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Background:Mechanisms of �-aminobutyric acid type A (GABAA) receptor anchorage remain elusive.
Results:The cell adhesionmolecule neuroplastin-65 can be co-purifiedwithGABAA receptors and co-localizeswith�1,�2, and
�5 but not �3 subunits.
Conclusion: Neuroplastin-65 interacts with distinct receptor subtypes at synaptic or extra-synaptic sites.
Significance:This interactionmight contribute to a novel mechanism of GABAA receptor anchorage affecting receptor mobil-
ity and synaptic strength.

�-Aminobutyric acid type A (GABAA) receptors are pentam-
eric ligand-gated ion channels thatmediate fast inhibition in the
central nervous system. Depending on their subunit composi-
tion, these receptors exhibit distinct pharmacological proper-
ties and differ in their ability to interact with proteins involved
in receptor anchoring at synaptic or extra-synaptic sites.
Whereas GABAA receptors containing �1, �2, or �3 subunits
aremainly located synapticallywhere they interactwith the sub-
membranous scaffolding protein gephyrin, receptors contain-
ing�5 subunits are predominantly found extra-synaptically and
seem to interact with radixin for anchorage. Neuroplastin is a
cell adhesionmolecule of the immunoglobulin superfamily that
is involved inhippocampal synaptic plasticity.Our results reveal
that neuroplastin andGABAA receptors can be co-purified from
rat brain and exhibit a direct physical interaction as demon-
strated by co-precipitation and Förster resonance energy
transfer (FRET) analysis in a heterologous expression system.
The brain-specific isoform neuroplastin-65 co-localizes with
GABAA receptors as shown in brain sections as well as in neu-
ronal cultures, and such complexes can either contain gephyrin
or be devoid of gephyrin. Neuroplastin-65 specifically co-local-
izes with �1 or �2 but not with �3 subunits at GABAergic
synapses. In addition, neuroplastin-65 also co-localizes with
GABAA receptor �5 subunits at extra-synaptic sites. Down-reg-
ulation of neuroplastin-65 by shRNA causes a loss of GABAA

receptor�2 subunits at GABAergic synapses. These results sug-

gest that neuroplastin-65 can co-localize with a subset of
GABAA receptor subtypes and might contribute to anchoring
and/or confining GABAA receptors to particular synaptic or
extra-synaptic sites, thus affecting receptormobility and synap-
tic strength.

�-Aminobutyric acid type A receptors (GABAA receptors)
are the major inhibitory transmitter receptors in the central
nervous system and the site of action of benzodiazepines, bar-
biturates, neurosteroids, anesthetics, and convulsants. They are
ligand-gated ion channels composed of five subunits that can
belong to different subunit classes, thus giving rise to a multi-
plicity of GABAA receptor subtypes. The majority of these
receptors are composed of one �, two�, and two� subunits (1).
Clusters of these receptors can be found at inhibitory synapses
mediating phasic inhibition but also at extra-synaptic locations
where they mediate tonic inhibition (2, 3).
Synaptic strength can be correlated with GABAA receptor

abundance and postsynaptic localization (4) and is regulated by
the rate of receptor exo- and endocytosis (5–8). GABAA recep-
tor clusters can be stabilized by the scaffolding protein gephyrin
(9, 10) that contributes to the organization and assembly
of inhibitory synapses (11). The direct interaction between
GABAA receptors and gephyrin (12–14) allows the complex to
be anchored to the underlying postsynaptic network causing a
confined lateral diffusion of GABAA receptors (15, 16). An
alternative clustering mechanism was suggested for GABAA
receptor�5 subunits that can directly bind to the ezrin/radixin/
moesin family protein radixin (17), which in turn anchors the
receptor complex to the actin cytoskeleton. trans-Synaptic cell
adhesion systems can also promote the organization of syn-
apses, e.g.members of the immunoglobulin superfamily (18, 19)
or neurexin-neuroligin cell adhesionmolecules (20–22) induce
postsynaptic clustering at glutamatergic synapses and seem
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also to be important for driving the postsynaptic assembly at
inhibitory synapses (23–25).
Neuroplastin (np)2-65 and -55 (np65 and np55, respectively)

are cell adhesionmolecules of the immunoglobulin superfamily
that contain three or two extracellular immunoglobulin
domains, respectively (26), which are derived from alternative
splicing from a single gene. These proteins also contain a single
transmembrane and a short intracellular domain. Both np iso-
forms are enriched in rat brain membrane preparations, where
np65 is highly enriched in forebrain postsynaptic density prep-
arations, although np55 levels are reduced (27). Previous stud-
ies indicated that np65may be important for synaptic plasticity
because anti-np antibodies and recombinant np fragments
block long term potentiation in rat brain slices (28). In this
study,we show that np andGABAA receptors associate and that
np is located atGABAergic synapses.We show that synaptically
located np65 co-localizes with GABAA receptor �1 or �2 sub-
units, but not with �3 subunits, indicating a subtype-selective
association. Down-regulation of np65 causes a mismatch of
GABAA receptor �2 subunits and VIAAT at inhibitory syn-
apses. Interestingly, we also find a small amount of synaptic
clusters that containGABAA receptors and np65 but are devoid
of gephyrin. In addition, a significant amount of np65 appears
not to be localized at synapses. This was supported by the find-
ing that np65 can also co-localize with GABAA receptor �5
subunits, which are mainly found extra-synaptically. Taken
together, these results suggest that np65 can associate with a
subset of GABAA receptor subtypes and might contribute to a
mechanism of receptor clustering or anchoring that is inde-
pendent of gephyrin.

EXPERIMENTAL PROCEDURES

Plasmids—Wild-type GABAA receptor �1, �2, and �2 sub-
units were cloned into the mammalian expression vector pCI
(Promega,Madison,WI), as described previously (29), resulting
in constructs �1-pCI, �2pCI, and �2-pCI. Constructs �1-ECFP
or �1-EYFP and �2-ECFP or �2-EYFP were subcloned into the
pECFP-C1 or EYFP-C1 vectors (Clontech), by incorporating
the fluorescence tags ECFP or EYFP into the intracellular loops
of the �1 or �2 subunit, and further characterization of these
constructs was described elsewhere (30). The cDNAs of np55
and np65 were cloned into the expression vectors pRC/CMV
(Invitrogen) as described previously (26). The constructs np65-
ECFP or np65-EYFP were generated by subcloning the cDNA
of np65 into pECFP-N1 or EYFP-N1 vectors (Clontech), result-
ing in constructs containing the fluorescence tags at the C ter-
minus of the proteins. The fidelity of all constructs was verified
byDNA sequencing, and the expressionwas controlled by tran-
sient transfection of the constructs into HEK cells, followed by
immunoprecipitation, SDS-PAGE, and Western blot analysis.
The experiments were performed with each of these fluores-
cent constructs with similar results.

