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GABAergic inhibition plays a central role in the control of pyramidal cell ensemble activities; thus, any signaling mechanism that
regulates inhibition is able to fine-tune network patterns. Here, we provide evidence that the retrograde nitric oxide (NO)- cGMP cascade
triggered by NMDA receptor (NMDAR) activation plays a role in the control of hippocampal GABAergic transmission in mice. GABAergic
synapses express neuronal nitric oxide synthase (nNOS) postsynaptically and NO receptors (NO-sensitive guanylyl cyclase) in the pre-
synaptic terminals. We hypothesized that—similar to glutamatergic synapses—the Ca*" transients required to activate nNOS were
provided by NMDA receptor activation. Indeed, administration of 5 um NMDA induced a robust nNOS-dependent cGMP production in
GABAergic terminals, selectively in the CA1 and CA3c areas. Furthermore, using preembedding, postembedding, and SDS-digested
freeze-fracture replica immunogold labeling, we provided quantitative immunocytochemical evidence that NMDAR subunits GluN1,
GluN2A, and GluN2B were present in most somatic GABAergic synapses postsynaptically. These data indicate that NMDARSs can modu-
late hippocampal GABAergic inhibition viaNO- cGMP signaling in an activity-dependent manner and that this effect is subregion specific

in the mouse hippocampus.

Introduction

Nitric oxide (NO) is known to be able to change synaptic strength
and influence long-term plasticity at hippocampal excitatory
synapses (Prast and Philippu, 2001; Domek-Lopacinska and
Strosznajder, 2005; Zhang et al., 2006; Edwards and Rickard,
2007). In pyramidal cells, NO is generated postsynaptically by
neuronal nitric oxide synthase (nNOS) from L-arginine (Alder-
ton et al., 2001; Burette et al., 2002; Stuehr et al., 2004), in low
nanomolar concentrations under physiological conditions, and
its receptor, the NO-sensitive guanylyl cyclase (NOsGC), can de-
tect even a few NO molecules. The NO signal is detectable only
within approximately a micrometer around its site of synthesis;
thus, it is not only effective but also synapse specific (for review,
see Garthwaite, 2008). Activation of NOsGC leads to cGMP pro-
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duction, which modulates neurotransmitter release through dif-
ferent second messenger systems. nNOS is a Ca*"/calmodulin-
dependent enzyme (Bredt and Snyder, 1990); thus, it is coupled
to postsynaptic density proteins via postsynaptic density-95/
Discs large/zona occludens-1 (PDZ) domains that anchor nNOS
close to NMDA receptors (NMDARs) in glutamatergic synapses
(Kornau et al., 1995; Brenman and Bredt, 1997; Tochio et al.,
2000). Local calcium influx through NMDARs can trigger the
production of NO, which induces cGMP production in the hip-
pocampus (East and Garthwaite, 1991).

Retrograde signaling can effectively control presynaptic plas-
ticity at inhibitory connections (McBain and Kauer, 2009). In a
previous study, we showed that the molecular machinery for NO
signaling is present also in hippocampal GABAergic synapses
and, similar to excitatory synapses, nNOS is localized postsynap-
tically within the active zone (Szabadits et al., 2007). However,
the source of a local, sufficiently high Ca** influx that could lead
to nNOS activation in GABAergic synapses is still unknown.
Therefore, we investigated whether NMDARs can be found in
association with GABAergic synapses. NMDAR-mediated cur-
rents generated in cell bodies have already been recorded from
hippocampal pyramidal cells, and were considered to be medi-
ated by extrasynaptic NMDARs (Gibb and Colquhoun, 1991;
Steigerwald et al., 2000; Harris and Pettit, 2007), because there are
no excitatory synapses on these somata (Megias et al., 2001).
NMDARSs are heterotetramers of two obligatory GluN1 (former
NR1) and two GluN2 (NR2) subunits (Monyer et al., 1992; Laube
et al., 1998). Pyramidal cells in the adult hippocampus express
only GluN1, 2A, and 2B subunits (Watanabe et al., 1993; Ito etal.,
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1997). We tested whether activation of local NMDARs can lead to
the generation of cGMP in GABAergic terminals and examined
the location of these NMDA receptors relative to GABAergic
synapses.

We show that NMDA administration leads to cGMP production
in GABAergic terminals in the hippocampal CA1 subfield, exclu-
sively via activation of nNOS. We also found that NMDAR subunits
GluN1, GluN2A, as well as GIuN2B are located in most somatic
GABAergic synapses postsynaptically, in both types of basket cell
synapses, although at a lower density than in excitatory synapses.

Materials and Methods

Animals. All experiments were performed in accordance with the Insti-
tutional Ethical Codex and the Hungarian Act of Animal Care and Ex-
perimentation guidelines, which are in concert with the European
Communities Council Directive of November 24, 1986 (86/609/EEC).
Young adult male C57BL/6 mice between the ages of 30 and 60 d were
used in all experiments. Mice lacking nNOS (nNOS ~’~) were generated
by The Jackson Laboratory. The pyramidal cell-restricted GluN1 knock-
out mice thatlack GluN1 subunit only in cortical excitatory neurons have
been characterized previously (Iwasato et al., 2000).

Antibodies and drugs. The specificity of the cGMP and the GAD65
antibodies were tested extensively and were described previously (de
Vente etal., 1987; Chang and Gottlieb, 1988; Tanaka etal., 1997). GABA ,
receptor (GABA,R) B3 subunit antibodies also specifically labeled
GABAergic synapses on pyramidal cell somata (Kasugai et al., 2010).
nNOS and vesicular glutamate transporter 3 (vGluT3) antibodies were
proved to be also specific in experiments with wild-type and nNOS ~/~
and vGIuT3 ~/~ null mutant mice (data not shown). The specificity of
the rabbit antibodies against the C terminus of the NMDAR subunits
GluNT1, GluN2A, and GluN2B had been well characterized by using im-
munoblot, antigen peptides, and null mutant mice or conditioned
knock-out mice in both preembedding and postembedding experiments
(Watanabe et al., 1998; Fukaya et al., 2003; Abe et al., 2004; Akashi et al.,
2009). We used the same preembedding digestion protocol, as was used
in the experiments for testing the specificity of the antibodies (Watanabe
et al., 1998). We also performed additional control experiments to vali-
date the specificity of the antibodies used in our experiments. We labeled
freeze—fracture replicas of hippocampal slices of pyramidal cell-restricted
GluN1 knock-out mice and wild-type mice to test specificity of the
GluN1 antibody even further on replicas. We found no synaptic labeling
and only negligible background labeling on pyramidal cell somata (for
more details, see Results). In addition, GluN1, GluN2A, and GluN2B
immunogold labeling displayed the same distribution in the tissue, using
three different methods. Furthermore, in postembedding immunolabel-
ing experiments, we performed mirror experiments as well: adjacent
sections of the same synapses were incubated for GluN1, GluN2A, or
GluN2B, respectively. If a synapse was labeled for any of the subunits, the
very same synapse was also tested for other subunit labeling on adjacent
sections. Although it is highly unlikely that the same channel could be
tested in adjacent sections, using this method, the different subunits of
the NMDARs could be colocalized in the same synapse. Indeed, we found
that in the majority of the GluN2-positive synapses GluN1 was also detected
in one of the adjacent sections (12 of 23 synapses in two mice) (see Fig.
3D, E), which demonstrates that these antibodies label the very same cell
membrane domains, proving additional evidence for their specificity.

