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Immunoreactivity for the GABAA Receptor
a1 Subunit, Somatostatin and Connexin36
Distinguishes Axoaxonic, Basket, and
Bistratified Interneurons of the Rat
Hippocampus

Agnès Baude1,2, Catherine Bleasdale1, Yannis Dalezios1,3,4,
Peter Somogyi1 and Thomas Klausberger1,5

Parvalbumin (PV)-expressing interneurons synchronize cortical
neurons through g-aminobutyric acidergic (GABAergic) synapses.
Three types of PV-containing interneurons populate stratum pyramidale of the hippocampal CA1 area: basket cells targeting
somata and proximal dendrites, axoaxonic cells innervating axon
initial segments, and bistratified cells targeting the dendrites of
pyramidal cells. We tested whether this axonal specialization is
accompanied by a differential expression of molecules involved in
neuronal signaling. Immunofluorescence evaluation of interneurons
labeled by neurobiotin in vivo shows that axoaxonic cells express
significantly less GABAA receptor a1 subunit in the plasma
membrane than basket and bistratified cells. Electron microscopic
immunogold labeling reveals that this subunit contributes heavily to
extrasynaptic receptors providing a substrate for tonic inhibition.
Results from additional immunofluorescence experiments were
consistent with the finding that only bistratified cells express the
neuropeptide somatostatin. From the molecular profiles, we estimate
that basket, bistratified, and axoaxonic cells represent about 60%,
25%, and 15%, respectively, of PV-containing cells in CA1 stratum
pyramidale. In addition, all 3 interneuron classes form connexin36immunopositive dendrodendritic gap junctions. The differential
expression of signaling molecules and the relative frequency of cells
reflect the specialized temporal contribution of the 3 types of
PV-positive interneurons to GABA release in the network.

mainly located in stratum oriens and probably occurs rarely, if at
all, in the pyramidal cell layer (but see Oliva et al. 2000 in the
mouse). During in vivo network oscillations, the different classes
of PV-expressing interneurons have distinct ﬁring times and
frequencies and therefore provide differential GABAergic input
to distinct domains of the pyramidal cells (Klausberger et al.
2003, 2004). In other interneuron classes, specialization in
synaptic connections is associated with a speciﬁc expression
of different receptors, Ca2+-binding proteins, or neuropeptides
(Freund and Buzsaki 1996; Somogyi and Klausberger 2005;
Sugino et al. 2006). However, for PV-expressing axoaxonic,
basket, and bistratiﬁed cells, no discriminating molecular pattern
has been identiﬁed directly so far. Following previous sporadic
observations in our molecular analysis of recorded neurons, in
the present study, we tested directly a potential differential
expression of the a1 subunit of GABAA receptors (a1-GABAARs),
the neuropeptide somatostatin (SOM), and the gap junction-forming protein connexin36 (Cx36) in the 3 cell classes.
The a1-GABAAR is expressed by principal cells and interneurons in the hippocampus (Wisden et al. 1992), and immunoreactivity for a1-GABAAR is present in all layers of the CA1
area (Gao and Fritschy 1994; Pirker et al. 2000). Many PVcontaining interneurons express a1-GABAAR, and a strong
immunoreactivity of cell bodies and dendrites stands out from
the relatively weak and diffuse immunolabeling of the neuropil
(Gao and Fritschy 1994; Mohler et al. 1995; Nusser, Roberts,
Baude, Richards, Sieghart, et al. 1995). It is possible that this
strong a1-GABAAR immunoreactivity represents extrasynaptic
GABAA receptors contributing to the strong tonic inhibition of
hippocampal interneurons (Semyanov et al. 2003), as in the
dentate gyrus (Nusser, Roberts, Baude, Richards, Sieghart,
et al. 1995).
In the CA1 area, the neuropeptide SOM is expressed in O-LM
(Baude et al. 1993; Losonczy et al. 2002; Klausberger et al. 2003;
Ferraguti et al. 2004), hippocamposeptal (Gulyas et al. 2003),
and PV-expressing bistratiﬁed cells (Klausberger et al. 2004).
The absence of SOM in basket and axoaxonic cells providing
perisomatic innervation has been suggested but tested so far
only on a small sample of in vitro labeled basket cells in the
mouse (Losonczy et al. 2002). It has also been suggested that
some cells innervating the axon initial segment in the neocortex
express SOM (Gonchar et al. 2002).
Cortical PV-expressing interneurons express Cx36 and are
interconnected through gap junctions as established by electron microscopy (Fukuda and Kosaka 2003; Fukuda et al. 2006).
Electrophysiological recordings have demonstrated electrical
coupling (Galarreta and Hestrin 1999; Gibson et al. 1999; Meyer
et al. 2002) and gap junctions (Tamas et al. 2000) between
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Introduction
Parvalbumin (PV)-expressing interneurons are involved in
synchronizing cortical pyramidal cells at various frequencies
through c-aminobutyric acid (GABAA) receptor-mediated synaptic action, provide shunting inhibition, inﬂuence the time
window for synaptic plasticity, and may even have an excitatory
postsynaptic effect (Kawaguchi and Kubota 1997; Tamas et al.
2000; Pouille and Scanziani 2001; Bartos et al. 2002; Pawelzik
et al. 2002; Klausberger et al. 2003, 2004; Markram et al. 2004;
Szabadics et al. 2006; Vida et al. 2006). The PV-expressing
interneurons are not a homogeneous population, and in the
pyramidal cell layer of the CA1 area of rat hippocampus, 3
classes of PV-expressing interneurons are distinguished on the
basis of their axonal target speciﬁcity: axoaxonic cells innervate
axon initial segments, basket cells innervate cell bodies and
proximal dendrites, and bistratiﬁed cells innervate dendrites of
pyramidal cells in strata radiatum and oriens (Freund and
Buzsaki 1996; Somogyi and Klausberger 2005). An additional
GABAergic neuron that expresses PV in the rat (Klausberger
et al. 2003), the oriens-lacunosum moleculare (O-LM) cell, is
 The Author 2006. Published by Oxford University Press. All rights reserved.
For permissions, please e-mail: journals.permissions@oxfordjournals.org

1

MRC Anatomical Neuropharmacology Unit, Department of
Pharmacology, Oxford University, Oxford OX1 3TH, UK,
2
CNRS UMR 6150, IFR Jean Roche, Faculty of Medicine Nord,
University Aix-Marseille II, France, 3Department of Basic
Sciences, Faculty of Medicine, University of Crete, Heraklion,
Greece, 4Institute of Applied and Computational Mathematics,
Foundation of Research and Technology, Hellas, Heraklion,
Greece and 5Center for Brain Research, Medical University
Vienna, 1090 Vienna, Austria

