantitatively
reliable marker for inhibitory postsynaptic sites at least in the ~ with VGAT and gephyrin immunoreactivities. PV-producing in-

neocortex.

terneurons in the rodent cerebral cortex contained the largest pop-
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ulation of FS basket cells and the two minor populations of
chandelier and multipolar bursting cells (Kawaguchi and Kondo,
2002; Blatow et al., 2003; Markram et al., 2004; Burkhalter, 2008). In
the mouse neocortex, chandelier and multipolar bursting cells were
reportedly located exclusively at the border of L1 and L2 (Blatow et
al.,, 2003; Woodruftf et al., 2009). Thus, to concentrate the present
analysis to FS basket cells, we randomly selected eight PV neurons in
the middle portion of each layer in the present study. In addition, we
chose one dendrite per cell, and all the dendrites were located in the
same layer as the cell bodies.

Many VGAT-positive punctae made close appositions in the
S1 with the GFP-positive somatodendritic membrane of PV neu-
rons in the 3D CF-LSM image stacks as reported previously (Ka-
meda etal., 2012). To increase the reliability of detecting putative
synaptic sites, we used gephyrin immunoreactivity with the triple
immunolabeling method. Only when gephyrin immunoreactiv-
ity was found at the somatodendritic side of those close contacts,
were the contacts counted as putative GABAergic input sites (ar-
rowheads in Fig. 4A,—B,). We thereby obtained the number of
putative GABAergic inputs and the surface area of the GFP-
positive somatodendritic membrane in the image stacks, and cal-
culated the input density [/um?] (Table 3). The density of
GABAergic inputs to PV neurons was significantly higher on the
cell bodies than on the dendrites (Fig. 4C,D). There was no sig-
nificant difference in the input density among cortical layers (L2—
L6; Table 3). We further estimated the average number of
GABAergic inputs per PV neuron using the data of somatic size
and dendritic width and length in the report of Kameda et al.
(2012), and found that the dendrites received ~6-fold more in-
puts (1787) than the cell bodies (310) (Fig. 4D). Although the
sampling of somatodendritic membrane of PV neurons was per-
formed without reference to the barrel-septum structure in the
S1, no signs for the presence of such columnar structures were
noticed in the CF-LSM images of VGAT-positive punctae.

Axodendritic inputs of PV or SOM neurons to PV neurons

To reveal which type(s) of inhibitory inputs preferred the cell
bodies or dendrites of PV neurons in the S1, we first investigated
PV-immunopositive synaptic inputs to PV neurons with the CF-
LSM by detecting putative inhibitory synapses with the aid of
gephyrin immunoreactivity (Fig. 5A,-B,). We found that PV in-
puts were frequently located on the dendrites, but much less on
the cell bodies of PV neurons (Fig. 5D; Table 4). This finding was
striking to us since previous reports described that PV neurons
received many axosomatic inputs from PV neurons in the neo-
cortex (Kisvarday et al., 1993; Tamas et al., 1997, 1998, 2000;
Fukuda and Kosaka, 2003). The density of PV inputs to PV neu-
rons at any somatodendritic location showed no statistically sig-
nificant difference among the cortical layers (Table 4).

We then observed that SOM inputs also preferred the den-
dritic compartment to the somatic compartment of PV neurons
(Fig. 5C,—C,E; Table 5). No significant difference in the density
of SOM inputs to PV neurons was noticed among the different
cortical layers (Table 5), as was seen in the density of PV inputs.
However, the density of SOM inputs to PV neurons was less than
half of PV inputs. These findings indicated that the dendrites of
PV neurons were innervated most abundantly by PV neurons
and less frequently by SOM neurons. The results further sug-
gested that the cell bodies of PV neurons received inhibitory in-
puts from other types of neurons than PV or SOM neurons, since
the GABAergic input density on the somatic membrane (41.7 X
10 ~*/pm?) was much higher than the sum of the PV and SOM
input densities (5.0 X 10 ~%/um?).
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Table 4. PV inputs to PV neurons

Dendrite
Cell body 20 wm 80 um 140 um
(CB) from (B from (B from (B

Number of inputs

L2/3 075*+089 1.13*x217 725%£225 438+130

L4 1132125 1075%£212 763*119 563 *£1.06

L5 100 £093 1163+ 160 6.63 = 141 500 % 0.93

L6 125+139  1150+160 713125 563*130

Total 103109 125*+18 71615 516*+122
Surface area [ um?]