We also tested the cross-reactivity of the fluorescent secondary and
gold-conjugated secondary antibodies used in double-labeling experi-
ments. No cross-reactivity was found in either case. Selective labeling,
resembling that obtained with the specific antibodies, could not be de-
tected if primary antibodies were omitted.

3-Isobutyl-1-methylxanthine (IBMX), 1-(2-chlorophenyl)-6-[(2R)-
3,3,3-trifluoro-2-methylpropyl]-1,5-dihydro-4 H-pyrazolo|3,4-d] pyrimi-
dine-4-one (BAY 73-6691), L-arginine, 1-N ©-nitroarginine methyl ester
hydrochloride (1-NAME), and (5R,10S)-(+)-5-methyl-10,11-dihydro-5H-
dibenzo[a,d]cyclohepten-5,10-imine-hydrogen-maleate (MK-801) were
produced by Sigma-Aldrich. NMDA, p-(—)-2-amino-5-phosphonopen-
tanoic acid (p-AP5), 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one
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(ODQ), nifedipine, and SNX-482 were obtained from Tocris Bioscience. We
obtained tetrodotoxin (TTX) from Alomone Labs and sodium nitroprusside
(SNP) from Fluka.

Acute slice preparation and cGMP immunolabeling. For acute slice
preparation, mice were deeply anesthetized with isoflurane (n = 10
C57BL/6; n = 4 nNOS /™) and decapitated, the brains were removed,
and 300-um-thick coronal hippocampal slices were cut on vibratome
(Leica; VT1200S). Slices were incubated for 1 h in artificial CSF (ACSF)
(in mm: 126 NaCl, 2.5 KCI, 1.25 NaH,PO,, 2 MgCl,, 2 CaCl,, 26
NaHCO;, and 10 glucose) equilibrated with 95% O,/5% CO, (carbogen
gas), at room temperature in interface conditions before the experi-
ments. Slices were then transferred to sterile 12-well cell culture plates
(TPP) and were individually bubbled with carbogen gas at equal rates.
Each well was filled with 1 ml of modified ACSF (mACSF) containing 1
mm IBMX and 100 um BAY 73-6691 phosphodiesterase inhibitors (PDE-
Inhs) (to avoid cGMP hydrolysis) and 0.2 mm L-arginine (the substrate of
nNOS). 1-Arginine (0.2 mM) alone has no effect on nNOS activity and
cGMP levels (Garthwaite et al., 1989). After preincubation in mACSF for
20 min, no drugs were applied in the control wells, whereas 200 uym SNP
was added for 10 min to “SNP wells” and 5 um NMDA was applied for 3
min to the “NMDA wells.” The same region-specific cGMP labeling was
observed with the application of 5, 30, 150, and 300 um NMDA. In
experiments in which nNOS, NOsGC, voltage-dependent Ca>* channels
(VDCCs), or NMDARs were blocked, slices were preincubated for 20
min with mACSF containing the given blocker, and then 5 um NMDA
was applied for 3 min. After incubation, the solutions were quickly
changed to ice-cold 4% paraformaldehyde fixative, and then the slices
were postfixed in the same fixative for 48 h at 4°C. These experiments
were performed in normal mACSF solution as described above. How-
ever, to test the contribution of spontaneous action potentials in the
slices, these experiments were repeated also with another mACSF solu-
tion containing 1 pm TTX, without Mg>*. Both of these experimental
conditions provided identical results, with indistinguishable staining
pattern. In addition, we also tested the effect of NMDA in slices with TTX
with normal Mg2+ concentration; however, as expected, under these
conditions the activity of the network was too low to occasionally remove
the Mg?* block of these receptors for NMDA to be able to activate them.

For the immunofluorescent staining, the slices were washed in 0.1 M
phosphate buffer (PB), embedded in 2% agar, and resectioned into 50-
um-thick sections on a vibratome (Leica; VT1200S). After washes in PBS
containing 0.3% Triton X-100 (PBST) (Sigma-Aldrich), sections were
blocked for 1 h in 5% normal donkey serum (Vector Laboratories) dis-
solved in PBST. Then sections were incubated in primary antibody solutions:
sheep anti-cGMP (from J. de Vente, Maastricht, The Netherlands;
1:4000) and mouse anti-GAD65 (only in colocalization experiments;
Millipore; MAB351; 1:250) diluted in PBS. This was followed by washes
in PBS and incubation in biotinylated donkey anti-mouse antibodies
(only in colocalization experiments; 1:200; Jackson ImmunoResearch
Laboratories) diluted in PBS. After subsequent washes in PBS, sections
were incubated in a mixture of secondary antibodies: Alexa Fluor 488
donkey anti-sheep (1:200; Invitrogen) and Alexa Fluor 594 streptavidin
(1:200; Invitrogen) diluted in PBS. This was followed by washes in PBS
and PB, and sections were mounted onto glass slides, coverslipped with
Aqua-Poly/Mount (Polysciences). Immunofluorescence was analyzed
using an Olympus Optical FluoView300 confocal laser-scanning (see Fig.
1K) or Zeiss Axioplan 2 epifluorescent microscope (see Fig. 1 A-J). For
comparing the fluorescent signals, sections were compared using constant
parameters and exposure times. We show the differences in the staining
pattern of differentially treated hippocampi on Figure 1. Exposure condi-
tions for the first column of Figure 1 A-I (low-power images) were identical
and exposure conditions for all other photos of Figure 1, A-I and J (high-
power images), were identical as well. Therefore, these figures represent the
differences between different staining patterns on Figure 1 A-J.

Lowicryl resin embedding and postembedding immunohistochemistry.
The same embedding procedure was used as described previously (Baude
et al., 1993; Nyiri et al., 2001, 2003). Briefly, after washing in PB, the
sections from fixed hippocampi were transferred into sucrose solutions
in 0.1 M PB for cryoprotection. After slamming onto gold-plated copper
blocks cooled in liquid nitrogen, low temperature dehydration, and
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freeze-substitution, the sections were embedded in Lowicryl HM 20 resin
(Chemische Werke Lowi).

Postembedding immunohistochemistry was performed on 50- or 70-
nm-thick sections of Lowicryl-embedded hippocampi from two mice.
The sections were picked up either on pioloform-coated single slot nickel
grids, allowing immunoreaction on one side of the sections (single-sided
reactions), or on mesh grids, where both sides of the sections were labeled
at the same time (double-sided reactions). Single-sided reactions were
used to further test antibody specificity by colocalizing the NMDAR
subunits in the same synapse using the mirror technique.

In double-sided reactions, the level of the immunogold signal is much
higher but the reconstruction of terminals is not feasible. In these reac-
tions, mesh grids were etched with a saturated solution of Na-ethanolate
for 2-3 s and washed in distilled water. Then all grids were incubated on
drops of blocking solution for 1 h, followed by incubation on drops of
primary antibodies overnight. The blocking solution, which was also
used for diluting the primary and secondary antibodies, contained 2%
human serum albumin (HSA) (Sigma-Aldrich) in Tris-buffered saline
(TBS). After incubation in primary antibodies against NMDAR subunits
(rabbit; 24 ug/ml GluN1, 20 ug/ml GIuN2A, 18 ug/ml GluN2B; raised in
the laboratory of M. Watanabe) for 18 h, sections were washed in TBS
and incubated for 5 h on drops of secondary antibodies coupled to 5 nm
gold particles (1:100; goat anti-rabbit; British Biocell International). In
case of the mirror experiments, ultra-small gold secondary antibodies
were used (1:100; donkey anti-rabbit; Aurion), and then gold particles
were intensified using silver enhancement solution (SE-EM; Aurion) for
40 min at room temperature. After several washes, sections were finally
rinsed in ultrapure water and contrasted with saturated aqueous uranyl
acetate and lead citrate.