Antibodies—The antibodies against GABAA receptor sub-
units �1, �2, �3, �5, and �2 were generated and affinity-puri-
fied as described previously (31–33). Mouse monoclonal anti-
�2/�3 antibodies against GABAA receptor �2 and �3 subunits
were purchased from Abcam (Cambridge, UK), and rabbit
polyclonal antibodies against GABAA receptor �1 subunits
coupled with the fluorescence dye ATTO-488 were purchased
from Alomone Labs (Jerusalem, Israel). Rabbit polyclonal anti-
bodies against both isoforms of np (np55/65) as well as the
isoform-specific antibodies against np65 were generated and
used as described previously (28), and goat antibodies against
np65 were purchased from R&D Systems (Minneapolis, MN),
and mouse monoclonal antibodies against both np isoforms
(SMgp65) were a gift from Prof. P. W. Beesley (Royal Holloway
University of London, United Kingdom). Rabbit polyclonal
antibodies against full-length EGFP protein were generated
as described elsewhere (30). Mouse monoclonal antibodies
against gephyrin and guinea pig polyclonal antibodies against
VIAAT were purchased from Synaptic Systems (Göttingen,
Germany). Secondary antibodies used were anti-rabbit Bodipy
(goat), anti-mouse Cy3 (goat), and anti-guinea pig Cy5 (goat) or
anti-rabbit FITC (donkey), anti-mouse Cy3 (donkey), and anti-
goat Cy5 (donkey), all purchased from Jackson ImmunoRe-
search (West Grove, PA).
Co-purification of np and GABAA Receptor—To identify

members of synaptic np-containing protein complexes, synap-
tosomes were prepared from rat forebrain as described else-
where (34) and subsequently extracted with Tris-HCl-buffered
saline (TBS) containing 1% Triton X-100. The np was com-
pletely extracted because it is only present in the supernatant
after 100,000 � g ultracentrifugation for 1 h, and it was not
detectable in the remaining pellet. This supernatant was the
input material for immunoaffinity chromatography on an
immobilized polyclonal rabbit antiserum raised against the
intracellular domain of np or immobilized normal rabbit IgG
(Sigma) as control. Bound proteins were eluted with 0.1 M gly-
cine, 0.1% Triton X-100 and analyzed with SDS-PAGE. Bands
exclusively appearing in anti-np fraction were selected for pep-
tide mass fingerprint identification by matrix-assisted laser
desorption/ionization-time-of-flight (MALDI-TOF) mass
spectrometry (Reflex III, Bruker, Germany). A band corre-
sponding to a molecular mass of �60 kDa was identified as
GABAA receptor r�2 subunit.
Preparation of GABAA Receptor Extracts—Adult Sprague-

Dawley rats (6–8 weeks; Him:OFA/SPF, Himberg, Austria)
were sacrificed by decapitation, and their brain was rapidly
removed. Forebrains were homogenized in 5 volumes of ice-
cold homogenization buffer (10 mM HEPES, pH 7.5, 1 mM

EDTA, 1 mM benzamidine, 0.3 mM phenylmethylsulfonyl fluo-
ride (PMSF), 300 mM sucrose). The homogenate was centri-
fuged for 10min at 1,000� g, and the pellet was discarded. The
supernatant was centrifuged for 40 min at 10,000 � g. The
pellet was homogenized in 5 volumes of washing buffer
(homogenization buffer without sucrose) and centrifuged for
30 min at 45,000 � g. The pellet was suspended in washing
buffer and stored in aliquots frozen at �80 °C. GABAA recep-
tors were solubilized from rat forebrain membranes by using 5
ml/cerebrum of a deoxycholate (DOC) buffer (0.5% DOC,

2 The abbreviations used are: np, neuroplastin; ECFP, enhanced cyan fluores-
cence protein; EYFP, enhanced yellow fluorescence protein; DOC, deoxy-
cholate; IP low buffer, low salt immunoprecipitation buffer; DIV, days in
vitro; sh, small hairpin; PB, phosphate buffer; VIAAT, vesicular inhibitory
amino acid transporter.
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0.05% phosphatidylcholine, 10 mM Tris-HCl, pH 8.5, 150 mM

NaCl, 1 Complete Protease Inhibitor Mixture tablet (Roche
Diagnostics) per 50 ml). The suspension was homogenized
using an Ultra-Turrax and subsequently by pressing the sus-
pension through a set of needles with increasingly smaller
diameters using a syringe, followed by incubation under inten-
sive stirring for 45 min at 4 °C.
After centrifugation at 150,000 � g, the clear supernatant

was used for subsequent immunoprecipitation or immunoaf-
finity chromatography. For the determination of the solubiliza-
tion efficiency of individual GABAA receptor subunits, the
150,000 � g pellet was redissolved in the same volume of DOC
buffer. Aliquots of this suspension as well as aliquots from the
clear supernatant of the 150,000 � g centrifugation were sepa-
rately subjected to protein precipitation using the methanol/
chloroform method (35). Precipitated protein was then sub-
jected to SDS-PAGE and quantitativeWestern blot analysis. All
experimental protocols with animals were performed accord-
ing to local law and to the principles of laboratory animal care.
Immunoaffinity Chromatography—For investigating the

specificity of the antibodies coupled to the columns, the anti-
bodies were first tested against several other GABAA receptor
subunits in Western blot analysis to exclude cross-reactivity,
and next the antibodies were used for immunoprecipitation
and subsequent radioligand binding assay to ensure precipita-
tion of GABAA receptors. Immunoaffinity columns were pre-
pared by coupling 3–5mg of the purified rabbit polyclonal anti-
bodies �2(351–405) or anti-EGFP antibodies to 1 ml of the
ImmunoPure� Protein A IgG orientation kit (Pierce) according
to the manufacturer’s instructions. The columns were then
washed once with PBS/NaCl (150 mMNaCl, 4 mM KH2PO4, 16
mM Na2HPO4, pH 7.5), then with glycine elution buffer, pH
2.45 (0.1 M glycine-HCl, pH 2.45, 150 mM NaCl, 0.1% Triton
X-100), with IP low buffer for immunoprecipitation (IP low
buffer (50 mM Tris-HCl, 0.5% Triton X-100, 150 mMNaCl, and
1 mM EDTA, pH 8.0)), with alkaline elution buffer (100 mM

Na2HPO4, 150 mM NaCl, pH 11.5), and finally with IP low
buffer. Columns were stored protected from light in IP low
buffer containing sodium azide. Immunoaffinity chromatogra-
phy was performed at 4 °C. The immunoaffinity columns were
equilibrated in DOC extraction buffer. The extract was chro-
matographed slowly in three subsequent rounds of chromatog-
raphy using three affinity columns containing the same kind of
antibody to completely remove the respective subunit and its
associated receptors from the extract. Receptors bound to the
columnswere then eluted from the columnwith glycine elution
buffer, pH 2.45 (see above). The immunoaffinity columns were
regenerated by washing with glycine elution buffer, pH 2.45, IP
low buffer, antibody elution buffer, pH 11.5, and IP low buffer.
The eluted proteins were precipitated bymethanol/chloroform
(35), dissolved inNuPAGE sample buffer (Invitrogen), and sub-
jected to SDS-PAGE and Western blot analysis.
Cell Culture and Transfection—Transformed HEK 293 cells