L2/3 250*+38 520113 397 %48 283 42

L4 242+35 491+12 405*33  325*65

L5 23.6 3.1 50.7 = 9.6 373+ 84 30.8 = 6.6

L6 244+ 40 527123 398*86 323*64

Total 243 +35 511107 393£65 31060
Density [10 ~%/um?]

L2/3 3137 21939 18350 154+*38

L4 45*50 225+ 45 18.8 £ 2.1 17.7 £ 40

L5 43+38 22*+27 181*38  165*26

L6 52x58 225+ 42 185+ 46 174 %16

Total 4345 225%37 184 =38 16.7 = 3.1

We randomly selected two PV neurons in each layer in four transgenic mice (a total of eight neurons in every layer),
and calculated the number of inputs, surface area [ um 2], and input density [10 ~2/jum ?]. Data are given as
mean == SD. (B, cell body.

Table 5. SOM inputs to PV neurons

Dendrite
Cell body 20 um 80 um 140 wm
(CB) from (B from (B from (B

Number of inputs

12/3 013035 438*+074 275*071 2.25 £ 0.46

L4 013+035 48 *+113 313*+083 250+ 093

L5 013035 450093 275046 225+ 046

L6 025*046 463119 313083 225*046

Total 016 =037 459098 294*072 231*059
Surface area [ um?]

L2/3 229+32 462+ 7.2 352+68 330 +37

L4 244 +37 505116 405 *383 352=*76

L5 234+28 50.6 = 11.1 394+112 339*76

L6 248 =44 516 + 5.0 43290 340 =53

Total 239 £35 49.7 =9.0 39.6 £9.0 3406
Density [10 ~%/um?]

L12/3 0.7 £20 95+ 15 78 =09 69+ 1.6

L4 0.5+16 100 =27 81+29 73+32

L5 0.6 * 1.6 9.1+17 74 %21 69+ 18

L6 1.2%£22 89+ 20 7424 6.8 £ 2.1

Total 07 *£18 9.4 *20 7721 70+22

We randomly selected two PV neurons in each layer in four transgenic mice (a total of eight neurons in every layer),
and calculated the number of inputs, surface area [ 4m 2], and input density [ 10 ~%/;4m ?]. Data are given as
mean = SD. (B, cell body.

Axosomatic inputs of VIP neurons to PV neurons
We then analyzed inhibitory inputs of VIP neurons to PV
neurons. In contrast to PV or SOM inputs, VIP inputs clearly
preferred the cell bodies to the dendrites, and approximately two-
thirds of GABAergic inputs to PV cell bodies were derived from
VIP neurons (Fig. 6A,—C; Table 6). In addition, we observed a
similar distribution of VIP inputs to PV neurons throughout
L2-L6 without statistically significant difference among the dif-
ferent layers (Table 6). Since the distribution of VIP, PV, or SOM
input density displayed no difference among cortical layers, PV
neurons might have a common rule of receiving inhibitory inputs
across all layers.

Since the presence of two types of PV neurons with and with-
out VIP inputs to the cell bodies was reported in the rat S1 (Dévid
et al., 2007), we further analyzed VIP inputs to the cell bodies of
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Figure 6.  VIP inputs to PV neurons. A,—B,, GFP, gephyrin, and VIP were labeled with AF488 (green), AF568 (red), and AF647 (blue), respectively. VIP-positive axon terminals were frequently
observed in close apposition to gephyrin immunoreactivity on the GFP-positive cell bodies, but less on the dendrites (arrowheads). €, The data obtained from all 32 dendrites and cell bodies were
pooled. For the data in each layer, see Table 6. Each symbol represents mean = SD. Statistical significance was judged by Tukey’s multiple-comparison test after one-way ANOVA: **p << 0.01;
**¥1 <0.001. D, We randomly selected 20 PV neurons in each cortical layer of the S1 in three transgenic mice, and analyzed VIP inputs to the cell bodies of PV neurons (240 neurons in total). The
frequency histogram against the input density was well fitted with a single Gaussian distribution (r = 0.94), compared with the mixture of Gaussian distributions, on the basis of the Bayesian

information criterion. Scale bars: (inA,) A;=A;, 2 um; (in B,) B,—B;, 1 um.