In double-sided reactions, immunoparticles for NMDAR subunits
were counted within the anatomically defined GABAergic or glutamater-
gic synaptic junctions and along the somatic membrane. Forty-five-
nanometer-wide bands were chosen on the two sides of the synaptic
membrane as an area representing membrane-associated gold particle
labeling. The reason for this is that the length of the C terminus of the
NMDARs is ~10 nm, the primary and secondary IgG antibody mole-
cules are ~10—-15 nm in length each, and the width of gold particle is 5
nm. According to our experience, gold particles may also move a few nano-
meters on the surface of the section after immunocytochemistry, which can
also cause a few nanometers shift in receptor labeling. However, this distri-
bution was also tested (see Fig. 2C), and we found that actually the majority
of all gold particles were within two 20-nm-wide bands from the postsynap-
tic membrane (median, 3.63 nm; interquartile range, 0-12.8).

SDS-digested freeze—fracture replica immunolabeling. Mice (n = 3
C57BL/6 mice; n = 2 pyramidal cell-restricted GluN1 knock-out mice)
were deeply anesthetized with sodium pentobarbital (50 mg/kg, i.p.),
followed by transcardial perfusion first with 25 mm PBS for 1 min, and
then with 2% paraformaldehyde with 15% saturated picric acid in 0.1 M
PB for 12 min. Coronal sections from the hippocampus were cut on a
Dosaka microslicer at a thickness of 130 um. The slices were cryopro-
tected in 30% glycerol in 0.1 M PB overnight at 4°C and were frozen by a
high-pressure freezing machine (HPM 100; BAL-TEC). Frozen samples
were inserted into a double replica table and then fractured into two
pieces at —140°C. Fractured faces were replicated by deposition of car-
bon (8 nm thickness), platinum (2 nm), and carbon (15 nm) in a freeze—
fracture replica machine (BAF 060; BAL-TEC). Samples were treated
with 15 mum Tris buffer, pH 8.3, containing 2.5% SDS and 20% sucrose at
80°C for 20 h. The replicas were washed in 25 mm TBS containing 0.05%
bovine serum albumin (BSA) (Nacalai Tesque) and then incubated in
blocking solution (5% BSA in 25 mm TBS) for 1 h. The replicas were then
incubated first in one of the primary antibody solutions recognizing
NMDAR subunits (rabbit; 6 wg/ml GluN1, 10 pg/ml GIuN2A, 8 pg/ml
GluN2B in blocking solution), overnight at room temperature. After
washing in TBS, replicas were incubated in the mixture of the GABA,R
33 subunit primary antibody (1:25; serum, guinea pig, raised and char-
acterized in the laboratory of R. Shigemoto) (Kasugai et al., 2010) and
gold-conjugated anti-rabbit secondary antibodies for NMDARs (1:25;
BBI; 5 nm goat anti-rabbit) overnight at room temperature. This was
followed by the gold-conjugated secondary antibodies to label GABA \Rs
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(1:25; BBI; 10 nm goat anti-guinea pig). After washing in TBS and dis-
tilled water, replicas were picked up onto pioloform-coated parallel cop-
per grids and were examined using Philips Tecnai 10 or Hitachi H-7100
transmission electron microscopes.

Delineation of GABAergic synapses on the surface of pyramidal cell
somata on replica samples. One of the advantages of replica labeling is that
a synapse does not need to be reconstructed from many of its sections,
but the whole synapse is immediately visible over the surface of the
somatic membrane (see Figs. 4, 5). Frequently, sections fracture along the
membrane of the somata, exposing intramembrane proteins. Clusters of
GABA 4R labeling are characteristic of GABAergic synapses (see Figs. 4 A,
5). In classical immunohistochemistry methods, the tissue is embedded
in resin and synapses are identified most often when cut perpendicular to
the plane of the synaptic cleft (see Figs. 3, 6). Consequently, presynaptic
and postsynaptic structures are readily visible, and delineation of the
synaptic specialization is well defined. However, synapses on replicas are
different. On the surface of freeze—fracture replicas, intramembrane par-
ticles (IMPs) (which can be observed on the surface of the cells) have a
somewhat higher density in putative GABAergic synapses compared with
the extrasynaptic surfaces. However, because not all IMP clusters define
GABAergic synapses, we exclusively used the local density of GABA,R
labeling to delineate GABAergic synapse-associated area in this study.

Briefly, after the replica samples were double-labeled with immuno-
gold particles, large areas of the pyramidal cell surfaces (~60 um?* area
from each neuron) were reconstructed at high magnification using sev-
eral (100-200) electron-microscopic photos. Using Adobe Photoshop
CS4 Extended, a radial grayscale gradient was placed around every
GABA 4R immunogold particle (this gradient looked like a disk). The
exact position of GABA ,R immunogold particle was in the center of this
gradient disk. These gradients extended 200 nm from the edge of the 10
nm gold particles. The gray values of the gradients were maximal over the
gold particles and they were zero 200 nm away (at the edge of the disks).
The decrease of the grayscale value was linear. Because these grayscale
gradients were placed over all gold particles (which labeled GABA R s),
most of them overlapped with each other (especially in synapses). Over-
lapping grayscale values were summed at each pixel of the photo of the
somatic surface, which created a new grayscale map as a function of the
local density of GABA R labeling (see Fig. 4 B) (for better demonstration,
continuous grayscales values are converted to grayscale steps). These
summed grayscale intensities visualized areas of the somatic surface,
which displayed a high GABA 4R labeling density (see Figs. 4, 5D). After
selecting an appropriate threshold of grayscale value, putative synaptic
areas could be delineated based on local GABA 4R labeling density on the
surface of neurons (see Fig. 4C). Finally, the areas of the delineated syn-
apses were measured and immunogold particles labeling NMDARs were
counted in the synapses (see Fig. 4 D).

As described above, we used two subjective parameters in these mea-
surements. The gradient disks extended “200 nm” from the edge of the
gold particles, and we selected a certain appropriate “threshold of gray-
scale value” to delineate putative synaptic areas. These two parameters
depended on the intensity of the labeling with the GABA 4R antibody and
needed to be set only once in the beginning of the measurement, so that
the delineated areas seemed to very closely approximate putative synaptic
areas. However, once these parameters were set, they were used on all
samples in all experiments, independent from the position of NMDAR
immunogold labeling. Other combinations of parameters were also
tested, which provided synaptic areas of different shape and size, but
those measurements have led to identical conclusions, likely because
NMDARs seemed to distribute evenly in these GABAergic synapses.

The main purpose of this delineation procedure was not to reproduce
exactly the same synapse definition, as it was possible by observing pre-
synaptic and postsynaptic structures in synapses cut perpendicularly to
the plane of the synaptic cleft. Here, the main purpose was to find
GABA ,R-associated areas (GABAergic synapses, in the present study)
and to delineate them in an unbiased fashion; therefore, this method
provided an unbiased approach for testing association of NMDARs to
GABAergic synapses in replica samples.