PV-expressing cells and also between other cortical interneuron
classes (Gibson et al. 1999; Szabadics et al. 2001; Galarreta et al.
2004; Price et al. 2005; Zsiros and Maccaferri 2005). Several
molecular species of connexins, proteins constitutive of gap
junctions, have been described in the brain (Bruzzone et al.
2003; Condorelli et al. 2003; Connors and Long 2004). Amongst
them, Cx36 is very likely to be expressed in hippocampal
interneurons (Venance et al. 2000; Weickert et al. 2005). To test
if all 3 classes of PV-expressing interneurons in stratum
pyramidale of the CA1 area form gap junctions, we performed
immunoﬂuorescent labeling with antibodies to Cx36 on identiﬁed interneurons.
Materials and Methods
All procedures involving experimental animals were carried out under
a Home Ofﬁce project license in accordance with the UK Animals
(Scientiﬁc Procedures) Act 1986 and associated procedures. All efforts
were made to minimize stress to the animals and the number of animals
used.
In Vivo Recordings, Labeling, and Physiological Data Analysis
Extracellular recording followed by juxtacellular labeling was performed as previously described (Klausberger et al. 2003, 2004). Brieﬂy,
male Sprague--Dawley rats (250--350 g) were anesthetized with urethane (1.25 g per kg of body weight) plus supplemental doses of
ketamine and xylazine (20 and 2 mg/kg, respectively) as needed.
Neuronal activity in the hippocampus was recorded extracellularly
with a glass electrode (15--25 MX) ﬁlled with 1.5% neurobiotin in 0.5 M
NaCl, and the local ﬁeld potential (LFP) was recorded with the same
electrode or a nearby second electrode in the hippocampal CA1
pyramidal cell layer. Single unit activity (sampling rate 20 kHz) and
LFP (sampling rate 1 kHz) were ﬁltered online between 0.8--5 kHz and
0.3--300 Hz, respectively. Action potentials were recorded without
touching the cell with the electrode, to avoid the risk of altering the
ﬁring pattern. After recording the ﬁring patterns of the cell during
different network oscillations, the electrode was advanced toward the
cell and the cell was labeled juxtacellularly with neurobiotin by applying
positive current steps (Pinault 1996). The shape and amplitude of spikes
were monitored during recording, advancing the electrode, and labeling
the cell to ensure that recorded spikes originated from a single neuron
only and that the recorded cell was labeled. The rats were perfused with
ﬁxative 4 h after labeling; the ﬁxative was composed of 4% paraformaldehyde, ~0.2% picric acid, and 0.05% glutaraldehyde made up in
0.1 M sodium phosphate buffer (PB, pH 7.2--7.4).
Immunocytochemistry
After in vivo labeling and perfusion, brains were removed, extensively
rinsed in PB, and serially sectioned in the coronal plane on a vibratome at
60, 65, or 70 lm thickness. Sections were kept in PB containing 0.05%
sodium azide waiting for further immunoﬂuorescence or peroxidase
reactions. Five additional adult Sprague--Dawley rats, used for immunoﬂuorescence and preembedding immunogold reactions, were deeply
anesthetized with sagatal (pentobarbitone sodium; 100 mg/kg, intraperitoneally [i.p.]) or ketamine and xylazine (100 and 10 mg/kg,
respectively, i.p.) and transcardially perfused with saline, followed by
the ﬁxative composed as above for 15 min.

Immunoﬂuorescence experiments were carried out according to
previously published procedures (Klausberger et al. 2003, 2004;
Somogyi et al. 2004). Brieﬂy, free-ﬂoating sections were blocked by
incubation in 20% normal horse serum for 1 h and then incubated for
approximately 48 h (4 C) in streptavidine coupled to Alexa 488 (Al488;
1:1000, Jackson Immunoresearch Laboratories Inc., West Grove, PA) or
to AMCA ([6-((7-amino-4-methylcoumarin-3-acetyl)amino)]; 1:1000,
Vector Laboratories, Burlingame, CA) to detect neurobiotin, when
necessary. A mixture of primary antibodies containing the antibody
directed to the N-terminal part of a1-GABAAR and antibodies to PV,
Cx36, or SOM (see Table 1 for complete listing and dilutions), made up
in 0.9% NaCl buffered with 50 mM Tris (TBS, pH 7.4) and also containing
1% normal horse serum and 0.3% Triton X-100, was used. After
extensive washes in TBS, sections were incubated overnight (4 C)
with a mixture of appropriate secondary antibodies (1:500) coupled to
various ﬂuorophores (Al488, Cy3, Cy5) purchased from commercial
suppliers (Jackson Immunoresearch Laboratories, Inc.; Molecular
Probes Invitrogen Corp., Carlsbad, CA). Sections were then mounted
onto slides with Vectashield (Vector).
For the silver-intensiﬁed immunogold reaction procedure (Dalezios
et al. 2002), the monoclonal mouse antibody to Cx36 (1:500) and 2
different rabbit antibodies directed against the a1-GABAAR subunit were
used; one was directed to amino acid sequence 1--9 of the mature subunit
located in the N-terminal part of the subunit and the other to amino acid
sequence 328--382 of the mature subunit located in the cytoplasmic loop
between the transmembrane region TM3 and TM4 (see Table 1). To
increase the penetration of the reagents, sections were immersed in 10%
(1 h), 20% (1--2 h), and 30% (overnight) sucrose in PB for cryoprotection
then quickly frozen in liquid nitrogen and thawed in PB only for the
reaction to reveal a1-GABAAR. Floating sections were incubated for 1 h in
20% normal goat serum diluted in TBS. Sections were then incubated
overnight with primary antibodies in TBS containing 1% normal serum
(Table 1). Sections were incubated subsequently overnight at 4 C in goat
anti-mouse (Fab fragment) or anti-rabbit immunoglobulin G (IgG)
coupled to 1.4 nm gold (Nanoprobes Inc., Stony Brook, NY) and made
up in TBS containing 1% normal serum. After several washes in TBS, the
sections were washed in double-distilled water, followed by silver
enhancement of the gold particles with an HQ silver kit (Nanoprobes)
for 8--12 min. Sections were then treated with 1% OsO4, contrasted with
1% uranyl acetate, dehydrated, and embedded in epoxy resin (Durcupan
ACM, Fluca, Sigma-Aldrich, Gillingham, UK). Ultrathin (70--80 nm thick)
serial sections were collected on pioloform-coated copper grids, lead
stained, and examined with an electron microscope.
References for the speciﬁcity of primary antibodies are given in Table
1. In addition, we have carried out tests for the speciﬁcity of antibodies
to a1-GABAAR using the brain of mice lacking a1-GABAAR (Sur et al.
2001). The tissue was donated by Drs D. Belleli and J. Lambert at the
Neurosciences Institute, University of Dundee. Wild-type littermate
mice showed strong immunoreactivity of the brain, but the a1-GABAAR-deﬁcient mouse brains were completely devoid of immunoﬂuorescence,
providing evidence that these antibodies recognize a1-GABAAR. Immunoﬂuorescence testing of the monoclonal antibody to Cx36 in mice
(Degen et al. 2004) lacking Cx36 expression (ﬁxed brains kindly
provided by Drs Joachim Degen and Klaus Willecke, Institute of
Genetics, University of Bonn, Germany) showed that the frequency of
immunoreactive dots, corresponding to gap junctions, was greatly
reduced throughout the brain, but the dots were present in wild-type
mice. The immunoreactivity of the brain of a Cx36-deﬁcient mouse
reacted for Cx43 was similar to that of the wild-type mouse (rabbit
antibody, Code 71-0700, 1:1000, Zymed, San Francisco, CA).