Table 6. VIP inputs to PV neurons

Dendrite
Cell body 20 um 80 um 140 wm
(CB) from (B from (B from (B

Number of inputs

1273 5751139 213064 088 +0.64 0.63 £0.52

L4 638 =151 250107 113083 075*=0.71

L5 625116 238052 1.13+0.83 0.63 £0.52

L6 6.00 £1.60 2.25=*071 0.88£0.83  0.63 =052

Total 6.09+138 231074 100076 0.66 = 0.5
Surface area [ um?]

L2/3 225+37 484+ 76 39.7 +35 337+ 45

L4 248 £ 24 521118 393=*76 335%77

L5 231+25 51.8 =82 387 +37 312140

L6 242 £ 37 502 117  381%=95 28.7 £ 45

Total 23.7 £31 50.6 £9.7 39.0 £63 31.8 £55
Density [10 =%/ um?]

1273 26274 45+ 15 26 =20 1815

L4 259+63 48+ 2.1 2821 22+25

L5 27.0 £ 3.1 46 0.7 2820 19*+16

L6 251£6.6 44+09 25*+26 23+20

Total 260 =58 46 +13 26 =21 2018

We randomly selected two PV neurons in each layer in four transgenic mice (a total of eight neurons in every layer),
and calculated the number of inputs, surface area [ um 2], and input density [10 ~%/wum 2]. Data are given as
mean = SD.

PV neuronsin the S1. We randomly selected 20 PV neurons in the
middle portion of each layer of the S1 from a transgenic mouse,
thus a total of 60 neurons in each layer from three mice, and
estimated the density of VIP inputs on the cell bodies. The mean
density was 0.24—0.25 [/um?] without significant difference
among L2-L6. We then plotted the frequency histogram of 240
PV neurons against the density of VIP inputs on the cell bodies
(Fig. 6D). The resulting histogram from the 240 PV neurons was
well fitted with a single Gaussian distribution (r = 0.94). Judging
from the Bayesian information criterion (BIC), this single Gauss-
ian distribution was the best distribution (BIC value = —595.06),
compared with the sum of two (—587.5) or more Gaussian dis-
tributions. This statistically suggested that there was only one

population of PV neurons in terms of the axosomatic VIP inputs
in the mouse S1.

Discussion

We quantitatively analyzed inhibitory inputs to PV-producing
neurons, which were presumed to be mostly FS basket cells in the
present study, by using transgenic mice in which PV neurons
were visualized in a Golgi stain-like fashion. To count the num-
ber of inhibitory inputs as accurately as possible with the CF-
LSM, we used gephyrin immunoreactivity as a postsynaptic
marker. We first analyzed GABAergic inputs to PV neurons with
VGAT immunoreactivity, and found that the density of GABA-
ergic inputs was higher on the cell bodies than on the dendrites.
However, since the surface area of the dendrites was much larger
than that of cell bodies, GABAergic inputs per PV neuron were
~6-fold more numerous on the dendrites than on the cell bodies,
suggesting the importance of dendritic GABAergic inputs. We
then investigated inhibitory inputs from three distinct subgroups
of GABAergic neocortical interneurons, i.e., PV, SOM, and VIP
neurons, which covered ~76% of GABAergic neurons in the
mouse S1. We discovered the compartmental organization of
inhibitory inputs to PV neurons. The targets of PV and SOM
inputs were almost exclusively the dendrites, and ~60 and 25%
of inhibitory inputs to the dendrites were derived from PV and
SOM neurons, respectively. In contrast, VIP inputs clearly pre-
ferred the cell bodies to the dendrites, and ~62% of inhibitory
inputs to the cell bodies were originated from VIP neurons (Fig.
7A,B).