Preembedding immunogold—immunoperoxidase double labeling. For
nNOS immunolabeling, the same method was used as previously de-
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scribed (Szabadits et al., 2007), but for NMDAR labeling, animals were
perfused with 4% paraformaldehyde in 0.1 M PB. For synaptic detection
of NMDARSs, pretreatment with pepsin was essential (Watanabe et al.,
1998). Sections were incubated in 0.2 M HCl solution containing 1 mg/ml
pepsin (Dako) at 37C° for 10 min. Sections were then incubated in 50 mm
glycine (Sigma-Aldrich) and blocked in 1% HSA in TBS. Then they were
incubated only in one primary antibody or in mixtures of primary anti-
bodies for NMDAR subunits (rabbit; 1.8 pg/ml GluN1; 1.8 ug/ml
GluN2A; 1.3 png/ml GluN2B) and vGluT?3 (guinea pig; 1:3000; Millipore
Bioscience Research Reagents; AB5421) or NMDAR subunits and parv-
albumin (PV) (mouse monoclonal antibody; 1:7000; Swant) diluted in
TBS containing 0.1% BSA-c (Aurion; TBS-BSA-c) for 72 h. After re-
peated washes in pure TBS-BSA-c, sections were incubated in 1.4 nm
gold-conjugated anti-rabbit antibody solution (Nanogold Fab’ conju-
gated antibody; NanoProbes) diluted in TBS-BSA-c for 24 h. After intensive
washes in TBS-BSA-c, the sections were treated with 2% glutaraldehyde
in 0.1 M PB for 15 min to fix the gold particles into the tissue. This was
followed by incubation in silver enhancement solution (SE-EM; Aurion)
for 40 min at room temperature. The sections were incubated with bio-
tinylated secondary antibodies (goat anti-guinea pig; 1:200; Vector Lab-
oratories; or donkey anti-mouse; 1:1000; Jackson ImmunoResearch
Laboratories), respectively, for 24 h, followed by incubation in avidin—
biotinylated horseradish peroxidase complex (Elite ABC; 1:300; Vector
Laboratories) diluted in TBS for 3 h. The immunoperoxidase reaction
was developed using DAB (3,3-diaminobenzidine) (Sigma-Aldrich) as
chromogen. The sections were treated with 0.5% osmium tetroxide in 0.1
M PB on ice and were dehydrated in ascending alcohol series and in
acetonitrile and embedded in Durcupan (ACM; Fluka). During dehydra-
tion, the sections were treated with 1% uranyl acetate in 70% ethanol for
20 min. For the electron-microscopic investigations, tissue samples were
embedded into small Durcupan molds. After this, 60-nm-thick sections
were prepared using ultramicrotome (Leica EM UC6) and picked up on
single-slot copper grids. The sections were examined using a Hitachi
H-7100 electron microscope.

For the semiquantitative analyses of immunogold particles for
NMDAR subunits, we counted gold particles within the anatomically
defined GABAergic synapses and along the somatic membrane. A band
of 50 nm was chosen along the membrane as an area representing
membrane-associated receptor labeling in the digested hippocampal
samples.

Analysis. When data populations in this work had a Gaussian distribu-
tion according to the Shapiro-Wilk’s W test, we reported parametric
statistical features (mean = SD). When the correlation between gold
particles and synaptic sizes was tested, some data populations were non-
Gaussian; therefore, we used nonparametric statistics (Spearman’s R cor-
relation). These correlations were considered significant when the p level
was <0.05.

Results

NMDA induces cGMP production in GABAergic terminals in
the CAL1 subfield of acute hippocampal slices

GABAergic terminals in the hippocampus express functional NO
receptors and are able to produce cGMP (Makara et al., 2007;
Szabadits et al., 2007). We prepared acute slices from dorsal hip-
pocampi and incubated them in mACSF containing PDE-Inhs
(to avoid the hydrolysis of cGMP) and L-arginine (which is the
substrate of nNOS). After fixation, cGMP was visualized by im-
munofluorescent labeling using specific antibodies raised against
c¢GMP bound to a carrier protein. In control slices (n = 20, 10
mice), detectable levels of neuronal cGMP immunoreactivity oc-
curred only in a few interneuron (IN) somata and dendrites.
Basket cell terminal labeling was absent in the CAl region,
whereas weak and sparse basket-like terminal staining was pres-
ent in the pyramidal cell layer of CA3ab (Fig. 1A). Using double
immunofluorescent labeling, we confirmed that they were indeed
GABAergic terminals (96.5 * 2.7% of them were GAD65 posi-
tive; n = 118, 4 slices, 2 mice). However, 38.9 = 2.7% of the
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GADG65-positive basket cell terminals were cGMP positive in the
CA3ab (Fig. 2A) (n = 330, 4 slices, 2 mice). No basket-like ter-
minal staining was detected in the dentate gyrus (DG) (Fig. 1]).
Although we focused on the CA1 region, the labeling pattern was
identical in the CA3c in all experiments. Some glial cells were also
stained in each subfield, probably as a result of the well known
expression of both NO-sensitive and -insensitive guanylyl cycla-
ses by astrocytes (de Vente and Steinbusch, 1992).

Application of an NO donor, SNP (200 uMm for 10 min) caused
a large increase in cGMP labeling in most neuronal elements. It
was the strongest in basket terminals both in CA1 and CA3, but
basket terminals remained unlabeled in the DG (5 slices, 2 mice)
(Fig. 1B,]).

Then, we applied 5 um NMDA to control slices for 3 min (Fig.
1C), which resulted in a remarkable region-specific enhancement
of cGMP accumulation (27 slices, 10 mice). In addition to a
strong homogenous neuropil staining in strata radiatum and
oriens, a profound increase was detected in basket cell terminals
of CAl. After application of 5 um NMDA for only 30 s, terminals
were still labeled in the superficial 50 wm of the slices. These were
indeed GABAergic terminals in stratum (str.) pyramidale (Figs.
1K, 2A); 96.3 £ 0.6% of the cGMP terminals were GAD65 pos-
itive (n = 375, 9 slices, 3 mice), which corresponded to 57.3 =
0.6% of all GAD65-positive terminals in CA1 (n = 513, 9 slices, 3
mice). No staining was observed in the str. lacunosum-
moleculare. In the str. radiatum, some cGMP-labeled terminals,
which appeared less intensely labeled than those around pyramidal
cell somata, were also GAD65 positive. Furthermore, in the str.
radiatum and oriens, most of the weaker cGMP-immunoreactive
profiles did not coexpress GADG65 (likely representing either ex-
citatory contacts or glial processes). In the CA3ab subfield, cGMP
levels remained unchanged after NMDA application and were
limited to GABAergic terminals (95.6 * 2.5% were GAD65 pos-
itive; n = 201, 9 slices, 3 mice). This corresponds to 39.8 = 2.8%
of all GAD65-positive basket cell terminals in CA3 (n = 290, 4
slices, 2 mice) (Fig. 2A).

In summary, basket cell terminals of the DG showed no
immunoreactivity for cGMP either before or after NMDA treat-
ment (Fig. 1]). The CA3ab region had some weakly cGMP-
labeled GABAergic terminals in control slices, but NMDA
treatment had no effect on their staining intensity or density (it
changed from 38.9 to 39.8%). However, in CAl and CA3c,
NMDA had a massive effect on ¢cGMP labeling in GABAergic
axon terminals (from the original 0 to 57.3%). Furthermore, the
positive terminals were stained much stronger than in CA3ab.