(CRL 1573; American Type Culture Collection, Manassas, VA)
were grown in Dulbecco’s modified Eagle’s medium (Invitro-
gen) supplemented with 10% fetal calf serum (BioWhittaker,
Lonza), 2 mM glutamine, 50 �M �-mercaptoethanol, 100
units/ml penicillin G, and 100 �g/ml streptomycin in 75-cm2

culture dishes using standard cell culture techniques. HEK cells
(3 � 106) were transfected with a total amount of 20 �g of
subunit cDNAs via the calcium phosphate precipitation
method (36). For each co-transfection with four different
DNAs, 5 �g of cDNA was used. The expression of GABAA
receptors and np was kept constant by co-transfection with
empty pCI, pECFP, or pEYFP vectors. Cells were harvested 48 h
after transfection. For FRET experiments, 150,000 cells were
plated over 15- or 24-mm coverslips (Paul Marienfeld GmbH)
precoated with poly-D-lysine (Sigma) in a 6-well culture dish,
respectively. Cells were imaged 24 h after transfection.
Co-immunoprecipitation of Total Receptors and Cell Surface

Receptors—The culturemediumwas removed from transfected
HEK cells, and cells from four culture dishes were extracted
with 1 ml of a C12E10 extraction buffer (1% polyoxyethylene 10
lauryl ether (Sigma), 0.18% phosphatidylcholine (Sigma), 150
mMNaCl, 5mMEDTA, and 50mMTris-HCl, pH7.4, containing
one Mini Complete Protease Inhibitor mixture tablet (Roche
Diagnostics) per 10 ml of extraction buffer) for 8–12 h at 4 °C.
The extract was centrifuged for 20 min at 45,000 rpm at 4 °C.
The protein concentration of the supernatant was determined
(Pierce, BCAprotein assay kit) and then incubated for 4 h under
gentle shaking with 15 �g of �1 subunit-specific antibodies or
15 �g of anti-np antibodies. After addition of Pansorbin (for-
malin-fixed Staphylococcus aureus cells, purchased fromCalbi-
ochem, EMDBioscience Inc.) and 0.5% nonfat drymilk powder
and shaking for an additional 2 h at 4 °C, the precipitate was
washed three times with IP low buffer. Precipitated proteins
were dissolved in sample buffer (NuPAGE LDS sample buffer,
Invitrogen).
Co-immunoprecipitation of receptors expressed at the cell

surface was performed according to a previously described pro-
tocol (29). Briefly, the culture medium was removed from
transfectedHEKcells, and the cells werewashed twicewith PBS
(2.7 mM KCl, 1.5 mM KH2PO4, 140 mM NaCl, and 4.3 mM

Na2HPO4, pH 7.3). Cells were then detached from the culture
dishes by incubatingwith 2.5ml of 5mMEDTA inPBS for 5min
at room temperature. The resulting cell suspension was diluted
in 6ml of cold Dulbecco’s modified Eagle’s medium and centri-
fuged for 5 min at 1,500 rpm. The cell pellet from four dishes
was incubated with �1 (35 �g) or np55/65 (35 �g) antibodies in
3 ml of the same medium for 45 min at 37 °C. Cells were again
pelleted, and free antibodies were removed by washing three
times with 6 ml of PBS buffer. The receptors were extracted
with IP low buffer containing 1% Triton X-100 for 1 h under
gentle shaking. Cell debris was removed by centrifugation
(45,000 rpm, 20 min at 4 °C). Following protein concentration
determination, Pansorbin and 0.5%nonfat drymilk powderwas
added and shaken for 2 h at 4 °C, and the precipitatewaswashed
three times and dissolved in sample buffer (NuPAGE LDS sam-
ple buffer, Invitrogen).
To investigate a possible re-distribution of the antibodies

during the extraction procedure, in other experiments HEK
cells were transfected with wild-type �1, �3, and �2 subunits as
well as a truncated form of �2 subunits. After cell surface label-
ing by �1(1–9) antibodies, the extracts containing the cell sur-
face-labeled receptors were divided into two fractions. One
fraction was kept at 4 °C for 2 h, and the other fraction was

Interaction of GABAA Receptors and Neuroplastin-65

APRIL 20, 2012 • VOLUME 287 • NUMBER 17 JOURNAL OF BIOLOGICAL CHEMISTRY 14203



incubated with additional �1(1–9) antibodies at 4 °C for the
same time period. Pansorbin was added to both fractions, and
the resulting precipitates were centrifuged, washed, dissolved
in sample buffer, and subjected to SDS-PAGE andWestern blot
analysis. In both precipitates, full-length subunits forming
complete receptors could be detected, whereas truncated sub-
units could only be detected in the fraction where additional
�1(1–9) antibodies had been added after cell lysis (32).
SDS-PAGE andWestern Blot Analysis—SDS-PAGEwas per-

formed according to Neville and Glossmann (37) using 10%
SDS-polyacrylamide gels in a discontinuous system. For esti-
mation of the size of the proteins, pre-stained SDS-PAGE
standards (Bio-Rad) were used in separate lanes. Proteins were
blotted onto polyvinylidene difluoride (PVDF) membranes as
described previously (38). For the detection of np, the mouse
monoclonal antibody SMgp65 (28) was used. Alternatively,
rabbit polyclonal antibodies against GABAA receptor �2 sub-
units were used, which were previously labeled with digoxige-
nin using the DIG protein labeling kit (Roche Diagnostics)
according to the manufacturer’s instructions. As secondary
antibodies, either anti-mouse coupled to alkaline phosphatase
(Jackson ImmunoResearch, Suffolk, UK) or anti-digoxigenin-
alkaline phosphatase Fab fragments (Roche Diagnostics) were
used. The reaction of alkaline phosphatase was visualized with
CDP-Star (Applied Biosystems, Bedford, MA) according to the
manufacturer’s instructions. For quantitative Western blot
analysis, immunoblots were exposed to the Fluor-S MultiIm-
ager (Bio-Rad) and evaluated using the Quantity One quantita-
tion software (Bio-Rad) and Prism (Graph Pad Software Inc.,
San Diego). The linear range of the detection systemwas estab-
lished bymeasuring the antibody-generated signal to a range of
antigen concentrations. Under the experimental conditions
used, the immunoreactivities were within the linear range, and
this permitted a direct comparison of the amount of antigen per
gel lane between samples. Statistical significance was tested
using the unpaired Student’s t test.
FRET Imaging—FRETwasmeasured as described previously

(39–41). Briefly, FRET was performed using an epifluores-
cence microscope (Carl Zeiss Axiovert 200) using the “three-
filter method” (42). The images were taken using a �63 oil
immersion objective and Ludl filter wheels to allow for rapid
switching between the fluorescence excitation and emission fil-
ters for CFP (ICFP; excitation, 436 nm; emission, 480 nm, and
dichroic mirror, 455 nm), YFP (IYFP; excitation, 500 nm; emis-
sion, 535 nm, and dichroic mirror, 515 nm), and FRET (IFRET;
excitation, 436 nm; emission, 535 nm, and dichroic mirror, 455
nm). Images were captured by a CCD camera (Kappa GmbH,
Gleichen,Germany), and regions of interestwere selectedman-
ually expressing both FRET partners. Intensity (I) from the
three filter sets was obtained after background subtraction.
NFRET was calculated as shown in Equation 1,

NFRET � �IFRET � IYFP xa � ICFP xb�/��IYFP � ICFP� (Eq. 1)

where a � 23%, which is the percentage of CFP contribution to
FRET intensity, and b � 67% which is the percentage of YFP
contributing to FRET intensity.