Table 1
Summary of antibodies, their dilutions, and sources
Primary antibody to

Species

Dilution

Source of primary antibody

Characterization

PV
SOM
Cx36
GABAA a1 (N-terminus)
GABAA a1 (loop)

Guinea pig
Mouse
Mouse
Rabbit
Rabbit

1:1000
1:500
1:500
1:500
1:500

K.G. Baimbridge, University of British Columbia, Canada
A. Buchan, MRC Regulatory Peptide Group, Canada
Chemicon www.chemicon.com
W. Sieghart, Center for Brain Research, Vienna, Austria
W. Sieghart, Center for Brain Research, Vienna, Austria

Mithani et al. 1987
Vincent et al. 1985
see Materials and Methods for ko test
Zezula et al. 1991; see Materials and Methods for ko test
Tretter et al. 1997
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To test cross-reactivity between various antibodies in double and
triple immunolabeling experiments, sections were processed with a full
complement of secondary antibodies and one primary antibody at a
time. None of the combinations with species-unrelated secondary
antibodies resulted in labeling. No selective labeling was found in
sections incubated with combinations of secondary antibodies without
a primary antibody.
Peroxidase Reactions
Peroxidase reactions for light and electron microscopy were performed
as described previously (Maccaferri et al. 2000; Losonczy et al. 2002).
Sections dedicated for electron microscopy were not used for immunoﬂuorescence experiments previously, but were freeze/thawed, and
no Triton was used in the buffer. Following evaluation of immunoﬂuorescence, the sections containing recorded cells were reacted by
avidin--biotinylated horse radish peroxidase (HRP) complex (Vector)
followed by peroxidase reaction using diaminobenzidine (0.05%) as
chromogen and H2O2 as substrate produced in situ as a glucose oxidase
reaction product. To conﬁrm that Cx36-immunopositive dots were
indeed gap junctions, immunoperoxidase reaction was carried out, but
the freeze-thawing step was omitted. The primary antibody (1:500) was
followed by washing in TBS, biotinylated goat anti-mouse IgG (1:100,
Vector), and avidin--biotinylated peroxidase complex (1:100, ABC Elite,
Vector). Peroxidase reaction was carried out with diaminobenzidine
(0.05%) as chromogen and 0.01% H2O2 as substrate.
After washing, the sections were treated with 1% OsO4, 1% uranyl
acetate in 70% ethanol, dehydrated, embedded in epoxy resin (Durcupan
ACM, Fluca, Sigma-Aldrich), and mounted in Durcupan between
slide and coverslip. For axoaxonic cells, axon-rich areas were cut
out from the thin layer of resin on the slide and reembedded for
ultrathin sectioning. Serial ultrathin sections were cut and mounted
on single-slot, pioloform-coated copper grids, and synapses of ﬁlled
boutons were sampled randomly with an electron microscope.
Image Acquisition and Analysis
Expression of the GABAA a1 subunit immunoreactivity in the dendrites
of neurobiotin-ﬁlled cells was evaluated using a Zeiss LSM 510/Axiovert
100 M confocal microscope with a 633 oil lens at 1.53 digital zoom.
Channel settings were as described earlier (Somogyi et al. 2004) and
used the 488 nm band of an Ar laser to detect the ﬂuorophore Alexa
ﬂuor-488 and the 543 and 633 nm bands of 2 HeNe lasers to detect the
ﬂuorophores Cy3 or Cy5, respectively. Images were acquired in
sequential scan mode. Each scan of neurobiotin-ﬁlled dendrites was
decomposed and saved as 3 separate images corresponding to each of
the 3 channels. Evaluation of a1-GABAAR immunoreactivity was performed using the public domain National Institutes of Health Image
program (Scion Image, developed at the US National Institutes of Health,
http://rsb.info.nih.gov/nih-image/). The 2 images of one single scan
corresponding to a1-GABAAR (channel 2) and to the neurobiotin
labeling (channel 1) were restacked. The area of neurobiotin-ﬁlled
dendrite was manually selected on channel 1 image, and the GABAA a1IR (GABAA a1-immunoreactivity) was quantiﬁed by measuring the
average gray value of the corresponding area on channel 2 image. The
average gray value corresponds to the sum of the gray values of all
the pixels in the selection divided by the number of pixels. The average
gray value was calculated on each channel 2 image for the ﬁlled
dendrites and for at least 3 neighboring unﬁlled but highly a1-GABAAR-immunoreactive dendrites, which were used as an internal standard. For
each ﬁlled dendrite, the ratio of the average gray values of the ﬁlled
dendrite to the mean of the average gray values of at least 3 unﬁlled
GABAA a1-IR dendrites was calculated and used as a metric for the
characterization of the ﬁlled dendrite. Values for 2--12 scanned
dendrites were averaged for each ﬁlled cell. The axoaxonic cells (n =
4), basket cells (n = 4), and bistratiﬁed cells (n = 4) were then compared.
Estimation of the number of PV-positive cells coexpressing immunoreactivity for a1-GABAAR and for SOM and the relative amount of Cx36immunopositive dots associated with PV-expressing dendrites was
carried out in the CA1 area using a Leitz DM RB epiﬂuorescence
microscope with the ﬁlter sets described earlier (Ferraguti et al. 2004).
For the estimation of the number of distinct PV-positive cells, the
pyramidal layer was scanned using a 403 objective and every PV-positive
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cell was recorded until a sample of 39--40 cells was reached. Coimmunoreactivity of a PV-positive cell for SOM indicated a putative bistratiﬁed
cell. The cells were scored as either strongly or weakly a1-GABAAR
immunoreactive corresponding to putative basket or axoaxonic cells,
respectively, by visual comparison of the dendritic a1-GABAAR immunoreactivity of the PV-positive cells with the immunoreactivity of
strongly labeled dendrites in the same ﬁeld of view. For the quantiﬁcation of the relative amount of Cx36-immunopositive dots associated
with PV-expressing dendrites, all Cx36-immunopositive dots in an area
of the dorsal CA1 region were photographed and evaluated to determine whether they were associated with PV-expressing dendrites.
Strata radiatum and lacunosum-moleculare were sampled separately
from stratum oriens. Sampling continued until about 40 dots were
analyzed in each area of each section. A total of 3 sections from 3
different animals were evaluated. Images were recorded with a CCD
camera (Hamamatsu C4742-95). The stored digital images were
visualized and analyzed with Improvision software (Openlab, version
3.0.2; Improvision Ltd., www.improvision.com).

