The Journal of Neuroscience, April 19,2006 + 26(16):4289 — 4297 - 4289

Cellular/Molecular

Compartment-Dependent Colocalization of Kir3.2-
Containing K Channels and GABA Receptors in
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G-protein-coupled inwardly rectifying K channels (Kir3 channels) coupled to metabotropic GABAy, receptors are essential for the
control of neuronal excitation. To determine the distribution of Kir3 channels and their spatial relationship to GABA; receptors on
hippocampal pyramidal cells, we used a high-resolution immunocytochemical approach. Immunoreactivity for the Kir3.2 subunit was
most abundant postsynaptically and localized to the extrasynaptic plasma membrane of dendritic shafts and spines of principal cells.
Quantitative analysis of immunogold particles for Kir3.2 revealed an enrichment of the protein around putative glutamatergic synapses
on dendritic spines, similar to that of GABAg,. Consistent with this observation, a high degree of coclustering of Kir3.2 and GABA, was
revealed around excitatory synapses by the highly sensitive SDS-digested freeze-fracture replica immunolabeling. In contrast, in den-
dritic shafts receptors and channels were found to be mainly segregated. These results suggest that Kir3.2-containing K * channels on
dendritic spines preferentially mediate the effect of GABA, whereas channels on dendritic shafts are likely to be activated by other
neurotransmitters as well. Thus, Kir3 channels, localized to different subcellular compartments of hippocampal principal cells, appear to

be differentially involved in synaptic integration in pyramidal cell dendrites.
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Introduction

Inwardly rectifying potassium channels play a crucial role in the
control of neuronal excitation by mediating slow inhibitory syn-
aptic responses and contributing to the resting membrane poten-
tial (Hille, 1992; Chen and Johnston, 2005). A subfamily of in-
wardly rectifying channels (Kir3) is directly coupled to
G-proteins and mediates the effect of metabotropic receptorsina
membrane-delimited manner (Wickman et al., 1994; Huang et
al.,, 1995; Wickman and Clapham, 1995; Schreibmayer et al.,
1996; Dascal, 1997; Yamada et al., 1998; Stanfield et al., 2002;
Bichet et al., 2003). Kir3 channels serve as a common effector for
various neurotransmitters including the major inhibitory trans-
mitter GABA acting on type B receptors (GABARs) (Andrade et
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al., 1986; Mihara et al., 1987; North et al., 1987; Trussell and
Jackson, 1987; Liischer et al., 1997; Sharon et al., 1997; Kaup-
mann et al., 1998; Torrecilla et al., 2002; Chen and Johnston,
2005; Koyrakh et al., 2005; Marker et al., 2005).

The mammalian Kir3 channel subfamily comprises four sub-
units designated Kir3.1, Kir3.2, Kir3.3, and Kir3.4 (Dascal, 1997).
The functional channels exist as homotetrameric or heterotet-
rameric complexes (Inanobe et al., 1995; Kofuji et al., 1995;
Krapivinsky et al., 1995; Slesinger et al., 1996; Spauschus et al.,
1996; Wischmeyer et al., 1997). In the CNS, channels are thought
to be mainly composed of the Kir3.1 and Kir3.2 subunits (Duprat
et al., 1995; Lesage et al., 1995; Leaney, 2003). Recent evidence
further suggests that the Kir3.2 subunit is an essential part of the
functional channel, determining its assembly and surface local-
ization (Inanobe et al., 1999; Ma et al., 2002). Indeed, lack of
Kir3.2 leads to reduced Kir3.1 expression (Liao et al., 1996; Si-
gnorini et al., 1997) and to loss of slow inhibitory postsynaptic
responses in hippocampal pyramidal cells (Liischer et al., 1997).

Neurons in the hippocampal formation express high levels of
Kir3 subunit transcripts (Dixon et al., 1995; Kobayashi et al.,
1995; Karschin et al., 1996; Liao et al., 1996). Although a large
body of electrophysiological and pharmacological data are avail-
able on the function of these channels (Gidhwiler and Brown,
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1985; Andrade et al., 1986; Andrade and Nicoll, 1987; Nicoll,
1988; Sodickson and Bean, 1996; Liischer et al., 1997; Takigawa
and Alzheimer, 2002, 2003; Leaney, 2003; Chen and Johnston,
2005), the localization of Kir3 in various subcellular compart-
ments of principal cell remains mostly unknown. Previous im-
munohistochemical studies showed high levels of Kir3 channels
in the dendrites of pyramidal cells (Ponce et al., 1996; Drake et al.,
1997), suggesting a subcellular distribution similar to that of
GABAj; receptors (Kulik et al., 2003). To investigate the spatial
relationship of the channel and receptor, we studied the subcel-
lular localization of the Kir3.2 subunit and determined the
compartment-dependent colocalization of Kir3.2 and GABA, in
pyramidal cells by using high-resolution immunocytochemical
techniques. Interestingly, we found that Kir3.2 and GABAy, are
mostly segregated on dendritic shafts, contacted by inhibitory
GABAergic boutons, whereas the two proteins are highly colocal-
ized on dendritic spines adjacent to the excitatory synapses.