Isolation of Primary Hippocampal Neurons—Primary neu-
rons from 17-day-old embryonic (E17) rat brains were isolated
as described previously (43). Briefly, dissected E17 hippocampi
were incubated in a trypsin/EDTA solution (Biochrom, Berlin,
Germany) at 37 °C for 10 min, washed twice with a modified
Hanks’ balanced salt solution (HBSS: 137 mM NaCl, 7 mM

HEPES, 4.2 mM NaHCO3, 0.35 mM Na2HPO4, 0.45
mM KH2PO4, 5.4 mM KCl, 1.3 mM CaCl2, 0.8 mM MgSO4, 5.5
mMD-glucose, 100 units/ml penicillin, 100mg/ml streptomycin
in double distilled H2O; pH adjusted to 7.3 with 37% HCl or 10
M NaOH) all from Merck)), and dissociated by gentle tritura-
tion. Cell counts of dissociated neurons were subsequently
determined in a Neubauer hemocytometer (Brand, Wertheim,
Germany). The neuronal cell suspension was seeded onto poly-
L-lysine-coated glass coverslips equilibrated (37 °C; 5% CO2)
and placed on a layer of feeder cells in neuronal tissue culture
medium (1� modified Eagle’s medium (Invitrogen) containing
26mMNaHCO3 (Merck), 1mM sodiumpyruvate (Sigma), 2mM

stable L-glutamine (PromoCell, Heidelberg, Germany), 33 mM

D-glucose (Merck), and 2% (v/v) B-27 supplement (Invitrogen)
in double distilledH2O).Neuronswere then incubated for up to
21 days at 37 °C, 5% CO2, and expression of np and GABAA
receptor was followed from days in vitro (DIV) 1–21. GABAe-
rgic synapses were detectable from DIV6–7 onward.
Immunocytochemistry of Dissociated Primary Neurons,

Image Acquisition, andAnalysis—DIV11–21-old neurons were
fixed for 15 min in 4% (w/v) paraformaldehyde in PBS. Cells
were then incubated for 30 min in 5% (w/v) bovine serum albu-
min (BSA, Sigma) to block nonspecific staining with or without
0.1% Triton X-100 and then incubated for 2 h with primary
antibodies in 5% BSA. Antibodies used were as follows: mouse
monoclonal antibodies directed against the extracellular
domains of GABAA receptor �2 and �3 subunits (1:100) or
rabbit polyclonal antibodies directed against GABAA receptor
�2, �3, or �5 subunits (all 5 �g/ml); polyclonal antibodies
against the extracellular immunoglobulin domains of np55 and
np65 (5�g/ml); goat polyclonal antibodies against the extracel-
lular immunoglobulin domain specific to np65 (1:500); mouse
monoclonal antibodies against gephyrin (1:500); guinea pig
polyclonal antibodies against VIAAT (1:1000), and rabbit poly-
clonal antibodies against GABAA receptor �1 subunits coupled
to ATTO-488 (1:50). After washing, cells were incubated for 45
min with secondary antibodies conjugated to appropriate fluo-
rophores. Secondary antibodies used were as follows: Bodipy-
conjugated goat anti-rabbit (1:100); Cy3-conjugated goat anti-
mouse (1:500); Cy5-conjugated goat anti-guinea pig (1:100);
FITC-conjugated donkey anti-rabbit (1:500); Cy3-conjugated
donkey anti-mouse (1:500), and Cy5-conjugated donkey anti-
goat (1:500). Fluorescent images were acquired under identical
conditions using a Leica TCS SP5 II confocal microscope using
496 nm laser (Ar, 65 milliwatt), 543 nm laser (HeNe, 1 milli-
watt), and 633 nm laser (HeNe, 10milliwatt). Images were visu-
alized using Leica software application, then subjected to
10–20 cycles of three-dimensional deconvolution using Auto-
Quant X software (Media Cybernetics, Roper Industries Ltd.),
and processed using Imaris software (Bitplane).
Immunocytochemistry of Hippocampal Sections—Adultmale

Sprague-Dawley rats (6–8 weeks; Him:OFA/SPF, Himberg,
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Austria) were injected with a lethal dose of thiopental (150
mg/kg, intraperitoneally), transcardially perfused through the
ascending aorta with 0.9% saline solution, and followed by 200
ml of chilled 4% paraformaldehyde and 15% saturated picrinic
acid in PBS over 20 min using a peristaltic pump. The brains
were removed from the skulls and transferred in 0.1 M phos-
phate buffer (PB) with 0.05% sodium azide, where they were
kept until cutting. Coronal sections (50 �m) of the hippocam-
pus were prepared on a Vibratome and stored in 0.1 M PB with
0.05% sodium azide until staining. Free-floating sections of
three different levels were used for staining. The sections were
rinsed in 0.1 M PB and transferred in TBS containing 0.1% Tri-
ton X-100. The nonspecific binding was blocked by incubation
in 20% normal horse serum for 2 h at room temperature. The
primary antibodies were diluted in 1% normal horse serum in
TBS with 0.1% Triton X-100, and the sections were incubated
for 48–72 h at 4 °C. After extensive washing, sections were
incubated with donkey anti-rabbit, donkey anti-mouse, and
donkey anti-guinea pig secondary antibodies for 4 h at room
temperature. Sections were mounted with Vectashield (Vector
Laboratories Ltd., Peterborough, UK) and examined and pho-
tographed with a confocal laser-scanning microscope (Leica
TCS SP5 II).
Generation of shRNA Constructs and Transfection into HEK

Cells and Hippocampal Neurons—Different regions of the np
immunoglobulin sequence were selected to generate shRNA
constructs using the pSuper RNAi system (OligoEngine, Seat-
tle). Small hairpin RNA (shRNA) constructs were transiently
transfected into HEK cells together with np65 constructs. HEK
cells were harvested 48 h after transfection; proteins were
extracted; np65 was precipitated as described above, and the
immunoprecipitates were subjected to SDS-PAGE and West-
ern blot analysis. The construct shRNA1 that specifically rec-
ognized a sequence within the first immunoglobulin domain
specific for np65 (5�-AACGGAATGACTTGAGGCA-3�) effi-
ciently down-regulated overexpressed np65. This construct
was chosen for transfection into primary rat hippocampal neu-
rons. At DIV5, neurons were transfected with construct
shRNA1 and pEGFP vector using the Ca2�-phosphate/DNA
co-precipitate-based method (44).