Preincubation with competitive and noncompetitive NMDAR
antagonists, D-AP5 and MK-801 (50-50 uM), prevented the ef-
fect of NMDA administration in CA1 but did not affect the basket
terminal labeling in CA3ab, suggesting that only CA1 but not
CA3ab basket synapses are regulated via NMDA-induced NO
production (n = 4 slices, 2 mice) (Fig. 1 D). To test the possible
contribution of other voltage-dependent Ca** currents, we
blocked postsynaptic L- and R-type Ca** channels (20 M nifed-
ipine plus 100 nm SNX-482). The effect of 5 um NMDA did not
change (the results from double-immunofluorescent labeling
were identical), suggesting that NMDARs are necessary and suf-
ficient for triggering the NO—cGMP cascade (n = 10 slices, 2
mice) (Fig. 1E). The effect of NMDA could be completely
blocked by the preincubation of slices with a NOS blocker,
L-NAME (100 uM; n = 5 slices, 3 mice), or the NOsGC blocker,
ODQ (20 uMm; n = 14, 5 mice) (Fig. 1 F,G). To test the contribu-
tion of the potentially large number of spontaneous action po-
tentials of pyramidal cells and interneurons, these studies were



Szabadits et al. @ NMDA Receptors in GABAergic Synapses

Hippocampus
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CAT1 str. pyramidale CA3ab str. pyramidale
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Figure1.  NMDA-induced cGMP production in acute hippocampal slices. Fluorescent images
show ¢GMP immunolabeling in acute hippocampal slices. A-1, The first column shows labeling
in the whole hippocampus, and the second and third columns show only the str. pyramidale of
CA1and CA3ab, respectively. Because in some areas labeling intensity is too weak to show up in
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repeated using Mg>* -free mACSF, containing 1 um TTX, but the
results were identical. To prove the exclusive role of nNOS, we
performed experiments usingnNOS ~/~ mice as well (Fig. 1 H,T).
All neuronal cGMP labeling was absent both from control (n = 8,
4 mice) and from NMDA-treated slices (n = 9, 4 mice) in all
hippocampal regions. cGMP staining in blood vessels was still
detectable in nNOS ™/~ slices because of residual endothelial
NOS activity.

These results suggest that the most likely mechanism is that
local Ca** influx via NMDARs induces nNOS-dependent cGMP
production in GABAergic terminals in the CA1 and CA3c regions
of the hippocampus. Although the present work was focused on
the GABAergic synapses, it is important to note that NMDA-
induced cGMP production was also detectable in the neuropil of
the str. radiatum, whereas it was absent from the str. lacunosum-
moleculare of the CAl region. Interestingly, the induction re-
quirements for long-term potentiation and long-term depression
in these regions are characteristically different (Takahashi and
Magee, 2009; Xu et al., 2010), which may be partly explained by
the above-mentioned differences.

On a technical note, interpretations of previous electrophysi-
ological or pharmacological studies that involved applications of
NMDA receptor agonists or antagonists should take into account
the indirect effects on GABAergic synaptic currents as well as on
network patterns mediated by the retrograde NMDA-NO-
cGMP pathway.

GluN1, GluN2A, and GluN2B subunits are expressed in
perisomatic GABAergic synapses on CA1 pyramidal neurons
The experiments above suggested that NMDARs should be very
close to GABAergic synapses. Therefore, we performed quantita-
tive postembedding immunogold labeling for GluN1, 2A, and 2B
with antibodies that were confirmed to be specific in subunit-
specific knock-out mice (see Materials and Methods). Pyramidal
cell spines are known to express these subunits that we could also
confirm (Fig. 3A-C, right column). In addition, GluN1, 2A, as
well as 2B subunits were also clearly detectable in the postsynaptic
active zones of GABAergic synapses on pyramidal cell somata
(Fig. 3A-C, left column). The average distance of immunogold
labeling from the postsynaptic membrane, perpendicularly to the
plane of the synapses, was 3.63 nm intracellularly (median;
0-12.8 interquartile range) (Fig. 2C) (72.8% of gold particles
were postsynaptic and 27.2% were in the synaptic cleft; n = 104
gold particles), showing that NMDARs are postsynaptic in

<«

the low-power image, high-power images can more closely reflect differences in labeling in-
tensity. A, No immunostained varicosities were detected in control slices, except in CA3ab,
where some basket terminals were labeled. B, The NO donor, SNP, increased cGMP levels in all
regions, but basket terminal labeling was found only in CA1-3, but not in the DG. Note that, in
(CA3ah, more terminal labeling was induced by SNP than by NMDA treatment. C, The effect of 5
M NMDA is region specific: strong in the CA1/CA3cregions, whereas no change is detectable in
CA3ab. All terminals in the DG remained negative. D, The NMDAR blockers, MK-801 and p-AP5,
nullified the effect of NMDA but did not change labeling in CA3ab. E, Blocking postsynaptic
VDCCs (L- and R-type) did not change the effect of NMDA. F, G, The NO receptor blocker, 0DQ,
and the NOS blocker, .-NAME, prevented the NMDA-induced ¢GMP production. H, 1, In
nNOS ~/~ mice, noneuronal cGMP labeling was detected, and the administration of NMDA had
no effect on cGMP production. This shows that the NMDA-induced cGMP production is nNOS
dependent. Scale bars: /, first column, 1 mm; /, third column, 10 wm. J, cGMP production was
not observed in basket cell terminals of the DG under different experimental conditions (see also
str. granulosum in A—C). K, Double labeling in str. pyramidale of CAT after NMDA treatment
showed that cGMP-positive terminals were GAD65 positive, whereas the majority of somatic
GAD65-positive terminals were labeled for ccMP. The white arrowheads show examples of
colocalization. Scale bar: (in /, third column), J, K, 10 m.
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GABAergic synapses as well. No labeling
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A % of colocalization of GAD-cGMP labeling in basket terminals, in control and after NMDA treatment
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synapses are ~1.8 times larger than spine
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all three types of NMDAR subunits:
quantitative data

To examine the proportion of GABAergic
synapses containing NMDARs, a large num-
ber of reconstructed synapses are needed;
therefore, we performed SDS-digested freeze—
fracture replica immunolabeling. Complete
synaptic active zones are revealed on the
surface of pyramidal cell bodies, when the
lipid bilayer of the plasma membrane frac-
tures into two pieces: the exoplasmic (E)-
face underlain by extracellular surface and
the protoplasmic (P)-face underlain by cy-
toplasmic surface. An antibody against the
C terminus of the GABA R 83 subunit la-
beled dense clusters of IMPs on the P-face
(Kasugai et al., 2010). Putative GABAergic
synapses on the soma membrane, having
a high local density of GABA,R subunit immunogold labeling,
were identified by an unbiased delineation protocol (see Materi-
als and Methods) (Fig. 4). Then, using double immunogold la-
beling for GABA,R and NMDAR subunits, we estimated the
minimum proportion of GABAergic synapses that express

Figure 2.