Materials and Methods

Antibodies and controls

Antibodies. An affinity-purified polyclonal antibody specific for the
C-terminal domain of the Kir3.2 subunit (Lesage et al., 1994; Isomoto et
al., 1996) was purchased from Alomone Labs (Jerusalem, Israel). This
antibody recognizes the Kir3.2a and Kir3.2c splicing isoforms. It addi-
tionally recognizes the Kir3.2d isoform, which is predominantly ex-
pressed in testis (Inanobe et al., 1999). To localize GABAy receptors
composed of GABA, and GABA, subunits (Kaupmann et al., 1998),
two affinity-purified polyclonal antibodies recognizing both a and b
splice variants of the GABA},, subunit were used. The first antibody (B17)
was raised in rabbits, and its characteristics and specificity have been
described previously (Kulik et al., 2002, 2003). The second antibody
(B62) was raised in guinea pigs against a GST fusion protein containing
amino acid residues 857-960 of the GABA, protein (Kaupmann et al.,
1997). Its specificity was confirmed by immunoblot analysis: it gave rise
to two immunoreactive bands with molecular masses of 130 and 100 kDa
corresponding to GABAy,, and GABAy,,, proteins (supplemental Fig.
1 A, available at www.jneurosci.org as supplemental material). The B62
antibody yielded an immunoreactive pattern in the hippocampus (sup-
plemental Fig. 1B, available at www.jneurosci.org as supplemental ma-
terial) similar to that obtained with the well characterized B17 antibody.
To identify the postsynaptic density of excitatory synapses, a monoclonal
anti-postsynaptic density-95 (PSD-95) antibody was also used (Upstate
Biotechnology, Lake Placid, NY). To determine the spatial relationship of
GABA; receptors and the K *—Cl ™ cotransporter 2 (KCC2) an antibody
against the cotransporter (Upstate Biotechnology) was used.

Controls. The specificity of the immunolabeling for Kir3.2 and
GABAy, in these experiments was controlled by (1) staining of sections
obtained from either Kir3.2- (Torrecilla et al, 2002) or GABAg;-
deficient mice (Schuler et al., 2001), and (2) in case of double- and
triple-labeling experiments, omitting one of the primary antibodies. No
immunolabeling was detected on sections and replicas derived from
Kir3.2- or GABAy,-deficient mice (supplemental Fig. 1C, available at
www.jneurosci.org as supplemental material) stained with the respective
primary antibodies in preembedding and replica experiments, further
confirming specificity of the antibodies. When one of the primary anti-
bodies was omitted, but secondary antibodies were included, no immu-
nolabeling was detected for the respective protein excluding the possibil-
ity of cross-reactivity of the primary and secondary antibodies.

Immunoblot analysis

Immunoblot analysis was performed as described previously (Shigemoto
etal., 1997). The crude membrane preparations from adult rat forebrain
were separated by 7.5% SDS-PAGE and transferred onto polyvinylidene
difluoride (Bio-Rad, Hercules, CA) membrane. The membrane was
blocked with Block-Ace (Dainippon Pharmaceutical, Suita, Japan) and
then reacted with the affinity-purified GABAy, (B62) antibody (0.5 g/
ml). An alkaline phosphatase-labeled secondary antibody (1:5000;
Chemicon, Temecula, CA) was used to visualize protein bands.
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Immunocytochemistry

A total of 19 adult male Wistar rats (Charles River, Freiburg, Germany),
7 adult wild-type mice, 5 Kir3.2-deficient mice, and 6 GABA,; -deficient
mice were used in the present study. Care and handling of the animals
before and during the experiments followed European Union regulations
and was approved by the animal care and use committees of the authors’
institutions.