Results
In Vivo Labeling of Identiﬁed Axoaxonic, Basket, and
Bistratiﬁed Cells
We labeled single axoaxonic, basket, and bistratiﬁed cells in the
CA1 area of the hippocampus in anesthetized rats and subsequently determined their immunoreactivity for a1-GABAAR,
the neuropeptide SOM, and the gap junction--forming protein
Cx36. We used the axonal and dendritic distribution, the
postsynaptic target speciﬁcity, molecular expression patterns,
and in vivo spike timing to conﬁrm the identity of the recorded
cells. In vivo ﬁring patterns, axonal distribution, and PV
expression of 3 cells used for this study have been presented
previously in Klausberger et al. (2003) (axoaxonic cell T88a;
basket cells T75aa, T80b).
The 5 labeled axoaxonic cells (T88a, T101d, T103b, T141a,
T151b) had their soma close or within stratum pyramidale with
dendrites stretching radially in strata radiatum and oriens and
branching in stratum lacunosum-moleculare and alveus. Their
terminal axons remained preferentially within the part of
stratum pyramidale that borders stratum oriens (Fig. 1A1). To
conﬁrm the identity of the cells, we randomly sampled axonal
boutons of the 4 newly ﬁlled cells in the electron microscope
and identiﬁed the postsynaptic targets. Identiﬁed synaptic
targets of cells T101d (n = 14), T103b (n = 12), and T141a (n =
12) were exclusively axon initial segments of pyramidal cells
(Fig. 1B,C). For 2 of the cells (T101d and T141a), the postsynaptic targets of one bouton (of n = 14 and n = 12 studied,
respectively) could not be identiﬁed, although the boutons
clearly established type 2 synapses. Most of the recovered
boutons (86%; n = 22) of cell T151b targeted initial segments,
and the cell was therefore classiﬁed as axoaxonic cell, albeit 2
somata and a proximal dendrite of pyramidal cells were also
found in the random sample of targets. The postsynaptic targets
of axoaxonic cell T88a have been published previously
(Klausberger et al. 2003). Axon initial segments were characterized by the presence of membrane undercoating and cisternal
organelles. The ﬁring patterns recorded in vivo were characteristic of axoaxonic cells as reported previously (Klausberger et al.
2003). The cells ﬁred rhythmically around the positive peak of
the theta oscillations recorded extracellularly in stratum pyramidale (Fig. 1E), and at the beginning of ripple episodes, but
were silent subsequently (Fig. 1D).
The somata of basket cells (T75aa, T80b, T119a, T135b,
T158b, C3a) were located in or close to stratum pyramidale

Figure 1. Expression of a1-GABAAR and in vivo firing patterns of identified axoaxonic cells. (A) Confocal microscopic images of a 60-lm-thick section containing a (A1) neurobiotinfilled axoaxonic cell (T101d) immunoreacted (A2) for a1-GABAAR. The soma of the cell (arrow in A1) is located in stratum pyramidale (sp), the dendrites extend radially in strata
oriens (so), and radiatum (sr); the axon (double arrows) innervates stratum pyramidale and adjacent stratum oriens. Immunoreactivity for a1-GABAAR shows both a relatively weak
and diffuse labeling and a strong immunoreactivity on some interneuron dendrites (double arrowheads) and somata (e.g., crossed arrow). Insets and arrows in (A) demonstrate that
the soma of the labeled cell is immunoreactive for a1-GABAAR. (B,C) Electron micrographs of horseradish peroxidase product--labeled boutons of 2 different axoaxonic cells (T103b
in B, T151b in C) in stratum pyramidale. The boutons make type 2 synapses (arrows) on axon initial segments identified by the presence of membrane undercoating (double arrows)
and a cisternal organelle (arrowheads). Note the presence in (C) of an unfilled bouton establishing a type 2 synapse (crossed arrow). (D) The axoaxonic cell T101d fired before but
was silent during and after ripple episodes recorded in an anesthetized rat. (E) The cell fired at the peak of theta oscillations recorded extracellularly in stratum pyramidale. Scale
bars: (A1,2) 50 lm; insets 5 lm; (C,B) 0.2 lm; ripples 0.1 mV and 0.5 s; local field potential (lfp) 0.5 mV and 0.2 s; spikes 0.5 mV and 0.5 s in D, 0.2 s in E.

with dendrites branching mainly in the strata oriens and
radiatum. Axonal arborizations were found mainly in stratum
pyramidale but extended to different degrees into neighboring
layers (Fig. 2A1). The cells ﬁred rhythmically on the descending
phase of theta oscillations (Fig. 2A3, bottom trace) and with
high frequency at the troughs of sharp wave--associated ripples
(Fig. 2A3, upper trace), as previously described in Klausberger
et al. (2003).

Bistratiﬁed cells (T115b, T147b, C8b, C22a) had their soma in
stratum pyramidale or adjacent stratum oriens with dendrites
branching radially in strata oriens and radiatum but avoiding
lacunosum-moleculare (Fig. 2B1). The cells ﬁred rhythmically
on the trough of the theta oscillations (Fig. 2B3, bottom trace)
and at high frequency throughout the whole ripple episodes
(Fig. 2B3, upper trace), as previously demonstrated (Klausberger
et al. 2004).
Cerebral Cortex September 2007, V 17 N 9 2097

Figure 2. Immunoreactivity for a1-GABAAR and in vivo firing patterns of identified basket and bistratified cells. (A1--2, B1--2) Confocal microscopic images of 60-lm-thick sections
containing the somata of neurobiotin-labeled basket (T119a, A1) and bistratified (C8b, B1) cells, immunoreacted for a1-GABAAR (A2, B2). The soma of the basket cell (arrow in A1)
is located at the border between strata pyramidale (sp) and oriens (so), the dendrites arborize in strata oriens and radiatum (sr), and the axon branches mostly in stratum pyramidale
(double arrows). The soma of the bistratified cell (arrow in B1) is located in stratum oriens with dendrites and the axon (e.g., double arrow) arborizing in strata oriens and radiatum.
Strongly a1-GABAAR--immunoreactive dendrites (e.g., double arrowheads) and somata (e.g., crossed arrow) are also present. Insets and arrows in (A) and (B) demonstrate that the
soma of the labeled cells are immunoreactive for a1-GABAAR. (A3,B3) Firing patterns of identified basket cell T119a and bistratified cell C8b during theta and ripple oscillations.
Scale bars: (A, B) 50 lm; insets 5 lm; ripples 0.1 mV and 0.02 s; lfp 0.5 mV and 0.2 s; spikes 0.5 mV.