Analysis of the distribution of NMDAR subunits and colocalizations in basket cell terminals. A, Control and NMDA-
induced cGMP labeling in CAT and CA3ab basket terminals tested for GAD65 immunoreactivity. In the CA1 area, terminals were
negative for cGMP in controls, whereas the majority of them became strongly positive after NMDA treatment [n = 513 GAD+
terminals (term.), n = 375 cGMP+ term., 3 mice]. In the CA3ab area, some of the terminals were weakly positive for <GMP (n =
330 GAD+ term.,n = 118 cGMP+ term., 2 mice), whereas the labeling did not change after NMDA treatment (n = 290 GAD+
term.,n = 201 cGMP+ term., 3 mice). B, Measurements from postembedding immunogold experiments show that the density
of NMDARs (GIuN1 subunits) are highly enriched in inhibitory GABAergic synapses (12.9 times higher), compared with the somatic
extrasynaptic membrane. Labeling density is even higher in excitatory synapses (9.7 times that of GABAergic synapses). C, The
distribution of NMDAR labeling relative to the postsynaptic membrane of GABAergic synapses showed that NMDARs are associated
to the postsynaptic membrane. We found no evidence for presynaptic NMDARs. D—F, Immunogold density for GluN1, GIuN2A, and
GluN2B subunits, measured on freeze—fracture replica of pyramidal cell somatic membranes. For all subunits, background (mea-
sured on the E-face) was negligible, whereas cytoplasmic P-face labeling was enriched in GABAergic synapses (Inhib. syn.),
compared with labeling on adjacent somatic membranes (Extrasyn. membr.). G, NMDAR subunit labeling is enriched in the
majority of the fully reconstructed somatic GABAergic synapses on freeze—fracture replica. In the pyramidal cell-specific GIuN1
knock-out mice, synaptic GluN1 labeling was absent. H, I, Percentages of direct localization of NMDAR subunits in serially recon-
structed PV- and vGluT3-positive synapses in immunogold—immunoperoxidase experiments. Note that immunoperoxidase stain-
ing for the axon terminal markers decreases the sensitivity of NMDAR labeling. preemb., Pre-embedding; lab., labeling.

NMDAR subunits. All NMDAR subunit antibodies labeled the
spines of pyramidal cells intensively (Fig. 5A—C, insets) but were
also associated with GABA ,R-containing somatic synapses (Fig.
5A-D). The background labeling was measured on somatic
E-faces, and it was found negligible (0.31 + 0.08 gold/pwm? for
GluN1, 0.79 *+ 0.16 gold/um? for GluN2A, and 0.55 = 0.18
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Figure 3. NMDAR subunits expressed in the active zone of somatic GABAergic synapses of
CA1 pyramidal cells. Electron micrographs show postembedding immunogold labeling for
NMDAR subunits (black particles). A-C, GluN1, GluN2A, and GluN2B subunits are enriched in the
postsynaptic active zones of GABAergic (left) and glutamatergic synapses (right) with large
quantitative differences. D, Serial sections of the same synapses, tested for GIuN2B and 2A
(silver enhanced gold particles). The synapse in the lower half is labeled for both subunits
(arrows), and the other synapse was only positive for GluN2A (arrowheads). E, Serial sections of
the very same synapse show immunogold labeling for GIuN2B, GluN1, as well as GIuN2A sub-
units (arrows). t, Terminal; s, soma; sp, spine head. Scale bar, 100 nm.

gold/um? for GluN2B subunits). However, the density of
NMDAR labeling in GABA 4R clustering areas (putative GABAe-
rgic synapses) was as high as 29.80 * 6.85 gold/um? (n = 82
synapses, 3 mice) for GluN1, 47.77 * 6.77 gold/um?® (n = 48
synapses, 2 mice) for GluN2A, and 45.83 = 11.58 gold/um? (n =
44 synapses, 2 mice) for GluN2B. Thus, synaptic NMDAR density
was 99.06, 62.78, and 94.79 times higher than the background for
GluNT1, 2A, and 2B antibodies, respectively (Fig. 2 D-F). Accord-
ingly, we found that 66.2 * 6.8% (n = 82), 65.5 = 11.1% (n =
48), and 70.5 * 9.6% (n = 44) of the GABAergic synapses were
GluNT1, 2A, and 2B positive, respectively (Fig. 2G), and in each of
these synapses, the subunit labeling density was at least 30 times
higher than background. The average number of gold particles
for NMDAR subunits was 3.02 = 0.51, 5.21 * 0.95, and 4.41 *
0.54 gold/synapse for GluN1, 2A, and 2B subunits in NMDAR-
positive synapses, respectively (Fig. 5). These measurements may
slightly underestimate synaptic NMDAR density compared with
other membranes, because the higher density of GABA R label-
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ing may hamper the access of NMDAR-associated immunogold
particles to synapses (see Materials and Methods).

The number of gold particles and synaptic areas showed a
significant positive correlation for each subunit (Spearman’s R
correlation; r = 0.3652, p = 0.00074 for GluN1; r = 0.5002, p =
0.00029 for GIuN2A; r = 0.4018, p = 0.0069 for GIuN2B); that is,
the larger the synapse was, the more subunits were detected in it.
The density of labeling did not change with the synaptic area
(Spearman’s R correlation; r = —0.0031, p = 0.9781 for GluN1;
r=0.1357, p = 0.3576 for GIuN2A; r = —0.2923, p = 0.0542 for
GluN2B). We could not detect any synaptic gold particles for
GluN1 on pyramidal cells of pyramidal cell-restricted GluN1
knock-out mice (Fig. 2G) (n = 34, 2 mice). However, glutama-
tergic synapses on the dendritic shafts of INs were densely labeled
in these mice (data not shown), indicating that the lack of labeling
was not attributable to technical reasons in the knock-out mice.

Because electrophysiological experiments have already sug-
gested that NMDARs may be expressed extrasynaptically (see
Discussion), we also investigated the labeling of these membranes
on the soma. The extrasynaptic NMDAR density was 6.76 * 1.72,
9.10 * 1.51, and 2.65 * 0.66 gold/um? for GluN1, 2A, and 2B
subunits, respectively. This was 4.49, 5.41, and 17.62 times lower
than synaptic labeling, butstill 22.05, 12.02, and 5.49 times higher
than background for GluN1, 2A, and 2B subunits, respectively
(Fig. 2D—F). These extrasynaptic NMDARs may be mobile re-
ceptors (Tovar and Westbrook, 2002) that may later be targeted
to GABAergic synapses, or they may be associated with lipid-raft
proteins to promote NMDAR internalization (Swanwick et al.,
2009).

Together, at least approximately two-thirds of the somatic
GABAergic synapses of CAl pyramidal cells possess NMDAR
subunits in the adult hippocampus.

NMDARSs are present postsynaptically in synapses formed by
both basket cell types

To identify the source of NMDAR-positive GABAergic synapses
and to further confirm that NMDARs are exclusively postsynap-
tic, we performed preembedding immunogold labeling experi-
ments for GluN1, 2A, and 2B subunits in the CAl area. All
NMDAR subunit labelings were postsynaptic in somatic GABAe-
rgic synapses (Fig. 6). GABAergic terminals were not labeled. The
linear density of gold particles for GluN1 labeling in somatic
GABAergic synapses was 0.520 gold/wm, whereas extrasynaptic
labeling was much lower (0.058 gold/um). This finding further
confirms—now using the preembedding technique—the specific
association of NMDARs with GABAergic synapses.

Then, we performed double immunogold—immunoperoxi-
dase experiments for NMDAR-PV and NMDAR-vGluT3. The
latter is known to be expressed only in cholecystokinin (CCK)-
containing basket cells in the hippocampus (Somogyi et al., 2004)
and labels ~90% of the CCK-positive basket terminals in the CA1
area (our unpublished observation). There is no overlap between
the CCK- and the PV-containing subsets of interneurons in the
hippocampus. First, we serially reconstructed synapses of PV-
and vGluT3-containing terminals. We found that, in the case of
the synapses established by PV-positive terminals, 42.6% (n = 47
synapses from 2 mice) were labeled for GluN1, 36.4% (n = 33,2
mice) for GluN2A, and 30.6% (n = 36, 2 mice) were labeled for
GluN2B (Figs. 6D,H,], 2H). In the case of the synapses of
vGluT3-positive terminals, 61.0% (n = 41, 2 mice) were positive
for GluN1, 42.9% (n = 28, 2 mice) for GluN2A, and 37.9% (n =
29, 2 mice) for GluN2B (Figs. 6 F, K, 21I). Although we focused
on somatic synapses in this study, some dendritic inhibitory syn-
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apses were also found to be positive for
NMDAR subunits (data not shown).