PV-producing FS basket cells are known to target the cell bod-
ies and proximal dendrites of pyramidal cells, and precisely con-
trol the activity of pyramidal cells (Thomson et al., 1996; Tamas et
al., 1997; Somogyi et al., 1998; Freund and Katona, 2007; Thom-
son and Lamy, 2007; Tanaka et al., 2011). Furthermore, FS basket
cells are connected with each other, and many efforts have been
made to reveal the mutual connections by paired recording exper-
iments. It has been demonstrated that FS basket cells were recipro-
cally connected through electrical and chemical synapses in the
neocortex (Tamas et al., 1997, 1998, 2000; Galarreta and Hestrin,
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1999, 2001, 2002; Gibson et al., 1999; Gupta et al., 2000). In these
reports, both connections were mostly restricted at the cell bodies
and proximal dendrites by light and electron microscopic analyses.
However, it was recently reported that gap junctions were distrib-
uted not only at the proximal sites but also at the distal dendritic
segments. In addition, the total number of gap junctions were more
numerous at the dendritic compartment than at the somatic com-
partment (Fukuda and Kosaka, 2003; Fukuda et al., 2006). As dis-
cussed in these previous reports, this discrepancy might be explained
by the difference of methodological approaches. (1) Paired record-
ing techniques would cause errors in estimating the spatial distribu-
tion of the connections. Since the slice preparation damaged the
neuronal processes and reduced the chance of detecting electrical
and chemical coupling between distal pairs, closely spaced pairs
would be preferentially analyzed. (2) Furthermore, paired record-
ings were generally performed on the cell bodies, and thus, it was
very difficult to detect coupling among distal dendritic segments
because of electrotonic attenuation of gap junction activity and
GABAergic PSPs evoked in the distal dendrites.

In the present study, we revealed that chemical connections
between PV neurons were most abundantly distributed on the
proximal dendrites and least on the cell bodies (Fig. 7A,B). To
exclude the possibility of underestimation of the axosomatic in-
puts due to false-negative staining for PV-positive terminals
around the cell bodies, we carefully observed PV-positive termi-
nals using the other transgenic mice (Kameda et al., 2012). In the
mice, membrane-targeted GFP (myristoylation/palmitoylation
site-attached GFP) was expressed specifically in PV neurons and
not only the dendrites but also the axons were well labeled. By
triple immunofluorescence staining for GFP, PV, and VGAT, we
found that almost all the GFP-positive GABAergic terminals were
immunoreactive for PV (Kameda et al., 2012, their Fig. 4C,—C,).
In addition, these triple-positive terminals frequently sur-

Asummary diagram. 4, The density of GABAergic, PV, SOM, and VIP inputs to PV neurons at different somatodendritic
positions. B, Each column represents the relative frequencies of PV, SOM, and VIP inputs in GABAergic inputs to PV neurons. C,
Schematic diagram summarizing the neocortical GABAergic network. See Discussion for more details. Pyr, pyramidal cell.
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VIP rounded GFP- and PV-negative cell bod-
y ies, presumably those of pyramidal
neurons, but only sparsely surrounded
GFP- and PV-positive cell bodies (data
not shown). These findings indicate that
the axon terminals of PV neurons were
sufficiently labeled for the analysis of the
mutual axosomatic connections of PV
neurons. Therefore, it is unlikely that the
axosomatic connections between PV neu-
rons were largely underestimated in the
present study. Although previous immu-
/ nohistochemical studies demonstrated
the mutual chemical connections of PV
neurons at the proximal sites in the rat
and cat neocortex (Kisvarday et al., 1993;
Fukuda and Kosaka, 2003), the distal den-
drites were not visualized well in those
studies, and the connections in the distal
sites might have been underestimated.