Preembedding immunocytochemistry

Immunohistochemical labeling for light and electron microscopy was
performed as described previously (Kulik et al., 2002). For light micros-
copy, animals (n = 5 rats; n = 3 wild-type mice; n = 2 Kir3.2-deficient
mice; n = 3 GABAy,-deficient mice) were deeply anesthetized with
Narkodorm-n (pentobarbital; 180 mg/kg, i.p.) (Alvetra, Neumiinster,
Germany) and perfused transcardially with 4% paraformaldehyde
(Merck, Darmstadt, Germany), 15% saturated picric acid, and 0.05%
glutaraldehyde (Polyscience, Warrington, PA) made up in 0.1 M phos-
phate buffer (PB). Tissue blocks were cryoprotected and freeze-thawed,
and sections were cut (40 wm). Sections were incubated with 0.6 ug/ml
primary antibody for Kir3.2 in 25 mm PBS containing 3% normal goat
serum (NGS) (Vector Laboratories, Burlingame, CA) and 0.1% Triton
X-100. After washes in PBS, the sections were incubated with biotinyl-
ated goat anti-rabbit IgG antibody (1:100; Vector Laboratories), then
reacted with avidin—biotin peroxidase complex (ABC kit; 1:100; Vector
Laboratories), and finally incubated with 0.025% 3,3’ -diaminobenzidine
tetrahydrochloride (Sigma, St. Louis, MO) and 0.003% hydrogen perox-
ide. For electron microscopy, animals (n = 8 rats; n = 2 wild-type mice;
n = 1 Kir3.2-deficient mouse; n = 1 GABAy,-deficient mouse) were
perfused with the same fixative as described for light microscopy. Sec-
tions (50 wm) were incubated in a blocking solution followed by the
primary antibodies (2.0-3.0 ug/ml) diluted in Tris-buffered saline (TBS)
containing 3% NGS. After washing, the sections were incubated with 1.4
nm gold-coupled goat anti-rabbit or goat anti-guinea pig secondary an-
tibodies (Fab fragment; 1:100; Nanogold; Nanoprobes, Stony Brook,
NY), and then reacted with HQ Silver kit (Nanoprobes). After treatment
with OsO,, the sections were stained with uranyl acetate, dehydrated, and
flat-embedded in epoxy resin (Durcupan; ACM; Fluka; Sigma).

Three-dimensional reconstruction and quantification of Kir3.2
and GABAg, immunoreactivity

The three-dimensional (3D) reconstruction of CA1 pyramidal cell den-
dritic spines and shafts immunoreactive for either the Kir3.2 or GABA,
subunits was performed from serial ultrathin sections obtained from
preembedding material as described previously (Kulik et al., 2002). Sam-
ples were taken from the very surface (<3 um) of blocks containing
strata oriens, radiatum, or lacunosum-moleculare of CA1. For each im-
munoparticle (located within 25 nm from the membrane), the distances
to the closest edge of asymmetrical and symmetrical synapses were mea-
sured along the surface of the 3D reconstructed profiles.

SDS-digested freeze—fracture replica immunolabeling

Animals (n = 6 rats; n = 2 wild-type mice; n = 2 Kir3.2-deficient mice;
n = 2 GABAy,-deficient mice) were deeply anesthetized with sodium
pentobarbital (50 mg/kg, i.p), and the hearts were surgically exposed for
perfusion fixation. First, the vascular system was flushed by circulating 25
mu PBS for 1 min. This was followed by transcardial perfusion with a
fixative containing 2% paraformaldehyde and 15% saturated picric acid
made up in 0.1 M PB. Sagittal sections from the CA1 or the CA3 area were
cut on a microslicer at a thickness of 90 wm. The slices were cryopro-
tected in a solution containing 30% glycerol made up in 0.1 m PB over-
night at 4°C, and then were frozen by a high-pressure freezing machine
(HPM 101; BAL-TEC, Balzers, Lichtenstein). Frozen samples were in-
serted into a double replica table and then fractured into two pieces at
—115°C. Fractured faces were replicated by deposition of carbon (2-3
nm thickness), platinum (2 nm), and carbon (20 nm) in a freeze—fracture
replica machine (BAF 060; BAL-TEC). They were digested in a solution
containing 2.5% SDS and 20% sucrose made up in 15 mm Tris buffer, pH
8.3, at 105°C for 15 min followed by their incubation in the same solution
overnight at room temperature. The replicas were washed in 25 mm TBS
containing 0.05% bovine serum albumin (BSA) (Nacalai Tesque, Kyoto,
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Figure1.

stratum granulosum; h, hilus.

Japan) and incubated in a blocking solution containing 5% BSA in 25 mm
TBS for 1 h. Subsequently, the replicas were incubated in the primary
antibody for Kir3.2 or, in double- and triple-immunolabeling experi-
ments, with mixtures of primary antibodies (20-25 ug/ml) for Kir3.2
and GABAy, or Kir3.2, GABAy,, and PSD-95 diluted in TBS containing
5% BSA overnight at room temperature. In control experiments, replicas
were incubated in a mixture of primary antibodies for KCC2, GABAy,,
and PSD-95 diluted in the same solution as described above. After several
washes, the replicas were reacted with a mixture of gold-coupled goat
anti-rabbit (for Kir3.2 or KCC2), goat anti-guinea pig (for GABAy, ), and
goat anti-mouse (for PSD-95) secondary antibodies (1:30; BioCell Re-
search Laboratories, Cardiff, UK) made up in 25 mm TBS containing 5%
BSA overnight at room temperature. They were then washed and picked
up on 100-mesh grids. For quantitative analysis, samples were taken from
layers of CAl1 and CA3 double-immunolabeled for the Kir3.2 and
GABAy,, subunits. Clusters of immunoparticles for Kir3.2 and GABAy,
were determined by outlining the areas covered by immunogold particles
(three particles or more within a distance of 50 nm) on dendritic shafts
and on dendritic spines of pyramidal cells. Distances between the center
of clusters of Kir3.2 and the closest clusters of GABA};, were measured
along the surface of the profiles. The relative frequency for the cluster
pairs was determined by binning the data set at 50 nm. Values are ex-
pressed as mean = SEM, and for statistical comparison the nonparamet-
ric double-sided nonpaired Wilcoxon-Mann—Whitney test was used.
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Results