RESULTS

Neuroplastin and GABAA Receptors Associate with Each
Other—The glycoprotein np was reported to be located at syn-
aptic specializations, but its general function at post-synaptic
termini has not been fully elucidated. To investigate putative
interaction partners of np, rat brain extracts were subjected to
affinity chromatography using either a rabbit polyclonal antise-
rum against the intracellular domain of np or rabbit normal
IgG. Eluted proteins were then subjected to SDS-PAGE and
protein staining. Protein bands thatwere present in the samples
purified over np-antibody columns but not in those containing
normal IgG were identified, excised, and subsequently sub-
jected to mass spectrometry. Data from mass spectrometry
indicated a sequence that was identical to GABAA receptor �2
subunits (gi�6978869 NP_037089.1) with an apparent molecu-

larmass of about 60 kDa,3 whichwas somewhat higher than the
reportedmolecularmass of 50–53 forGABAA receptor�2 sub-
units. This demonstrated that np and �2 subunits could be
co-purified from rat brains and suggested that np and GABAA
receptors might be present in the same protein complex. This
finding prompted us to confirm the association of np with
GABAA receptors in a reciprocal experiment. To this end, rat
forebrainmembranes were extracted with DOC buffer, and the
cleared extract was loaded on immunoaffinity columns con-
taining antibodies directed against GABAA receptor �2 sub-
units. Extract, efflux, and eluate were subjected to SDS-PAGE
and Western blot analysis using digoxygenin-labeled �2 anti-
bodies. GABAA receptor �2 subunits were present in all sam-
ples, migrated as protein bands of about 50–53 kDa, and were
significantly enriched in the affinity column eluate (Fig. 1,
upper panel). Western blot analysis of the same samples using
monoclonal SMgp65 antibodies indicated that np migrated as
two distinct bands at 55 and 65 kDa representing the two
described np isoforms (26) and could be retained by and co-
eluted from GABAA receptor �2 columns (Fig. 1, lower panel).
The �2 antibodies used were specific for GABAA receptor �2
subunits as shown in control experiments using brain mem-
branes of knock-out mice that were deficient for �2 subunits
(supplemental Fig. 1A). In addition, �2 antibodies were unable
to directly precipitate np in heterologous expression systems
(supplemental Fig. 1B), whereas np antibodies could not pre-
cipitate GABAA receptor �2 subunits (supplemental Fig. 1C).
Finally, immunoaffinity columns containing antibodies directed
against EGFPcouldnot retain�2 subunits (supplemental Fig. 1D).

3 K.-H. Smalla, P. Klemmer, T. Kaehne, and E. D. Gundelfinger, unpublished
observations.

FIGURE 1. Co-purification of neuroplastin with GABAA receptor �2 sub-
units from rat brain extracts. Western blot analysis indicates the presence
of np in brain membrane extracts as well as in �2(351– 405) immunoaffinity
column efflux and eluates. Aliquots of each fraction were subjected to SDS-
PAGE and Western blot analysis using digoxigenin (DIG)-labeled �2(351–
405) antibodies (upper panel) or monoclonal mouse SMgp65 antibodies
(lower panel). The latter antibodies detected both np isoforms, np55 and
np65, that migrated as protein bands of 55 and 65 kDa, respectively (26). This
is a typical experiment performed two times with comparable results.
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Taken together, these results indicate that np was retained by the
immunoaffinity column because it was associated with GABAA
receptors containing �2 subunits.

Interestingly, only about 15% of np was found to be associ-
ated with GABAA receptors. This suggested that either the
interaction between np and GABAA receptors was only tran-
sient and/or weak, was sensitive to extraction methods, or that
only a small fraction of np is associated with GABAA receptors.

To confirm the interaction of GABAA receptors with np in a
heterologous expression system np55 or np65 expression con-
structs were co-transfected with GABAA receptor �1, �2, and
�2 subunits in HEK 293 cells. Proteins were extracted and
immunoprecipitated using antibodies against both np isoforms
(np55/65) (Fig. 2, two left panels). The precipitated complexes
were subjected to SDS-PAGE and Western blot analysis using
SMgp65 antibodies or digoxigenin-labeled �2 antibodies. np55
and np65 were expressed to a similar extent (Fig. 2, left panel),
and np55/65 antibodies could precipitate GABAA receptors as
indicated by the presence of the �2 subunit in the precipitate
(Fig. 2, 2nd panel from left). In other experiments, the same

HEK cell extracts were immunoprecipitated by antibodies rec-
ognizing GABAA receptor �1 subunits (Fig, 2, 3rd panel from
left) and subjected toWestern blot analysis using SMgp65 anti-
bodies. Conversely, �1 antibodies that did not exhibit any
cross-reactivity with other GABAA receptor subunits or np
(data not shown), precipitated np55, and np65 (Fig. 2, 3rd panel
from left). In similar experiments, we aimed at investigating
whether np-GABAA receptor complexes were found at the cell
surface. To this end, appropriately transfected HEK cells were
incubated with antibodies directed against the extracellular
domain of GABAA receptor �1 subunits, and the labeled anti-
body-receptor complexes were extracted and subjected to
immunoprecipitation. Precipitates were analyzed by SDS-
PAGE and Western blot analysis. A possible redistribution of
the antibodies during the extraction procedure could be
excluded by an experiment performed analogously to that
described by Klausberger et al. (32). Thus, we demonstrate that
np associates withGABAA receptors at the cell surface of trans-
fected HEK cells (Fig. 2, right panel). Interestingly, quantifica-
tion of the Western blot data indicated that three times more
np65 than np55 could be co-precipitated with GABAA recep-
tors from the cell surface. Therefore, for further experiments
we focused on the interaction of np65 with GABAA receptors.
Neuroplastin-65 Directly Interacts with GABAA Receptors—

To investigate whether the association of np65 with GABAA
receptors is due to a direct physical interaction or is mediated
by linker proteins, FRET studies were performed. To do so, we
generated fluorescence-tagged np65-ECFP or np65-EYFP
fusion proteins, as well as tagged GABAA �1-EYFP or �2-EYFP
receptor subunit constructs (30). Different combinations of
constructs were transfected into HEK cells (Table 1), and their
expression was investigated using an epifluorescence micro-
scope, and distinct regions where both fluorescence-tagged
proteins were clearly present were chosen to calculate their
NFRET values (see under “Experimental Procedures”). FRET
analysis of cells co-expressing np65-ECFP andnp65-EYFP indi-
cated that these fusion proteins interacted to a high extent
(Table 1), probably by forming homo-oligomers.
In addition, when np65-ECFP was co-expressed with

�1-EYFP, wild-type �2 and �2 subunits, significant NFRET
values were observed (Fig. 3 and Table 1). Significant FRETwas
also observed when np65-ECFP was co-expressed with
�2-EYFP, wild-type �1, and �2 subunits. Another unrelated
fluorescence-tagged receptor (P2X2-EYFP; see Ref. 30) showed
significantly lower NFRET values, and empty vectors expressing

FIGURE 2. Co-precipitation of recombinant neuroplastin and GABAA
receptors in HEK cells. HEK cells were transfected as indicated. Proteins were
extracted, immunoprecipitated by np (np55/65) antibodies or GABAA recep-
tor �1(1–9) antibodies, and subjected to SDS-PAGE and Western blot analysis
using monoclonal mouse SMgp65 antibodies for the identification of np55
and np65 (1st panel on the left) or digoxigenin (DIG)-labeled �2 antibodies for
detection of GABAA receptor �2 subunits. Precipitation by np55/65 antibod-
ies revealed a co-precipitation of GABAA receptor �2 subunits (2nd panel from
left), and conversely, precipitation by �1(1–9) antibodies revealed a co-pre-
cipitation of np55 and np65 (3rd panel from left). In parallel, GABAA receptors
expressed at the surface of appropriately transfected HEK cells were immu-
nolabeled by incubation with �1(1–9) antibodies and extracted under condi-
tions where the interaction with the antibody was not impaired (29). The
antibody-receptor complexes were then precipitated by adding immunopre-
cipitin and subjected to SDS-PAGE and Western blot analysis using SMgp65
antibodies. Results indicated that np55 as well as np65 could be co-precipi-
tated with GABAA receptors from the cell surface (right panel).