In our previous work, we demonstrated
that nNOS is present in somatic GABAergic
synapses established by PV- and CCK-
positive terminals (Szabadits et al., 2007)
(Fig. 6 E). Using colocalization experiments,
here we demonstrate directly that nNOS is
also present in synapses established by
vGluT3-positive terminals (Fig. 6G). Be-
cause the antibodies for nNOS and
NMDARs were both raised in rabbits, there
is no reliable method to directly colocalize
these antibodies. Nevertheless, the fact that
nNOS and NMDARs were found in basket
cell synapses (in a very similar proportion)
(see below) also strongly suggests that they
are colocalized in the postsynaptic compart-
ment of somatic GABAergic synapses.

Discussion

In a previous study (Szabadits et al., 2007),
we provided evidence for the presence of the
retrograde nNOS—-cGMP signaling path-
way in GABAergic synapses innervating
hippocampal CAl pyramidal cells. How-
ever, the source of a Ca*”" transient in the
postsynaptic active zone of GABAergic syn-
apses that is sufficiently large to activate
nNOS was unknown. Here, we found that
(1) NMDA administration markedly in-
creased cGMP levels in GABAergic basket
cell terminals in an NMDAR-, nNOS-, and NOsGC-dependent
manner, specifically in the CA1 and CA3c regions, whereas cGMP
accumulation was NMDA-independent in the CA3ab; (2) NMDAR
subunits GluN1, GIuN2A, and GluN2B were enriched in GABAergic
synapses, and they were exclusively postsynaptic; (3) at least two-
thirds of the somatic GABAergic synapses contained NMDAR—all
three investigated subunits—at a density that was ~10 times lower
than in glutamatergic synapses; (4) both PV- and CCK/vGluT3-
expressing basket cell terminals established synapses containing
NMDARs. These data provide evidence that local activation of
NMDARs expressed in GABAergic synapses in the CA1 subfield
can lead to the activation of the postsynaptic nNOS. Conse-
quently, the NMDAR-nNOS-NO-NOsGC-cGMP pathway
could be a potent activity-dependent regulator of the efficacy of
GABAergic synaptic transmission in the hippocampus.

Figure 4.

NMDA-induced NO signaling in hippocampal

GABAergic synapses

NMDARs and Ca>"-dependent nNOS are anchored together in
glutamatergic synapses, which ensures that nNOS can be trig-
gered in an activity-dependent manner. nNOS is also expressed
in GABAergic synapses on pyramidal cell somata and can mod-
ulate synaptic transmission (Makara et al., 2007; Szabadits et al.,
2007). Here, we examined whether NMDARs could be responsi-
ble for the activation of nNOS in GABAergic synapses and for the
subsequent production of cGMP in GABAergic terminals. Using
radioimmunoassay from hippocampal slices, other investigators
have shown that, whereas NMDA (300 uM) can induce a large
c¢GMP increase in CAl of wild-type mice, no increase was de-
tected in NOsGC a1 ~/~ mice (Taqatqeh et al., 2009). Since the
NOsGC al subunit-containing NO receptors are expressed only
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Delineation of GABAergic synapses on the surface of pyramidal cell somata on replica samples. A, Electron-
microscopic image of immunogold labeling on the somatic P-face membrane of a pyramidal cell. The clusters of immunogold
labeling for GABA, receptor 33 subunits (10 nm black particles; black arrows) associate well with clusters of IMPs (arrowheads).
NMDAR labeling (GIuN2A) was also associated with GABA,R labeling (5 nm black particles; white arrows). B, Because several
clusters of IMPs occur on the surface of somata without GABA,R labeling, we delineated synaptic areas based on high local GABA,R
labeling density. In B, red dots label the position of GABA,R labeling. Grayscale gradients visualize local GABA,R density. After
definition of a density threshold (white lines), synapse-associated areas were delineated and these unbiased rules were applied to
all measurements. Therefore, the position of NMDAR labeling could not bias the definition of synaptic areas. C, After delineation
(white lines), the position of NMDARs were labeled (yellow dots). D, Finally, NMDAR labeling (yellow dots) was quantified inside
and outside of synapses. Scale bar, 100 nm.

in GABAergic interneurons in this area (Szabadits et al., 2007),
those results clearly suggested that NMDA-induced cGMP accu-
mulation occurred primarily in GABAergic interneurons. In-
deed, we found that administration of only 5 uM NMDA to acute
hippocampal slices induced a massive accumulation of cGMP in
basket cell axon terminals. This was unlikely to be attributable to
NMDAR-mediated effects directly on interneurons, because it
remained unchanged in the presence of TTX-mediated blockade
of neuronal activity. Furthermore, it was suggested that <10 um
NMDA is unlikely to induce NO production by nNOS-positive
interneurons and, even if NO production is induced with 100 um
NMDA, TTX was able to block its effect (Lovick et al., 1999) (for
review, see Garthwaite, 2008). This suggests that it is highly im-
probable that 5 um NMDA could have any effect on NO produc-
tion of interneurons in the presence of TTX, in our experiments.
Ca** channel blockade did not change the NMDA-mediated ef-
fects in our study, suggesting that Ca*" influx via NMDARs was
sufficient. In addition, physiological experiments suggest that the
NO concentration is only 1-2 nM around the site of production
and decreases rapidly around the synapse because of the high
consumption rate of the tissue (Hall and Garthwaite, 2009).
Thus, it is unlikely that NO produced farther away than a few
hundred nanometers could affect the local signal in the axon
terminals. The NMDA-induced cGMP accumulation was com-
pletely blocked by inhibitors of NMDAR, nNOS, or NOsGC, and
was undetectable in nNOS ~/~ mice. These results suggest that
NMDARs directly associated with somatic GABAergic synapses
were responsible for activating the nNOS-NO-NOsGC-cGMP
cascade.

Although we focused on the CA1 area in this study, our results
demonstrate that the NO-dependent modulation of basket cell
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NMDARs colocalize with postsynaptic GABA,Rs on freeze—fracture replica. Electron micrographs of replicaimmunogold labeling show the postsynaptic side of GABAergic synapses

(delineated with gray lines) on CA1 pyramidal cell somata. A-C, Double immunogold labeling for GABA,R 33 subunit (10 nm gold) and NMDAR subunits (5 nm gold; arrows) revealed a strong
association of GIuNT (), GluN2A (B), and GIuN2B (C) subunits to GABAergic synapses. The insets show labeling of presumed pyramidal cell spines for the NMDAR subunit. Scale bar, 100 nm. D,
Electron micrograph demonstrates the close association of NMDARs and synaptic GABA,R. Five synapticareas are shown. IMPs are scattered all over the cytoplasmic P-face of the somatic membrane.
Two pieces of extracellular E-face membrane can be seen on the surface of the replica (blue areas). Inmunogold labeling for GABA,R 33 subunits (marked with green rings) are enriched over clusters
of IMPs. Based on the local density of GABA,R labeling, synaptic areas are delineated by the unbiased rules (pale green areas with gray edges). Then,immunogold labeling for GluN1 subunits was localized as well
(marked with red rings). Finally, the density of immunogold labeling for GIuNT subunits was calculated in synapses and extrasynaptically. Scale bar, 200 nm.