Kir3.2 immunoreactivity in dendritic
layers of the hippocampus

The use of the Kir3.2 affinity-purified an-
tibody revealed a specific pattern of im-
munostaining in the rat (Fig. 1A) and
wild-type mouse hippocampus (Fig. 1B).
The immunoreactivity for the protein was
widely distributed in the hippocampus
with moderate to strong staining in den-
dritic layers. In CA1, the immunolabeling
for Kir3.2 was homogeneously strong in
the stratum lacunosum-moleculare,
whereas the strata radiatum and oriens
showed an uneven immunostaining with
moderate intensity in the proximal half
and high intensity in the distal half of these
layers. In CA3, the immunoreactivity was
strongest in strata oriens, radiatum, and
lacunosum-moleculare, whereas in the
stratum lucidum it was moderate. In the
dentate gyrus, strong immunostaining for
the subunit was detected in the hilus and
moderate in the molecular layer. In the
pyramidal and granule cell layers, weak la-
beling was observed. No immunoreactiv-
ity for Kir3.2 was detected in the white
matter. In sections obtained from Kir3.2-
deficient mice, the specific immunolabeling
pattern was completely abolished (Fig. 1C).

Distribution ofimmunoreactivity for the Kir3.2 subunitin the hippocampus. 4, B, Theimmunostaining was moderate
to strong in dendritic layers of the CA area and dentate gyrus in the rat (A) and wild-type (WT) mouse (B). In the CAT, the
immunolabeling for the protein was strong and homogeneous in the stratum lacunosum-moleculare, whereas the strata oriens
and radiatum showed uneven immunostaining with moderate intensity of immunoreactivity in the proximal half and high
intensity in the distal half of these layers. In CA3, the immunoreactivity for Kir3.2 was strong in the strata oriens, radiatum, and
lacunosum-moleculare. In the dentate gyrus, strong immunostaining was detected in the hilus and moderate in the molecular
layer. €, No immunoreactivity for Kir3.2 was found in the hippocampus of the Kir3.2-deficient (KO) mice. Scale bars, 200 wm. o,
Stratum oriens; p, stratum pyramidale; r, stratum radiatum; I-m, stratum lacunosum-moleculare; m, stratum moleculare; g,

Kir3.2 is preferentially localized to
extrasynaptic membrane of dendrites
To determine the subcellular localization
of Kir3.2 responsible for the immuno-
staining in dendritic layers, we used
preembedding immunogold labeling. For
electron-microscopic investigation, tissue
blocks were taken from the CA1 area. Im-
munoreactivity for the Kir3.2 subunit was
primarily found in postsynaptic elements,
namely, on dendritic shafts and spines of putative pyramidal cells
(Fig. 2). Clusters of immunogold particles were localized to the
extrasynaptic plasma membrane of dendritic shafts (Fig.
2A,B,F,G,I) establishing symmetrical (putative GABAergic)
synapses with presynaptic boutons (Fig. 2 B, G). Strong immuno-
labeling was also found on the extrasynaptic membrane of den-
dritic spines (Fig. 2A, C-F, H,I). Immunoparticles also appeared
occasionally at the edge (Fig. 2D,F) and over the postsynaptic
membrane specialization of asymmetrical, putative glutamater-
gic synapses on dendritic spines (Fig. 2C). This predominantly
extrasynaptic localization of the channel is in good agreement
with the finding of Nehring et al. (2000), who showed that the
Kir3.2 subunit is unable to form a complex with PSD-95 at
postsynaptic sites. In addition to pyramidal cells, immunoreac-
tivity for Kir3.2 was also seen on the extrasynaptic plasma mem-
brane of putative interneuron dendrites (Fig. 21), identified by
the lack of dendritic spines and the presence of asymmetrical
synapses. In contrast to the strong dendritic labeling, very little
immunolabeling was seen in somata of pyramidal cells under our
experimental conditions. Presynaptically, weak immunoreactiv-
ity for Kir3.2 was occasionally detected in axon terminals making
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asymmetrical synapses with dendritic  str. ofiens’and radiatum
spines in strata oriens and radiatum (Fig. 3
2C,E). Immunoparticles were localized ei-

ther to the extrasynaptic plasma mem- 204
brane (Fig. 2C) or to the presynaptic 4
membrane specialization of boutons (Fig. 6 i
2E). The specificity of the labeling in
preembedding material was confirmed by A
the absence of labeling in Kir3.2-deficient
animals.