Differential Expression of the a1-GABAAR in Axoaxonic,
Basket, and Bistratiﬁed Cells
Using antibodies against a1-GABAAR, we observed a diffuse
immunoreactivity in the neuropil in strata oriens, radiatum and
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lacunosum-moleculare. In addition, the somatic and dendritic
membranes of certain interneurons were very strongly labeled
(Figs 1A2 and 2A2,B2). Because some of these strongly
immunoreactive interneurons were reported previously to be

PV positive (Gao and Fritschy 1994), we tested the a1-GABAAR
immunoreactivity of identiﬁed axoaxonic, basket, and bistratiﬁed cells. All 3 types of cell expressed a1-GABAAR along their
somatic membrane (Figs 1A and 2A,B), but we observed a
differential expression along their dendritic membranes. Basket

(Fig. 3C) and bistratiﬁed (Fig. 3D) cells strongly expressed
a1-GABAAR on their dendrites similar to other strongly immunoreactive dendrites in the ﬁeld of view. However, dendrites of
axoaxonic cells expressed a1-GABAAR to a much lesser extent
than other strongly immunoreactive dendrites in the same ﬁeld

Figure 3. Confocal microscopic images of dendrites of axoaxonic, basket, and bistratified cells immunoreactive for a1-GABAAR. (A, B) Dendrites of 2 axoaxonic cells (T101d,
T103b) exhibit weaker a1-GABAAR immunoreactivity (arrow heads) than neighboring strongly immunopositive dendrites of nonlabeled cells (arrows in A2, B2). (C, D) The dendrites
of basket cell T119a (C1, C2) and bistratified cell C22a (D1, D2) are strongly immunopositive for a1-GABAAR similarly to other strongly labeled dendrites in the same field (arrow
heads). Some axons of the labeled cells are also visible (ax, double arrows). Scale bar: 10 lm.
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(Fig. 3A,B). To quantify dendritic immunoreactivity, we measured the mean gray density of a1-GABAAR immunoreactivity of
neurobiotin-ﬁlled dendrites of axoaxonic, basket, and bistratiﬁed cells and also the mean gray density of at least 3 strongly
a1-GABAAR--expressing dendrites in the same ﬁeld of view in
confocal images (arrows in Fig. 3A2--D2). We calculated the
ratio between the gray densities of each neurobiotin-ﬁlled
dendrite and the mean of the strongly immunoreactive dendrites not labeled by neurobiotin. For each labeled cell, 2--12
dendrites were measured, and the mean of the ratios for the
different cells are presented in Table 2.
For the statistical evaluation of our data, we use a software for
exact nonparametric inference (StatXact 7; www.cytel.com).
The ratios for the 3 cell classes were signiﬁcantly different
(Kruskal--Wallis test, exact P = 0.029; Fig. 4), and post hoc Dunn
test showed that the immunoreactivity ratios of axoaxonic cells
(n = 4) were signiﬁcantly different from basket (n = 4) and
bistratiﬁed cells (n = 4) (P < 0.05); there was no difference
between basket and bistratiﬁed cells (P > 0.05). This result
demonstrated that the dendrites of axoaxonic cells express
signiﬁcantly less a1-GABAAR than basket and bistratiﬁed cells. As
a comparison, we labeled 3 pyramidal cells in vivo and tested
their dendrites for a1-GABAAR immunoreactivity. The ratios of
their a1-GABAAR immunoreactivity in comparison with strongly
immunoreactive dendrites in the same ﬁeld of view were 0.31,
0.50, and 0.42. Their mean immunoreactivity was signiﬁcantly
lower than the ratios obtained for axoaxonic cells (permutation
test, exact P = 0.0286).

Extrasynaptic Distribution of the a1-GABAAR in
Interneurons
The continuous distribution of strong a1-GABAAR immunoreactivity along the membranes of somata and dendrites of
interneurons (Figs 1A2, 2A2,B2, and 5A--D) suggests a high
level of extrasynaptically located GABAA receptors containing
a1 subunits in these cells and therefore could be the source of
the strong tonic inhibition described in fast-spiking cells
(Semyanov et al. 2003). To examine this, we used a preembedding silver-intensiﬁed immunogold reaction and found that
antibodies against a1-GABAAR strongly labeled the extrasynaptic plasma membrane of somata and dendrites of interneurons
(Fig. 5E--I). Silver/gold particles were also found at the edges of
type 1 and type 2 synapses (Fig. 5I), but no immunoreactivity
was found in axons or axon terminals. The apparent absence of
synaptic labeling can be explained by the lack of penetration of
the gold-coupled antibody into the synaptic cleft or postsynaptic specialization using the preembedding method on
tissue not treated with a detergent. A similar lack of synaptic

labeling of GABAA receptor subunits with this method has been
reported before (Nusser, Roberts, Baude, Richards, Sieghart,
et al. 1995). The labeling patterns obtained with 2 different
antibodies directed against either the intracellular loop (Fig.
5A,B,E,F) or the extracellular N-terminus (Fig. 5C,D,G,H,I) of the
a1 subunit were similar and suggested a strong extrasynaptic
expression of a1-GABAAR on the dendritic membrane of
interneurons.
Differential Expression of the Neuropeptide
Somatostatin in Axoaxonic, Basket, and
Bistratiﬁed Cells
We have reported previously that bistratiﬁed cells express the
neuropeptide SOM (Klausberger et al. 2004). Because of the
relatively small number of SOM-positive cells in the pyramidal
cell layer (Jinno and Kosaka 2000), it has been generally
assumed that basket and axoaxonic cells do not express SOM,
but, to our knowledge, this has not been tested directly.
Therefore, we reacted sections including the somata of identiﬁed PV-expressing basket and axoaxonic cells using immunoﬂuorescence (Fig. 6). All 3 tested basket (T80b, T119a, T158b)
and all 3 tested axoaxonic cells (T101d, T103b, T151b) were
immunonegative for SOM, although other interneurons in the
pyramidal cell layer were positive for SOM in the same section.
Estimation of the Proportion of Axoaxonic, Basket,
and Bistratiﬁed Cells in the Pyramidal Cell Layer of
the CA1 Area
We performed triple-immunoﬂuorescence labeling with antibodies against PV, a1-GABAAR, and SOM on sections from 3
different rats to estimate the relative numbers of axoaxonic,
basket, and bistratiﬁed cells in the pyramidal cell layer. First, we
photographed each PV-positive cell in the pyramidal cell layer.
If the cell was also immunoreactive for SOM, it was identiﬁed as
a putative bistratiﬁed cell. If the cell was immunonegative for
SOM, its dendrites were tested for a1-GABAAR immunoreactivity and compared visually with the immunoreactivity of strongly
labeled dendrites in the same ﬁeld of view. The cells were
scored as either strongly or weakly a1-GABAAR immunoreactive
corresponding to putative basket or axoaxonic cells, respectively. No difference was found between the relative number of
cells from 3 animals (Kruskall--Wallis test, exact P = 1; respectively in each animal, for axoaxonic cells n = 7, 5, 7; for
basket cells n = 24, 25, 23; for bistratiﬁed cells n = 9, 10, 9), and
the data were pooled. The results indicated that the largest
population of PV-positive cells in the pyramidal cell layer are
likely to be basket cells (60%), whereas bistratiﬁed (24%) and
axoaxonic (16%) cells form smaller populations (Fig. 7).