We here discovered that GABAergic
inputs per PV neuron were six times more
numerous on the dendrites than on the
cell bodies and, more importantly, that
the dendritic compartment of PV neurons
received GABAergic inputs chiefly from
PV neurons (Fig. 7C). Since a PV-
producing FS basket cell projects axon fi-
bers around its cell body mainly in a
horizontal direction (Kawaguchi and
Kubota, 1993; Kisvarday et al., 1993), the present results indicate
that the mutual connections of PV neurons are formed mostly on
the dendrites of PV neurons in the same and adjacent layers.
Since the dendritic localization is disadvantageous for evoking
GABAergic postsynaptic potentials (PSPs) in the cell body
(Kameda et al., 2012) and PV neurons are electrically connected
by gap junctions mainly at their dendritic compartments (Fu-
kuda and Kosaka, 2003; Fukuda et al., 2006), the dendritic
GABAergic inputs between PV neurons, together with the gap
junctions, might serve as a piece of machinery generating local
oscillatory activity rather than as a simple inhibitory device (Bar-
tos et al., 2007).

In contrast to PV inputs to the dendrites, most somatic inhib-
itory inputs to PV neurons were derived from VIP neurons. It was
reported that PV neurons were separated into two different
groups in terms of perisomatic VIP inputs in the rat S1 (David et
al., 2007). The first group received strong inputs on the cell bodies
and proximal dendrites from VIP neurons, whereas the second
group admitted a few or no inputs. To examine whether or not
PV neurons could be divided into two types by the number of VIP
inputs in the mouse S1, we statistically analyzed VIP-positive
somatic inputs on 240 PV neurons. The resulting frequency his-
togram against VIP input density was well fitted with a single
Gaussian distribution, suggesting that PV neurons in the mouse
S1 were not statistically divided into two groups. This discrep-
ancy could be accounted for by the difference in species and
sampling method. In the rat neocortex, chandelier neurons were
not restricted to L1-L2 border, but distributed widely in L2/3
(Peters et al., 1982; Somogyi et al., 1982). David et al. (2007)
randomly sampled rat PV neurons in cortical layers including
L2/3. Thus, it is likely that chandelier cells were contained in the
analysis of David et al. (2004), and their second group lacking VIP
inputs might be chandelier cells. In contrast, in the mouse cortex,
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chandelier cells and multipolar bursting cells were located at the
border of L1 and L2, and we randomly selected PV neurons in the
middle portion of L2/3 to exclude those neurons from the present
analysis. Thus, we might have analyzed a relatively homogeneous
subpopulation of PV neurons, which were presumed to be FS
basket cells.

Since the perisomatic location of inhibitory synapses is effec-
tive for evoking GABAergic PSPs in the cell bodies (Kameda et al.,
2012) and thus for controlling action potential generation (Wil-
liams and Stuart, 2003; Andrasfalvy and Mody, 2006), it is likely
that PV neurons are efficiently inhibited by the axosomatic in-
puts of VIP neurons. VIP neurons belong to the bipolar or
bitufted type of cortical interneurons, their cell bodies are located
mainly in L2/3, and their axon fibers run vertically through the
cortical layers (Connor and Peters, 1984; Kawaguchi and Kubota,
1996; Bayraktar et al., 2000). The present results were in good
agreement with the previous findings that bipolar or bitufted cells
frequently innervate the somata and dendrites of other inhibitory
neurons in the rat and monkey neocortex (Meskenaite, 1997;
Gonchar and Burkhalter, 1999). These facts suggest that PV neu-
rons in the superficial and deep cortical layers are inhibited si-
multaneously by vertically running VIP axons (Fig. 7C). This
vertical inhibition may hence be helpful for the synchronization
of PV neurons in the different cortical layers. Recently, L1 in-
terneurons have been reported to innervate the cell bodies of PV
neurons in L2/3, and disinhibit L2/3 pyramidal cells via inhibi-
tion of PV neurons in the mouse cortex (Letzkus et al., 2011). It is,
therefore, presumable that VIP neurons control the activity of
pyramidal cells within a vertical columnar or subcolumnar struc-
ture by translaminar disinhibition through the axosomatic inputs
to PV neurons.

In summary, the present study provides the first evidence for
the compartmental organization of inhibitory inputs to PV neu-
rons. The dendritic compartment principally received GABAer-
gic inputs from PV neurons, and the somatic compartment from
VIP neurons. These two compartments might play different
functional roles in the generation of local oscillatory activity and
in the translaminar disinhibition of pyramidal cell column, re-
spectively.
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