Low

Enrichment of Kir3.2 around excitatory
synapses on dendritic spines

The pattern of the subcellular distribution
of Kir3.2, particularly the strong labeling »
on dendritic spines of hippocampal pyra-
midal cells, is very similar to that of
GABAj receptors (Kulik et al., 2003). To 1 5
compare the distribution of the Kir3.2 and
GABAy, on dendrites of pyramidal cells in
relation to putative GABAergic and gluta- -
matergic synapses, three-dimensional

(3D) reconstructions were made from se-

rial ultrathin sections and the distances of

the immunoparticles from the edge of
symmetrical and asymmetrical synaptic
specializations were measured. This ap-
proach revealed that, on dendritic shafts,
the channel and the receptor showed no
association to symmetrical, putative
GABAergic synapses (Fig. 3A) (209 parti-
cles on eight dendrites for Kir3.2 and 241
particles on seven dendrites for GABAy, ).
In contrast, on dendritic spines, both
Kir3.2 and GABAy, were found to be pref-
erentially localized around asymmetrical
synapses. The distribution for Kir3.2
showed a peak between 0 and 240 nm
from the synapses (Fig. 3B) (313 particles on 66 spines). Simi-
larly, for GABAy, the peak of the distribution was located be-
tween 60 and 240 nm (Fig. 3B) (325 particles on 49 spines),
consistent with previous data obtained from CA1 and CA3 areas
(Kulik et al., 2003). For both proteins ~60% of the immunopar-
ticles were located within a distance of 240 nm from the edge of
asymmetrical synapses indicating an enrichment of the mole-
cules in the vicinity of putative glutamatergic synapses on den-
dritic spines.

R o
Den

2

Figure 2.

Preferential colocalization of Kir3.2 and GABAy, on dendritic
spines of CA1 pyramidal cells

To directly investigate the colocalization of Kir3.2 and GABAg; in
subcellular compartments of CA1 pyramidal cells, we performed
double- and triple-labeling immunocytochemistry by using the
highly sensitive SDS-digested freeze—fracture replica immunola-
beling technique (Hagiwara et al., 2005; Tanaka et al., 2005).
Consistent with the results of preembedding experiments, strong
immunolabeling for Kir3.2 was found postsynaptically. Clusters
of immunoparticles were observed on the protoplasmic face of
the membrane of dendritic shafts and spines of putative pyrami-
dal cells (Fig. 4A). Double immunolabeling for Kir3.2 and
GABAy, further revealed that, on dendritic shafts, the channels
and receptors were mainly segregated (Fig. 4 B), whereas on den-
dritic spines, a high degree of coclustering of the immunogold

Kulik et al. » Colocalization of Kir3 Channels and GABAgRs

str. lacunosum-moleculare =
iT: SN B TF o 1

Preferential postsynaptic localization of Kir3.2 in dendritic layers of the CA1 area. Electron micrographs show immu-
noreactivity for the Kir3.2 subunit in the strata oriens (4, €), radiatum (B, D, E), and lacunosum-moleculare (F-I) as detected by
the preembedding immunogold method. A, B, F, G, I, Clusters ofimmunogold particles were seen along the extrasynaptic plasma
membrane (arrows) of dendritic shafts (Den) of pyramidal cells contacted by terminals (T) of presumed GABAergic cells. Labeling
was occasionally found at the edge of symmetrical synaptic specializations (arrowheads in B, G). A, C-F, H, I, Inmunoparticles
were abundant on the extrasynaptic plasma membrane (arrows) of dendritic spines of pyramidal cells (s). They also appeared
occasionally over the postsynaptic specialization (double arrowhead in €) at synapses between axon terminals (T) of putative
pyramidal cells and dendritic spines and at the edge of asymmetrical synapses (arrowheads in D, F). C, E, Presynaptically,
immunogold particles (double arrows) were localized to the extrasynaptic plasma membrane and to the presynaptic membrane
specialization of axon terminals (T) establishing asymmetrical synapses. I, Inmunolabeling was also visible in dendritic shafts of
presumed interneurons (Den,) establishing asymmetrical synapses with presynaptic boutons (T, T,). Note that the dendritic spine
(s), contacted by an axon terminal (T,), and the dendritic shaft (Den,) of a pyramidal cell are also labeled. Scale bars, 0.2 pm.