TABLE 1
NFRET values indicate an interaction between GABAA receptor subunits and neuroplastin
HEK cells were transfected with the fluorescence-tagged or untagged constructs as indicated.NFRET values obtained from either fluorescence-tagged np65 homo-oligomers
or from fluorescence-tagged np65 and GABAA receptor �1 or �2 subunits forming hetero-oligomers were significantly higher thanNFRET values from fluorescence-tagged
np65 and P2X2 receptors (the latter combination served as a putative negative control in these experiments, indicated as�/� interaction in the table).NFRET values are given
as mean values 	 S.E. Data are from one representative experiment investigating 1–4 regions of interest from 32 cells. A strong FRET signal (NFRET) was found for
np65-ECFP-np65-EYFP complexes (indicated as ��� interaction in the table) as well as for complexes of np65-ECFP with complete GABAA receptors containing
�1-EYFP or �2-EYFP subunits (indicated as �� interaction in the table). FRET analyses were performed three times with comparable results, each time using transfected
HEK cells from independent experiments.

Construct 1 Construct 2 Construct 3 Construct 4 NFRET Interaction

np65-ECFP np65-EYFP 0.408 	 0.07 ���
np65-ECFP �1-EYFP WT �2 WT �2 0.319 	 0.03 ��
np65-ECFP �2-EYFP WT �1 WT �2 0.353 	 0.08 ��
np65-ECFP P2X2-EYFP 0.153 	 0.04 �/�
ECFP EYFP 0.023 	 0.01 �
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only the fluorescence proteins ECFP andEYFPdid not yield any
significant FRET. These results indicated that np65 and
GABAA receptors associate and are in direct physical contact.
Neuroplastin Co-localizes with GABAA Receptors in Dissoci-

ated Primary Hippocampal Neurons—To investigate a possible
co-localization of np and GABAA receptors in hippocampal
neurons, primary neurons from 17-day-old embryonic (E17)
rat brains were isolated and seeded onto poly-L-lysine-coated
glass coverslips and then incubated for 0–21 DIV to allow
GABAergic synapse formation to occur. A time course follow-
ing the expression of np andGABAA receptors indicated a peak
of co-localization between np and GABAA receptors from
DIV8 to DIV18 (data not shown). Dissociated hippocampal
neurons were stained at DIV13, using polyclonal rabbit anti-
bodies against np55 and np65 (np55/65) as well as the mono-
clonal mouse antibody �2/3, directed against GABAA receptor
�2 and �3 subunits. Because both antibodies recognized extra-
cellular epitopes of the respective proteins and the experiment
was performed in the absence of detergents, staining indicated
thatGABAA receptors containing�2 or�3 subunits co-localize
with np (Fig. 4, A–C) to a significant extent at the cell surface.
Interestingly, although some neurites display significant
amounts of distinct puncta of co-localization (Fig. 4C1), others
show little co-localization between GABAA receptors and np
(Fig. 4C2). Quantification of these data suggested that about
26.6% of all GABAA receptor clusters in dissociated hippocam-
pal neurons are co-localized with np clusters. Further quantifi-
cation of the same data revealed that 17.6% of np co-localize
with GABAA receptor clusters in dissociated primary neurons.
These results indicate that np ismost likely not only localized at
GABAergic synapses but also elsewhere, e.g. at glutamatergic
synapses. This is not very surprising because previous results
indicated a role of np65 for �-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptor trafficking (45). To
investigate whether these clusters are found at the synapse, we
repeated these experiments (this time in the presence of deter-
gents) by triple staining, including antibodies directed against
the VIAAT that supposedly label all GABAergic synapses. As
shown in Fig. 4,D1–D4, we find regionswith distinct clusters of
np, GABA receptor, and VIAAT, indicating that these clusters
are most likely synaptically localized. The finding that only
about a fourth ofGABAA receptors co-localizewith np suggests

that np55 and/or np65 are present at only a subset of GABAe-
rgic synapses.
To study the co-localization of the np, GABAA receptor, and

VIAAT inmore detail, we subjected z-stacks of confocal images
to three-dimensional deconvolution. The fluorescence signals

FIGURE 3. FRET imaging of recombinant neuroplastin and GABAA recep-
tors in HEK cells. HEK cells were transfected with the respective fluores-
cence-tagged constructs (see also Table 1). Pictures are taken from one rep-
resentative experiment in which HEK cells were transfected with
fluorescence-tagged np65-ECFP and �1-EYFP as well as untagged �2 and �2
subunits. Images are shown in pseudo-colors representing data obtained
from epifluorescence microscopy using CFP, YFP, and FRET channels. Three
consecutive FRET analyses using three independent transfection experi-
ments yielded comparable results. Scale bar, 20 �m.

FIGURE 4. Co-localization of neuroplastin and GABAA receptors in disso-
ciated hippocampal neurons in culture. A–C, co-immunostaining in the
absence of detergents was performed on dissociated hippocampal neurons
in culture at DIV13 using polyclonal rabbit antibodies against np55 and np65
(green, top panel) and monoclonal mouse antibodies against GABAA receptor
�2/3 subunits (red, 2nd panel from top). Overlaid images from both channels
are depicted in the 3rd panel from the top (overlay). Clusters containing
GABAA receptors and np55/65 are shown in a section of a dendrite (boxed
region C1). Other dendrites contained mainly GABAA receptors and no
np55/65 (boxed region C2). The boxed regions from the 3rd panel (C, overlay)
are enlarged and shown in the two panels on the right (C1 and C2). Scale bars,
20 �m. D1– 4, co-immunostaining in the presence of detergents was per-
formed as above but included polyclonal guinea pig antibodies against
VIAAT (blue, D3). Overlaid images from all three channels are depicted in the
rightmost panel (D4, overlay). The images selected represent a section of a
dendrite with a high amount of co-localization between these three proteins
and clearly indicate synaptically localized clusters of GABAA receptors and np.
Scale bar, 3 �m. E, modeling of individual GABAergic synapses. Triple immu-
nostaining was performed on dissociated hippocampal neurons in culture at
DIV13 using polyclonal rabbit antibodies against np (green), monoclonal
mouse antibodies against GABAA receptor �2/3 subunits (red), and polyclonal
guinea pig antibodies against VIAAT (blue). Data were subjected to 20 cycles
of three-dimensional deconvolution (AutoQuant), and image processing of
cropped data displaying two individual synapses was performed using Imaris
software. The big picture (left) displays fluorescence signals after deconvolu-
tion, and the small picture shows surface modeling of the two synapses using
these fluorescence signals.
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derived from secondary antibodies recognizing the protein
complex were used for remodeling individual synapses using
Imaris software. As shown in Fig. 4E, all three proteins aremost
likely localized at the same synapse. The distinct signals of the
interaction partners of this complex suggest that np is located
adjacent to the presynaptic marker VIAAT and the postsynap-
tic GABAA receptors and appears to mediate the contact
between the pre- and postsynapse.
Neuroplastin Is Located at a Subset of GABAergic Synapses in