Table 2
Quantification of the a1-GABAAR immunoreactivity of in vivo labeled axoaxonic, basket, and bistratified cell dendrites
Axoaxonic cells
Cell number
T101d
T103b
T88a
T151b

Basket cells
a1-GABAAR-IR (Mean ± SEM)
0.55 ± 0.043 (n 5 12)
0.54 ± 0.056 (n 5 15)
0.69 ± 0.141 (n 5 7)
0.59 ± 0.045 (n 5 3)

Cell number
C3a
T75aa
T119a
T135b

Bistratified cells
a1-GABAAR-IR (Mean ± SEM)
0.61 ± 0.082 (n 5 2)
0.99 ± 0.086 (n 5 2)
0.85 ± 0.167 (n 5 8)
0.82 ± 0.104 (n 5 7)

Cell number
T115b
C8b
C22a
T147b

a1-GABAAR-IR (Mean ± SEM)
0.93 ± 0.029 (n 5 5)
0.73 ± 0.084 (n 5 7)
0.78 ± 0.052 (n 5 8)
0.98 ± 0.236 (n 5 2)

Note: Immunoreactivity for the a1 subunit (a1-GABAAR-IR) is given as the mean for each cell of the ratios between the a1-GABAAR immunoreactivity measured in confocal images as the mean gray
density of each labeled dendrite and the mean of gray density of at least 3 strongly a1-GABAAR--immunoreactive neighboring dendrites in the same field of view. n 5 number of filled dendrites tested for
each cell. SEM, standard error of mean.
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We tested the Cx36 immunoreactivity of neurobiotin-ﬁlled
cells and found Cx36-immunopositive dots at junctions between dendrites of axoaxonic (n = 3), basket (n = 1), and
bistratiﬁed (n = 2) cells and unﬁlled PV- or a1-GABAAR-immunoreactive dendrites (Fig. 8C--F). In addition, we found
that dendrites of the ﬁlled axoaxonic cell T88a (Fig. 8D), which
were weakly immunopositive for a1-GABAAR, shared Cx36
labeling with strongly a1-GABAAR--immunoreactive dendrites.
This suggests that axoaxonic cells may establish gap junctions
also with other types of interneurons. Overall, these results
indicate that basket, bistratiﬁed, and axoaxonic cells form
Cx36-immunopositive dendrodendritic gap junctions.
Discussion

Figure 4. Differential expression of a1-GABAAR in identified axoaxonic, basket, and
bistratified cells measured in confocal microscopic images. Axoaxonic cell dendrites
exhibit significantly less immunoreactivity for a1-GABAAR than basket and bistratified
cell dendrites. No difference is found between basket and bistratified cell dendrites.
Immunoreactivity for each cell was calculated as the mean ratio between the
a1-GABAAR immunoreactivity of 2--12 neurobiotin-filled dendrites (FD) and the mean
of 3 or more strongly a1-GABAAR--immunoreactive neighboring dendrites (SIRD) in the
same field of view. Each box encloses 50% of the data. The top and bottom of the box
mark the limits of ±25% of the sample, and the median value is displayed as a line.
The lines extending from the top and bottom of each box mark the minimum and
maximum values within the sample.

Cx36 Immunoreactivity at Dendritic Junctions of
Axoaxonic, Bistratiﬁed, and PV Cells
Immunoﬂuorescence labeling with antibodies against Cx36
resulted in dotty labeling in the CA1 area. The most prominent
labeling was found in stratum radiatum toward stratum lacunosum-moleculare and in stratum lacunosum-moleculare and at
the border between stratum oriens and alveus. When immunolabeling for Cx36 was combined with PV immunocytochemistry, most of the Cx36-positive dots were colocalized with
PV-positive dendrites (Fig. 8A). Counts in 3 animals show that
76 ± 7% (mean ± standard deviation) of Cx36-positive dots
(n = 249) were associated with the crossings of 2 PVexpressing dendrites, 18 ± 8% were associated with a single
PV-expressing dendrites, and 6 ± 2% were not associated with
PV-expressing processes. No signiﬁcant differences were found
for the distributions in stratum radiatum/lacunosum-moleculare
versus stratum oriens in the 3 animals (P > 0.2, v2 test).
To test if the dots correspond to gap junctions, 4 silverintensiﬁed, immunogold-labeled dots in stratum radiatum (Fig.
8Ba) and 2 immunoperoxidase-labeled dots in stratum oriens
were analyzed in the electron microscope. After appropriate
tilting of the sections, we could show that all 6 dots were
dendrodendritic gap junctions as evidenced by the close
apposition of the 2 plasma membranes and the presence of the
gap that was ﬁlled with electron opaque peroxidase product
(Fig. 8Bb). The silver particles were lined up along the
cytoplasmic face of the junctions.