particles for the two proteins was observed (Fig. 4C). To quantify
the spatial relationship of the channel and receptor subunits, the
distances between clusters of Kir3.2 and the closest clusters of
GABAy, were measured on dendritic shafts and spines (Fig. 4 D).
This analysis revealed that, on dendritic shafts, only 84 of 302
clusters (28%) were within 100 nm, whereas on dendritic spines
86 of 90 clusters (96%) were within this distance (Fig. 4 D). The
location of the Kir3.2-GABAy, complexes relative to excitatory
synaptic sites, demarcated by the presence of PSD-95, an essential
component of the excitatory postsynaptic specialization, was in-
vestigated in triple-immunolabeling experiments. The Kir3.2—
GABAy, coclusters were found on the extrasynaptic membrane
close to the location of PSD-95 immunoreactivity on dendritic
spines (Fig. 4E,F). Weak Kir3.2 and GABAj, immunolabeling
was found in putative excitatory terminals, but no coclustering of
the proteins was observed. Thus, our results demonstrate that, on
dendritic shafts, where mostly GABAergic synapses are located,
the Kir3.2-containing inwardly rectifying K* channels and
GABAj receptors are mainly segregated, whereas on dendritic
spines, adjacent to glutamatergic synapses, the two proteins show
a close association.

To assess the functional relevance of the observed association,
we investigated the spatial relationship of molecules on dendritic
spines that are functionally unrelated to GABA receptors. To
this end, we have performed immunogold labeling for KCC2,
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Figure 3.  Distribution of immunoparticles for the Kir3.2 and GABAg, subunits relative to
symmetrical and asymmetrical synapses on dendrites of CA1 pyramidal cells as assessed by
preembedding immunogold labeling. A, Histogram showing the spatial distribution of immu-
noparticles for Kir3.2 (open bars; n = 209) and GABA; (filled bars; n = 241) around symmet-
rical synapses on dendritic shafts. Distances of immunogold particles were measured from the
closest edge of the synapses along the surface of dendritic shafts reconstructed from serial
ultrathin sections. Values were allocated to 60-nm-wide bins and expressed as relative frequen-
cies. B, Histogram showing the spatial distribution of immunoparticles forKir3.2 (n = 313) and
GABAg, (n = 325) around asymmetrical synapses on dendritic spines. These data show that
there is no association of Kir3.2 and GABA;, to symmetrical, putative GABAergic synapses on
dendritic shafts, but there is an enrichment of both proteins in the vicinity of asymmetrical,
putative glutamatergic synapses on dendritic spines.

GABAg,, and PSD-95. This experiment revealed that, although
immunoreactivity for KCC2 is abundantly localized to the den-
dritic spines (Gulyas et al., 2001), the cotransporter and the re-
ceptor were found to be mainly segregated (Fig. 4G) in this
compartment.

Colocalization of Kir3.2 and GABAg, on CA3 pyramidal cells

Finally, we investigated the distribution and colocalization of
Kir3.2 and GABAy;, in the CA3 region. Samples were taken from
the stratum oriens and processed for Kir3.2, GABAy,, and
PSD-95 immunolabeling using the replica technique. Similarly to
the CAl area, clusters of immunogold particles for Kir3.2 were
found on dendritic shafts (Fig. 5A) and spines (Fig. 5B). The
mean number of particles per cluster on the dendritic shafts of the
CA3 area was, however, higher (6.4 = 0.2 particles/cluster; 162
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clusters) compared with the CA1 area (4.2 * 0.2 particles/cluster;
93 clusters; p < 0.01) in a good agreement with the difference in
the staining intensity observed at the light-microscopic level (Fig.
1 A). Despite this difference in cluster size, the colocalization pat-
tern of Kir3.2 and GABAy, was similar to that of the CA1 area. On
dendritic shafts, the channel and receptor were mainly segregated
(Fig. 5A), whereas on dendritic spines, the proteins showed a high
level of colocalization (Fig. 5B).

Discussion

The present study describes the subcellular localization of the
Kir3.2 subunit of the G-protein-coupled inwardly rectifying K *
channel and its spatial relationship to GABAy receptor in the
adult rat hippocampus. Kir3 channel proteins were primarily
found postsynaptically and localized to dendritic shafts and den-
dritic spines of pyramidal cells. Double immunolabeling for
Kir3.2 and GABAy, using the replica technique revealed that, on
dendritic shafts, the two proteins were mostly segregated,
whereas on dendritic spines, around putative glutamatergic syn-
apses, a high degree of coclustering of the ion channel and recep-
tor subunits was observed. Immunolabeling for KCC2, a protein
with no known functional association with GABAj receptors,
showed that the transporter and the receptor were mainly segre-
gated on dendritic spines. Thus, the observed close spatial rela-
tionship of Kir3.2 and GABAy, likely reflects their functional
interaction in this subcellular compartment.