Dissociated Primary Hippocampal Neurons—GABAA recep-
tors expressed in hippocampal neurons co-localize with the
scaffolding protein gephyrin at inhibitory postsynapses (46–
48). Furthermore, gephyrin appears to be a critical determinant
of GABAA receptor clustering. It was therefore interesting to
investigate whether np could be found at synapses that were
labeled by antibodies against gephyrin. For this purpose, disso-
ciated hippocampal neuronswere stained atDIV13, using poly-
clonal rabbit antibodies against np55 and np65 (np55/65),
monoclonal mouse antibodies against gephyrin, and polyclonal
guinea pig antibodies against VIAAT. Triple staining indicated
the presence of distinct clusters containing np and gephyrin at
inhibitory synapses (Fig. 5, A1–A4). Interestingly, quantifica-
tion analysis revealed that only 8.5% of gephyrin clusters co-lo-
calized with np clusters, and only about 5.8% of np clusters
co-localized with gephyrin clusters, indicating a partial overlap
of np and gephyrin at GABAergic synapses.
Interestingly, when other neurites of the culture dish shown

in Fig. 5A were investigated, it could be demonstrated that
some np clusters co-localized with VIAAT but were devoid of
gephyrin (Fig. 5, B1–B4). This is in agreement with previous
findings that some GABAergic synapses might be independent
of gephyrin interaction (49, 50). To further investigate this
assumption, we labeled hippocampal neurons using fluores-
cence (ATTO-488)-coupled antibodies directed against the N
terminus of GABAA receptor �1 subunits as well as antibodies
against gephyrin and VIAAT (Fig. 5, C1–C4). Usually, in rat
brains �1 subunits are expressedmainly postnatally, and in dis-
sociated hippocampal neurons, they are only found after
DIV10–12 to a significant extent.4 As shown in Fig. 5C, some
synaptic GABAA receptor clusters contained �1 subunits as
well as gephyrin (bold arrows), whereas other synaptic GABAA
receptor clusters contained �1 subunits but were devoid of
gephyrin (thin arrows). It is thus possible that some synaptic
GABAA receptors interact with np and form clusters also in the
absence of gephyrin.
In an experiment analogous to that described for Fig. 4E,

primary hippocampal neurons were stained using antibodies
against np65, gephyrin, and VIAAT (Fig. 6D), and synapses
weremodeled using Imaris software (Fig. 6,A–C). Themodeled
individual synapses (Fig. 6E) revealed a similar topology of the
three proteins np, VIAAT, and gephyrin as seenwith antibodies
that labeled np, VIAAT, and GABAA receptors (Fig. 4E), again
suggesting that the three proteins np55/65, gephyrin, and
VIAAT were most likely localized at the same synapse.

Neuroplastin Co-localizes with GABAA Receptor �1, �2, and
�5 Subunits—The observation that only about 26% of GABAA
receptors co-localize with np prompted us to investigate
whether there is a distinct co-localization of np with certain
GABAA receptor subtypes. Because of the recent availability of
an antibody that specifically stained only the np65 isoform, we
used this antibody for immunolabeling. Thus, hippocampal
neurons in culture were stained using antibodies against np65,
VIAAT, and GABAA receptor subtype-specific antibodies4 I. Sarto-Jackson, unpublished observations.

FIGURE 5. Co-localization of a subset of neuroplastin clusters with gephy-
rin at GABAergic synapses in dissociated hippocampal neurons. Co-im-
munostaining was performed on dissociated hippocampal neurons in culture
at DIV13 using polyclonal rabbit antibodies against np (green), monoclonal
mouse antibodies against gephyrin (red), and polyclonal guinea pig antibod-
ies against VIAAT (blue). A1–A4, a section of a triple-stained dendrite is shown.
The bold arrows in the overlay panel indicate clusters where np (A1), gephyrin
(A2), and VIAAT (A3) are co-localized (A4, white). B1–B4, another section of a
different neurite is shown in which the thin arrows in the overlay panel indi-
cate clusters where np (B1) and VIAAT (B3) are co-localized (B4, cyan), but
these clusters are devoid of gephyrin (B2). C1–C4, some GABAergic synapses
are devoid of gephyrin in dissociated hippocampal neurons in culture. Co-im-
munostaining was performed on dissociated hippocampal neurons in culture
at DIV14 using ATTO-488-coupled rabbit antibodies against GABAA receptor
�1 subunits (C1, green), monoclonal mouse antibodies against gephyrin (C2,
red), and polyclonal guinea pig antibodies against VIAAT (C3, blue). Bold
arrows in the overlay panels indicate clusters containing GABAA receptor �1
subunits, gephyrin, and VIAAT (C4, white), and thin arrows indicate clusters
containing GABAA receptor �1 subunits and VIAAT (C4, cyan), which are
devoid of gephyrin. Scale bar, 2 �m.
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directed against either �1 or �2 or �3 or �5 subunits. Results
indicated that about 4% of GABAA receptor �1 subunits co-lo-
calize with np65 (Fig. 7A, bold arrow) at the synapse as indi-
cated by co-labelingwith antibodies against VIAAT.This value,
however, probably under-represents the extent of co-localiza-
tion between np65 andGABAA receptor�1 subunits due to the
background of this commercially purchased ATTO-488 �1
antibody. In addition, 7.2% of GABAA receptor �2 subunits
were found to co-localize at inhibitory synapses (Fig. 7B, bold
arrow). Interestingly, a small number of clusters containing
np65 andGABAA receptor�2 subunits could also be found that
were not stained by VIAAT antibodies (Fig. 7B, thin arrow)
indicating that there might be a minor population of GABAA
receptors containing �2 subunits that are located extra-synapti-
cally and can co-localizewith np65. In contrast, np65 andGABAA
receptor �3 subunits co-localize only to a negligible extent (Fig.
7C). Finally, 7.8%ofGABAA receptor�5 subunits co-localizewith
np65, but these clusters almost entirely lacked VIAAT staining
and were thus most likely extra-synaptically located (Fig. 7D, thin
arrow). In addition, a small number of clusters containedGABAA
receptor�5 subunits, np65, andVIAAT thus indicating their syn-
aptic localization (Fig. 7D, bold arrow).
Neuroplastin Is Localized at GABAergic Synapses in Hip-