Relative Frequencies of Basket, Bistratiﬁed, and
Axoaxonic Cells
PV-expressing axoaxonic, basket, and bistratiﬁed cells are
distinct cell types, releasing GABA to different domains of
postsynaptic pyramidal cells at different temporal phases of
theta oscillations and also behaving differently during highfrequency sharp wave--associated ripple oscillations (Klausberger
et al. 2003, 2004). We have demonstrated that these 3 cell
types can be distinguished on the basis of their differential
molecular expression proﬁle as well. Our results support that of
the 3 cell types, only bistratiﬁed cells express the neuropeptide
SOM. We have not found SOM immunoreactivity in axoaxonic
and basket cell somata. Axoaxonic cells can be differentiated
from basket and bistratiﬁed cells by the lower amount of GABAA
receptor a1 subunit along their dendritic membrane. Using the
molecular expression proﬁle of different interneuron classes,
we have estimated that in stratum pyramidale of the CA1 area,
basket, bistratiﬁed, and axoaxonic cells represent 60%, 25%, and
15% of PV-containing cells, respectively. Intracellular recordings of 36 PV-immunoreactive cells in slices of adult rat
hippocampus (Pawelzik et al. 2002) resulted in comparable
proportions of the 3 cell types: 80% basket cells, 17% bistratiﬁed
cells, and 4% axoaxonic cells. Differences between the 2 data
sets may originate from the use of different methods and sample
sizes. Previously, the fraction of interneurons expressing PV was
estimated to represent 20% of all GABAergic cells in the dorsal
hippocampus in the rat and mouse (Kosaka et al. 1987; Jinno
and Kosaka 2002). Combining these data with our results, we
can estimate that PV-containing basket, bistratiﬁed, and axoaxonic cells represent 12%, 5%, and 3%, respectively, of all
GABAergic interneurons in the CA1 area. However, stratum
oriens also contain signiﬁcant numbers of PV-positive interneurons, and we have not been able to establish if they
represent cell types in the same proportion as those in stratum
pyramidale. At least one other cell type, the O-LM cell, also
expresses PV, albeit at a lower level (Klausberger et al. 2003)
than basket, axoaxonic, or bistratiﬁed cells. This cell type also
expresses SOM, it is located in stratum oriens and, so far, has not
been reported from stratum pyramidale in the rat (but see Oliva
et al. 2000 in the mouse); therefore, it is unlikely that it
contaminated our estimate of bistratiﬁed cells.
Extrasynaptic and Pathway-Preferential Expression of
GABAA Receptor a1 Subunit
The results indicate that the high density of the a1-GABAARs
reported previously on hippocampal interneurons (Gao and
Fritschy 1994; Nusser, Roberts, Baude, Richards, Sieghart, et al.
Cerebral Cortex September 2007, V 17 N 9 2101

Figure 5. Extrasynaptic distribution of the a1-GABAAR as demonstrated by preembedding silver-enhanced gold immunocytochemistry. (A--D) Light micrographs show strong
a1-GABAAR immunolabeling (arrows) distributed along the dendritic and somatic membranes of interneurons (stars). (E--I) Electron micrographs show that silver-enhanced gold
particles (arrows) are densely distributed along the extrasynaptic membrane of interneuron dendrites avoiding both type 1 (arrow heads) and type 2 (double arrow heads) synapses,
due to a lack of penetration of the gold-coupled antibody into the synaptic cleft. Dendrites in (F) and (G) originate from interneurons as they receive type 1 synapses (arrow heads)
on their shaft. In (A, B, E, F), antibodies against the intracellular loop of the a1 subunit were used. In (C, D, G, H), antibodies against the extracellular N-terminus were used. Images
(H, I) are enlargements of synapses shown in (G). Scale bars: (A) 20 lm, (C) 10 lm; (B, D) 5 lm; (E, G) 0.4um; (F, H) 0.3um; (I) 0.2um.
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Figure 6. Triple-immunofluorescence micrographs testing the expression of PV and
SOM in neurobiotin-filled axoaxonic, basket, and bistratified cells. The somata (stars)
of all 3 cells are immunopositive for PV, but only the bistratified cell is positive for SOM.
Note the part of the soma of an unfilled cell (arrows) expressing PV and SOM, which is
apposed to the soma of the filled basket cell. Scale bar: 10 lm.

Figure 7. Estimation of the proportion of PV-expressing axoaxonic, basket, and
bistratified cells in the pyramidal cell layer using triple immunofluorescence with
antibodies to PV, a1-GABAAR, and SOM. Each PV-positive cell in the pyramidal cell
layer was photographed; immunoreactivity for SOM indicated a bistratified cell; visually
scored weak or strong a1-GABAAR immunoreactivity in SOM-negative cells indicated
axoaxonic or basket cells, respectively. Data represent mean ± standard deviation
from 3 different rats.

1995) is mostly expressed along the extrasynaptic plasma
membrane of PV-expressing basket and bistratiﬁed cells. A
similar high density of extrasynaptic receptors has been described in cerebellar granule cells; the total number of extrasynaptic GABAA receptors was estimated to exceed synaptic
receptors (Nusser, Roberts, Baude, Richards, and Somogyi 1995)
and suggested to mediate tonic inhibition (Kaneda et al. 1995;

Brickley et al. 1996). Comparable GABAA receptor--mediated
tonic currents have been recorded in granule cells of the
dentate gyrus (Nusser and Mody 2002) and in some hippocampal interneurons (Semyanov et al. 2003). The current carried by
the tonic conductance can be larger than the time-averaged
spontaneous inhibitory postsynaptic current (for review, see
Semyanov et al. 2004; Farrant and Nusser 2005). Tonic GABAA
receptor--mediated conductances in hippocampal interneurons
were sensitive to the benzodiapine receptor agonist zolpidem
(Semyanov et al. 2003). This is supported by the much higher
amount of a1 subunit in the extrasynaptic membranes of
interneurons as compared with pyramidal cells.
The relatively low number of extrasynaptic receptors on
pyramidal cells indicates the dominance of phasic inhibition. In
contrast, the high density of extrasynaptic receptors on some
interneurons will result in an extracellular GABA concentrationdependent persistent increase in input conductance due to
tonic inhibition (Semyanov et al. 2003; Farrant and Nusser
2005). Tonic inhibition reduces the size and duration of
incoming excitatory postsynaptic potentials and the time
window for signal integration, which might result in increased
temporal precision of action potentials generated by the cells.
Interestingly, PV-expressing basket and bistratiﬁed cells, expressing high amounts of extrasynaptic GABAA receptors, ﬁre in
a phase-modulated fashion during high-frequency sharp wave-associated ripples at millisecond precision (Klausberger et al.
2003, 2004). In contrast, axoaxonic cells that have signiﬁcantly
less extrasynaptic GABAA receptors along their dendritic
membranes, stop ﬁring during high-frequency ripples (Klausberger et al. 2003). Similarly, cholecystokinin (CCK)-expressing
interneurons do not show high GABAA receptor immunoreactivity (Gao and Fritschy 1994) and ﬁre relatively little during
ripple oscillations (Klausberger et al. 2005). Therefore, it
appears that in basket and bistratiﬁed cells, the very strong
excitation from CA3 and CA1 pyramidal cells during ripples
overcomes the strong tonic inhibition produced by extrasynaptic GABAA receptors, and this tonic inhibition is necessary to
achieve their temporal precision of phase-related ﬁring at
frequencies above 100 Hz. This indicates that at least in the
CA1 area of the hippocampus, tonic inhibition is not used by
silent cells to achieve their hyperpolarized state but by the most
active cells to achieve their high precision spike timing.
The a1-GABAARs is not only expressed extracellularly by PVexpressing interneurons but also enriched in the synapses of
pyramidal cells receiving input from PV-expressing basket
and axoaxonic cells (Somogyi et al. 1996; Klausberger et al.
2002). In contrast, the axosomatic synapses established by CCKexpressing basket cells contain less a1 subunit-- and more a2
subunit--containing GABAA receptors (Nusser et al. 1996;
Pawelzik et al. 1999; Nyiri et al. 2001). The GABAA receptor
subtypes in synapses of pyramidal cells receiving input from
bistratiﬁed cells remain to be identiﬁed. Such an input pathway-dependent expression of distinct GABAA receptors could
explain the different behavioral consequences of altering
GABAA receptor subtypes (Rudolph et al. 1999; McKernan
et al. 2000; Rudolph and Mohler 2006).
Cx36 Immunoreactivity in Dendrodendritic Gap
Junctions of Axoaxonic, Basket, and Bistratiﬁed Cells
The presence of Cx36-immunoreactive spots at dendrodendritic alignments of the 3 identiﬁed PV-positive cell types
strongly suggests that they are involved in electrical coupling
Cerebral Cortex September 2007, V 17 N 9 2103