Kir3.2 is preferentially localized to dendritic shafts and spines
in hippocampal pyramidal cells

The Kir3.2 is the most abundant subunit of the Kir3 channel in
the hippocampus as shown by previous in situ hybridization
(Kobayashi et al., 1995; Karschin et al., 1996; Liao et al., 1996) and
immunocytochemical studies (Liao et al., 1996; Signorini et al.,
1997; Inanobe et al., 1999; Koyrakh et al., 2005). It has been
further suggested that this subunit plays an essential role in the
assembly and surface localization of functional channels
(Inanobe et al., 1999; Ma et al., 2002). Accordingly, our results,
obtained by using an antibody recognizing the Kir3.2a and
Kir3.2¢ isoforms, but not the ubiquitously expressed Kir3.2b
splice variant (Isomoto et al., 1996), show that the Kir3.2 protein
was widely distributed in the hippocampus and the immunola-
beling was particularly strong in dendritic layers.

At the ultrastructural level, the majority of the Kir3.2 subunits
were observed on the extrasynaptic membrane of dendritic shafts
and spines and was hardly detectable on somata of pyramidal
cells. These immunocytochemical data thus underlie the domi-
nant postsynaptic role of Kir3 channels observed in previous elec-
trophysiological studies (Andrade et al., 1986; Liischer et al.,
1997; Kurachi and Ishii, 2003). Furthermore, the dendritic local-
ization of the subunit corresponds well to the fact that Kir3-
mediated currents are significantly larger in dendrites than in
somata of hippocampal neurons (Newberry and Nicoll, 1985;
Inanobe et al., 1999; Takigawa and Alzheimer, 1999; Chen and
Johnston, 2005). This preferential dendritic localization offers an
optimal position, on the one hand, for the modulation of the
channels by various G-protein-coupled receptors residing in the
dendritic compartments (Dournaud et al., 1996; Kia et al., 1996;
Lujan et al., 1997, Shigemoto et al., 1997; Kulik et al., 2003). On
the other hand, dendritic channels can be efficiently involved in
the integration of synaptic inputs. Kir3 channels were shown to
contribute to the resting membrane potential on dendrites (Chen
and Johnston, 2005) and can thereby modulate the amplification
of synaptic potentials by voltage-gated channels (Johnston et al.,
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1996). Kir3 channels associated with glu-
tamatergic synapses can counteract exci-
tatory postsynaptic responses by hyperpo-
larization and by shunting the excitatory
synaptic currents (Takigawa and Alzhei-
mer, 2003). Furthermore, after activation
by GABAj receptors, these channels can
also act as a brake on NMDA receptor re-
sponses by favoring their Mg>" block and
resulting in reduced synaptic plasticity
(Otmakhova and Lisman, 2004). Con-
versely, activation of NMDA receptors re-
sults in the potentiation of the GABAj-
and Kir3-mediated slow inhibitory synap-
tic response (Huang et al., 2005) that par-
allels with the long-term potentiation of
excitatory transmission.

In addition to the strong postsynaptic
labeling, a low but consistent presynaptic
immunoreactivity for Kir3.2 was detected.
Similar results were obtained for three
subunits, Kir3.1, Kir3.2, and Kir3.3, in
various brain regions in previous immu-
nocytochemical studies (Liao et al., 1996;
Morishige et al., 1996; Ponce et al., 1996;
Drake et al., 1997; Grosse et al., 2003). Al-
though the function of the presynaptic
Kir3 channels remains unknown (Liischer
etal., 1997), their proximity to the axonal
active zones strongly suggests an involve-
ment in the regulation of neurotransmit-
ter release.

Predominant colocalization of Kir3.2
with GABAg; on dendritic spines of
pyramidal cells

The coupling between Kir3 channels and
receptors is mediated by G-proteins in a
membrane-delimited manner (Pfaffinger
et al., 1985; Dascal, 1997; Yamada et al.,
1998). Theoretical considerations suggest
that the distance between receptor and ef-
fector should be small (e.g., <500 nm)
(Karschin, 1999) to enable their interac-
tion. Moreover, it was hypothesized that
preformed receptor—ion channel com-
plexes could exist ensuring reliable and ef-
ficient coupling. The rapid activation of
Kir3 channels by GABAj receptors in re-
sponse to synaptically released GABA
would support this latter hypothesis (Otis
et al., 1993). To address the spatial rela-
tionship of Kir3.2 and the GABAy, recep-
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Figure4. Colocalization of Kir3.2 and GABA, on dendritic spines of CA1 pyramidal cells. Localization of the Kir3.2 subunit and
its colocalization with the GABAg, subunit is demonstrated by the SDS-digested freeze—fracture replica labeling technique. 4,
Immunoparticles for Kir3.2 were found on dendritic spines (s) of principal cells. B, Double immunogold labeling for Kir3.2 (5 nm
particles; arrows) and GABAg, (10 nm; double arrows) revealed that the two proteins were mainly segregated on dendritic shafts
of pyramidal cells (Den). €, Double labeling for Kir3.2 (15 nm) and GABAg, (10 nm) showed that the two proteins coclustered on
dendritic spines of pyramidal cells (s). D, Histogram showing the spatial relationship between clusters of Kir3.2 and GABA, on
dendritic shafts (n = 302 clusters; open bars) and on dendritic spines (n = 90 clusters; filled bars). Distances were measured
between the center of Kir3.2 clusters and the closest GABAg, cluster. Values were allocated to 50-nm-wide bins and expressed as
relative frequencies. E, F, Triple immunolabeling for Kir3.2 (5 nm), GABAg, (10 nm), and PSD-95 (15 nm) demonstrated the
coclustering of the Kir3.2 (arrows) and GABAg, (double arrows) subunits around the site of the location of the PSD-95, indicating
a dlose localization of Kir3.2-GABAg, to glutamatergic synapses on dendritic spines of pyramidal cell. G, The spatial relationship of
GABA; (double arrows) receptors and the functionally unrelated KCC2 (arrows) was also investigated on dendritic spines. Two
proteins were found to be preferentially segregated in this subcellular compartment. Scale bars, 0.2 m.