synapses operates differently in distinct regions of the hippocam-
pus. The NO donor can increase the cGMP signal in basket cell
terminals of all areas of the Ammon’s horn, but not in the DG,
suggesting that NO-mediated modulation of basket cell synapses
is possible only in the CA1-3 subfields. However, there were
striking differences between subfields even within the Ammon’s
horn. Basket terminals of the CA1 and CA3c had no basal nNOS—
c¢GMP activity, but could be massively activated by NMDA,
whereas basket terminals of the CA3ab region had some basal

activity, but that could not be activated any further by NMDA
application. Differences in NMDAR binding alone cannot ex-
plain these regional differences, because binding in CA3c is not
different from other CA3 regions, and the NMDAR binding is
high in the DG as well (Monaghan and Cotman, 1985). These
regional differences were detected in TTX-containing Mg**-free
solution as well, showing that it is unlikely to be attributable to
regional differences in the voltage sensitivity of the NMDARs. In
a previous study, high spatial resolution microinjections of
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NMDA were made close to hippocampal
principal cell bodies, and the nearby NO
concentration was detected directly by a
microsensor (Ledo et al., 2004). NO
concentrations measured in those experi-
ments correlated well with the region-specific
NMDA-induced cGMP production found
in the present study. However, our results
suggest that most of the measured differ-
ences are attributable to the massive acti-
vation of the nNOS-cGMP cascade at
local perisomatic GABAergic terminals,
rather than at glutamatergic terminals,
which are tens of micrometers away in the
str. radiatum.

NMDAR and nNOS colocalize in
GABAergic synapses

We reported previously (Szabadits et al.,
2007) that ~75% of somatic GABAergic
synapses are nNOS positive postsynapti-
cally, whereas 79% of their terminals con-
tain NO receptors (NOsGC a1pB1). Here,
we show that ~57% of these GABAergic
terminals produce cGMP after NMDA ad-
ministration, and at least ~66% of these syn-
apses express NMDAR subunits GluN1,
2A, and 2B, postsynaptically. These sub-
units did not distribute differentially in
the synapses of distinct types of basket
cell, which suggests that the NMDAR-
nNOS-NO-NOsGC-cGMP pathway ex-
ists in most somatic GABAergic synapses.

The Ca?*-dependent nNOS requires
~0.5-1 pum Ca*" concentration to pro-
duce NO (Lee and Stull, 1998). In gluta-
matergic synapses, such a large Ca®"
increase originates from the functionally
coupled NMDARs (Brenman and Bredt,
1997). The postsynaptic association of the
NMDAR and nNOS molecules can secure
an activity-dependent and spatially re-
stricted NO source in synapses, which
greatly enhances information-processing
capacity and spatial selectivity. This may
be particularly important in the synapses
formed by GABAergic interneurons that
play fundamental roles in the control of
population discharge patterns in the hip-
pocampus (Freund, 2003). Although here
we estimated that approximately five
times less NMDARs were present in
GABAergic than in glutamatergic syn-
apses, kinetic studies suggested that it was
more than sufficient to trigger presynaptic
c¢GMP accumulation because of the highly
efficient detection and amplification of
the NO signal (Garthwaite, 2008).

Both nNOS and NMDARs are an-
chored to PDZ domain-containing pro-
teins in the postsynaptic density of
glutamatergic synapses. However, a PDZ
domain-containing anchoring protein,
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Figure 6. NMDAR and nNOS colocalize in GABAergic synapses of basket cell terminals. A-C, Electron micrographs
demonstrate NMDAR subunit labeling in the postsynaptic active zone of somatic GABAergic synapses using preembedding
immunogold single staining for GluN1, GluN2A, and GIuN2B (arrows). No presynaptic labeling was found. In A, a pyramidal
cell spine (sp) synapse was also labeled. Et, Excitatory terminal; It, inhibitory terminal; Ps, pyramidal cell soma. Scale bar:
(in €) A-C, 200 nm. D-K, Preembedding immunogold—immunoperoxidase colocalizations in synapses established by PV-
and vGluT3/CCK-positive basket cell terminals. Serial (D, F, H) and single (I-K) sections of somatic GABAergic synapses
express GluN1, 2A, and 2B (arrows; gold particles) in synapses of both PV- and vGluT3-immunoreactive terminals (dark
precipitation). E, Serial sections show that PV-positive synapses also express nNOS postsynaptically, as reported previously
(Szabadits etal., 2007). G, The direct colocalization of nNOS (arrows) in the synapses of vGluT3 terminals is confirmed. Scale
bar: (in K) D-K, 250 nm.
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synaptic scaffolding molecule (SSCAM) was also found in hip-
pocampal GABAergic synapses (Sumita et al., 2007), and the in-
teraction of SSCAM with NMDAR subunits was also
demonstrated (Hirao et al., 1998). Accordingly, these proteins
may be responsible for anchoring both NMDARs and nNOS in
GABAergic synapses.

NMDAR-mediated currents have long been described in py-
ramidal cell somata, and electrophysiological data suggested that
more than one-third of all NMDARs localize outside of excitatory
synapses. Consistent with our results, recent findings suggest
that, in addition to GluN1, these receptors consist of both
GluN2A and GluN2B subunits on somata (Harris and Pettit,
2007). Here, we provided evidence that GABAergic synapses ex-
pressed all of these subunits; nevertheless, we also showed that
some of them belonged to extrasynaptic NMDARs. Pyramidal
cell somata do not receive glutamatergic synapses (Megias et al.,
2001), which further suggests that these receptors are
extrasynaptic.

Possible mechanisms for activating NMDARs in

GABAergic synapses

Glutamate and aspartate are the most potent endogenous ligands of
NMDARs. Hippocampal CCK-containing basket cells express the
glutamate transporter vGluT3 (Somogyi et al., 2004). Interestingly,
corelease of glutamate from vGluT3-positive GABAergic terminals
is crucial in the auditory system (Noh et al., 2010). Surprisingly,
some hippocampal GABAergic terminals may also release aspartate
from vesicles (Gundersen et al., 2004), and the only known vesicular
aspartate transporter has also been shown on hippocampal synaptic
vesicles (Miyaji et al., 2008). Thus, aspartate and/or glutamate, re-
leased from hippocampal GABAergic terminals, may activate
NMDARs within the GABAergic synapse itself. Although, in the
dentate gyrus, NMDARs were also revealed in somatic asymmetric
and symmetric synapses, and immunocytochemical evidence was
provided for the release of aspartate from GABAergic terminals
(Gundersen et al., 2004), the NO-mediated regulation seems to be
different there, since we did not find ¢cGMP signal in basket cell
terminals in the dentate gyrus.

Another possible mechanism for activating these NMDARSs is
the release of glutamate from astrocytes. Repetitive firing of peri-
somatic GABAergic interneurons was shown to trigger calcium
waves in neighboring astrocytes via GABA receptor activation.
As a consequence, these astrocytes released glutamate, which was
shown to change IPSCs. The effect could be blocked by iono-
tropic glutamate receptor antagonists (Kang et al., 1998).

To efficiently trigger the NMDAR-nNOS-cGMP pathway at
GABAergic synapses, the glutamate or aspartate signals should
coincide with depolarization of the somatic membrane that is
likely brought about by action potential firing. Dendritic or back-
propagating action potentials may affect distal GABAergic
synapses as well. Thus, this mechanism—also influenced by
the activation state of the astrocytic network—may allow a
modification of GABAergic transmission as a function of the
activity of both the target pyramidal cells and afferent
interneurons.
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