Figure 8. Axoaxonic, basket, and bistratified cells express Cx36-immunopositive clusters at dendritic junctions. (A) Confocal view of section immunoreacted for PV and Cx36 show
that Cx36-immunoreactive dots (arrows) are strongly enriched at PV-positive dendrites. (B) Electron microscopic demonstration that immunopositive dots correspond to gap
junctions using silver-intensified immunogold (Ba) or immunoperoxidase (Bb) reactions. The metal particles surround the gap junction (between white arrowheads) on the
cytoplasmic side of a dendrodendritic gap junction in stratum radiatum. The peroxidase reaction product on the right covers the cytoplasmic sides of both closely apposed
membranes as well as penetrates into the gap, leaving the 2 lipid bilayers as electron lucent parallel bands (between white arrowheads). (C--F) Confocal views of neurobiotin-filled
dendrites (arrowheads) of axoaxonic (T103b, T88a), basket (T119a), and bistratified (C22a) cells expressing Cx36-immunoreactive dots (arrows) at junctions with dendrites of
unfilled cells immunoreactive for PV and a1-GABAAR (double arrows). Note that in (C1), one of the Cx36-immunoreactive dots (arrow) is located on a spine emanating from the filled
dendrite (arrow in C2). Axoaxonic cell T88a in (D3) expresses low amounts of a1-GABAAR but forms a Cx36-immunoreactive junction with a strongly a1-GABAAR--expressing
dendrite, presumably originating from another type of cell. Arrowheads show that the dendrites of the filled cells are immunoreactive for PV (C3, E3) or a1-GABAA (D3, F3). Scale
bars: (B) 50 nm; (A, C--F) 5 lm.
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via gap junctions, as shown by electron microscopy of PVpositive neurons previously (Fukuda and Kosaka 2003; Fukuda
et al. 2006) and conﬁrmed for the anti-Cx36 antibody with
electron microscopy here. Many species of gap junction protein
have been detected in the brain including the hippocampus (for
review, see Connors and Long 2004; Sohl et al. 2004).
Accordingly, Cx36 (Venance et al. 2000; Condorelli et al.
2003) as well as pannexin 1 and 2 (Bruzzone et al. 2003; Vogt
et al. 2005) have been described in interneurons, but the
expression of other gap junction--forming proteins cannot be
excluded. In our material, most of the Cx36-immunolabeled
dots overlapped with PV-positive dendrites in the hippocampus.
Somatodendritic gap junctions have been described for PVpositive basket cells in the isocortex (Tamas et al. 2000).
However, interneurons that do not express PV may also be
coupled electrically (Gibson et al. 1999; Szabadics et al. 2001;
Galarreta et al. 2004; Price et al. 2005; Zsiros and Maccaferri
2005). As most Cx36 immunolabeling was associated with PV
neurons in the hippocampus, it is possible that different
molecular species of connexin or pannexin are expressed by
other types of GABAergic interneurons.
The presence of immunoreactivity for Cx36 at meeting points
between dendrites of identiﬁed axoaxonic, basket, or bistratiﬁed cells and unidentiﬁed PV or a1-GABAAR--immunoreactive
dendrites is in line with reports of electrical coupling between
interneurons of the same class (Galarreta and Hestrin 1999;
Gibson et al. 1999; Tamas et al. 2000; Fukuda and Kosaka 2003;
Price et al. 2005; Zsiros and Maccaferri 2005). This might be of
particular importance for the synchronization of axoaxonic
cells because no GABAergic synaptic input or interconnectivity
has been reported between members of this cell type. However,
in one case, an axoaxonic cell dendrite shared Cx36 immunolabeling with a strongly a1-GABAAR--immunoreactive dendrite,
suggesting the formation of a gap junction with a non-axoaxonic
cell. Electrical coupling between neurons of different classes
has been described rarely for fast-spiking cortical interneurons
(Gibson et al. 1999) and more frequently for other interneurons
(Simon et al. 2005). In addition, gap junctions between PVpositive and negative, presumptive interneuron dendrites have
been also described in rat cortex (Fukuda and Kosaka 2003).
The role of gap junctions in the synchronization of neuronal
activity, although intuitively obvious, remains a matter of debate
(for review, see LeBeau et al. 2003; Whittington and Traub 2003;
Hestrin and Galarreta 2005). In vitro recordings from Cx36
knockout mice indicated that Cx36-containing gap junctions
contribute to various slow and high-frequency oscillations in
the hippocampus (Hormuzdi et al. 2001) and in the cortex
(Deans et al. 2001). However, in vivo recordings in the Cx36
knockout mice have shown that only gamma oscillations were
impaired, but high-frequency ripple oscillations remained unchanged (Buhl et al. 2003). According to our results, deletion of
Cx36 gene would affect mostly PV-expressing interneurons in
the hippocampus. This is in line with the observation that
basket and axoaxonic cells are strongly phase modulated during
gamma oscillations in vitro (Hajos et al. 2004) and perisomatic
inhibition seems to be the main force behind gamma oscillations
in vitro (Mann et al. 2005). Overall, our data support the
hypothesis that PV-expressing interneurons, including basket,
axoaxonic, and bistratiﬁed cells, contribute to the generation
and maintenance of gamma oscillations in the hippocampus
with the involvement of Cx36-enriched gap junctions and a1
subunit--containing GABAA receptors.
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