receptors on dendritic shafts raises the question how segregated

tors, we used the highly sensitive SDS-digested freeze—fracture
replica immunolabeling method, which provides a means for
visualizing the distribution of molecules over the surface of the
plasma membrane (Hagiwara et al., 2005). The results of this
approach revealed that, on dendritic shafts of the pyramidal cells,
contacted by GABAergic boutons, ion channels and receptors
were mainly segregated, whereas on dendritic spines, contacted
by excitatory terminals, a high degree of coclustering of the pro-
teins was detected.

The observed distribution of the ion channels and GABA,

channels are activated. First, the Kir3.2-containing channels may
cocluster with and couple to other G-protein-coupled receptors
(e.g., adenosine Al, 5-HT,,, D,) (Andrade et al., 1986; Nicoll,
1988; Liao et al., 1996; Ehrengruber et al., 1997; Liischer et al,,
1997; Takigawa and Alzheimer, 1999). This possibility is sup-
ported by the results of electrophysiological experiments in
which the GABA receptor agonist baclofen evoked Kir3 currents
only in a subset of isolated patches of pyramidal cell dendrites,
whereas agonists of other metabotropic receptors could elicit
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Figure 5.
SDS-digested freeze—fracture replica labeling technique. The spatial relationship of Kir3.2 and
GABA; was investigated as described in Figure 4. A, B, The proteins were found to be mainly
segregated on dendritic shafts of pyramidal cells (Den), whereas the channel and the receptor
were coclustered on dendritic spines (s) around glutamatergic synapses. Scale bars, 0.2 um.

Colocalization of Kir3.2 and GABA, on CA3 pyramidal cells as assessed by the

currents in nonresponsive ones (Takigawa and Alzheimer, 1999;
Chen and Johnston, 2005). Second, these channels may also be
activated by GABAj receptors. Despite the segregation of Kir3.2
and GABAy,, the mean distance between molecules may be suf-
ficient for functional interaction (Karschin, 1999), although, in
this scenario, the coupling is expected to be less efficient and less
reliable. Finally, constitutively active dendritic Kir3 channels
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have been observed in CA1 pyramidal cells (Chen and Johnston,
2005). Although the identity and the subunit composition of
these ion channels are unclear, they may correspond to a segre-
gated channel population.

It was proposed that GABA receptor localization to dendritic
spines is important for the modulation of metabotropic gluta-
mate receptors (Hirono et al., 2001; Tabata et al., 2004). How-
ever, the intimate spatial relationship of GABAj receptors and
Kir3 channels on dendritic spines around excitatory synapses,
observed in this study, is suggestive of a functional coupling of the
two proteins and may reflect the existence of preformed com-
plexes. This scenario is further supported by the observation that
the functionally unrelated KCC2 and GABAy, were mainly found
to be segregated in this subcellular compartment. In turn, the
high level of colocalization of Kir3.2 and GABAy, indicates that
the ion channels strategically located to interact with individual
glutamatergic synapses are primarily under the control of the
inhibitory transmitter GABA spilling over from GABAergic syn-
apses (Isaacson et al., 1993; Kulik et al., 2003; Cryan and Kaup-
mann, 2005).

In summary, the present study shows that the Kir3.2-
containing K™ channels are preferentially located on the extra-
synaptic membrane of hippocampal pyramidal cells and can be
divided into two major populations with different roles in synap-
tic integration. Kir3 channels on dendritic shafts can mediate the
effect of various transmitter systems including subcortical pro-
jections that show behavior state-dependent activity (Pace-
Schott and Hobson, 2002). In contrast, Kir3 channels on den-
dritic spines appear to preferentially mediate the effect of GABA
released from local feedback and feedforward inhibitory circuits
via GABAj receptors. Thus, this channel population can provide
a spatially and temporally well defined control to excitatory
transmission by the GABAergic system.
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