pocampal Sections—Results from dissociated primary hip-
pocampal neurons strongly indicated that np65 is localized at
GABAergic synapses. To verify that this assumption is also
valid for GABAergic synapses in brain tissue, we performed
immunohistochemical studies of hippocampal sections of adult
rats. Immunostained sections were subjected to confocal
microscopy. Sections selected showed a strong and distinct
staining of np65 as well as GABAA receptors, and z-stacks of
these sections were then analyzed individually. Fig. 8 shows a
distinct area of the dentate gyrus where there was clear co-lo-
calization of np65, GABAA receptor�2/3 subunits, andVIAAT
(arrows in Fig. 8C4), supporting our co-localization data from

hippocampal neurons in culture. In agreement with our data
from immunostaining of dissociated hippocampal neurons,
which indicated either a strong or a weak co-localization in
different dendrites (Fig. 4C), immunostaining of other sections
of the brain tissue revealed a co-localization to a lesser extent.4
Neuroplastin Down-regulation Causes Impaired Loca-

lization of GABAA Receptor �2 Subunits at Inhibitory
Synapses—The co-localization between np65 and �2 subunits
at GABAergic synapses prompted us to evaluate the impact of
down-regulation of np65 in primary hippocampal neurons. To
this end, we generated several shRNA constructs directed
against sequences within the immunoglobulin domain of np.
To determine which construct causes an efficient down-regu-
lation of np65, we first tested the constructs in a heterologous
expression system (supplemental Fig. 2). The shRNA1 effi-
ciently down-regulated overexpressed np65 and was therefore
chosen for transfection of hippocampal neurons in culture at
DIV5 together with an EGFP construct as transfection control.
Neurons were checked for expression of EGFP and co-labeled
using antibodies against GABAA receptor �2 subunits and
VIAAT. After immunostaining, GABAergic synapses were
inspected using confocal microscopy. Results indicated that in
EGFP- and shRNA1-transfected neurons in which endogenous
np65 was presumably down-regulated, GABAA receptor �2 sub-
unit staining was more diffuse, and in some dendrites there was a
significant mismatch between �2 subunits and VIAAT (Fig. 9, A
and B, arrows). Importantly, neurons on the same coverslip that
werenot transfectedexhibitedaclearmatchbetweenwell concen-
trated postsynapticGABAA receptor�2 subunits and presynaptic
VIAAT (Fig. 9,A and B, asterisks) as expected.

DISCUSSION

Cell Adhesion Molecule Neuroplastin-65 Interacts with
GABAA Receptors—The cell adhesion molecule neuroplastin, a
member of the immunoglobulin superfamily, is enriched at

FIGURE 6. Co-localization and synaptic modeling of neuroplastin and gephyrin at inhibitory synapses. Co-immunostaining was performed on dissoci-
ated hippocampal neurons in culture at DIV13 using polyclonal rabbit antibodies against np (green), monoclonal mouse antibodies against gephyrin (red), and
polyclonal guinea pig antibodies against VIAAT (blue). Data were subjected to 20 cycles of three-dimensional deconvolution (AutoQuant), and image proc-
essing of cropped data displaying individual synapses was performed using Imaris software. A–D show the cell body of a neuron with several GABAergic
synapses. A–C show surface modeling of the synapses by Imaris highlighting only two of the respective proteins investigated, and D displays fluorescence
signals after deconvolution before image processing. An individual synapse was singled out for magnification as indicated by two lines as section markers. E,
magnification of the marked individual synapse showing fluorescence signals after deconvolution (left picture) and the small picture (inset at the right corner)
shows surface modeling of the synapse using these fluorescence signals and confirming the localization of np at GABAergic synapses. Scale bar, 2 �m.
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postsynaptic densities (28) and was previously found to play a
role at glutamatergic synapses (45). In this study, we demon-
strate that np can also interact with GABAA receptors. This
conclusion is supported by several lines of evidence. First,

GABAA receptor �2 subunits co-purify with np, and the np
isoforms np65 and np55 could be co-purified with GABAA
receptors from rat brain extracts. Second, np as well as GABAA
receptors transiently transfected into HEK cells could be co-
precipitated from cell extracts as well as from the cell surface
using antibodies against np orGABAA receptor subunits. Inter-
estingly, GABAA receptors displayed a three times higher asso-
ciation with the brain-specific isoform np65 at the cell surface
than with np55. Third, FRET analysis using fluorescence-
tagged np65 and GABAA receptor subunit proteins expressed
in HEK cells suggested a direct interaction between GABAA
receptors and np65. Fourth, GABAA receptors and np65 co-lo-
calized in embryonic hippocampal neurons in culture as well as
in hippocampal sections from adult rat brains. Taken together,
these results strongly indicate that np65 is a novel interaction
partner of GABAA receptors. Whether interaction between
these proteins already occurs intracellularly, resulting in co-
trafficking of the associated proteins to the cell surface, or
whether interaction between GABAA receptors and np65
exclusively occurs at the cell surface was not investigated in this
study. Further experiments will have to distinguish between
these possibilities.
Clusters Containing Neuroplastin-65 as Well as GABAA

Receptors Are Found at Synaptic Sites—Triple immunostaining
of cultured neurons using antibodies against np, GABAA recep-
tors, and the presynaptic marker VIAAT indicated that these
clusters were located at synaptic sites. This finding was sup-
ported by further processing of these immunocytochemical
images by deconvolution, increasingmagnification, and surface
modeling of the fluorescence signals derived from the staining
antibodies, which suggested that these proteins indeed formed
distinct complexes at synapses. Interestingly, np seemed to be
located adjacent to VIAAT as well as GABAA receptors, as
expected from cell adhesionmolecules that are usually found at
synaptic sites where they probably contribute to the develop-
mental recognition and alignment of pre- and postsynapses.
Immunolabeling studies determining the co-localization of
np65 with different GABAA receptor subtypes supported the
synaptic localization of np65. There, np65 co-localized with
GABAA receptor �1 and �2 subunits that are predominantly
found at synaptic sites and showed extensive overlap when co-
stained with antibodies against VIAAT. Finally, the synaptic

FIGURE 7. Co-localization of neuroplastin and GABAA receptor subtypes
in dissociated hippocampal neurons in culture. Co-immunostaining was
performed on dissociated hippocampal neurons in culture at DIV13 using
monoclonal mouse antibodies against VIAAT (red), polyclonal goat antibod-
ies against np65 (blue), and polyclonal rabbit antibodies directed against indi-
vidual GABAA receptor subunits (green) as indicated in the figure. A, co-stain-
ing using antibodies against GABAA receptor subunit �1. B, co-staining using
antibodies against GABAA receptor subunit �2. C, co-staining using antibod-
ies against GABAA receptor subunit �3. D, co-staining using antibodies
against GABAA receptor subunit �5. All images were taken by confocal
microscopy and were subjected to 20 cycles of three-dimensional deconvo-
lution (AutoQuant), and image processing of cropped data displaying indi-
vidual synapses was performed using Imaris software. Bold arrows generally
indicate synaptic localization of receptor clusters, and thin arrows suggest
extra-synaptic localization of clusters.

FIGURE 8. Localization of neuroplastin at GABAergic synapses in hippocampal tissue sections. A–C, immunohistochemical staining of free-floating
hippocampal brain sections from the dentate gyrus of adult male rats using rabbit antibodies that recognized np65 (B1 and C1, green), monoclonal mouse
antibodies against GABAA receptor �2/3 subunits (B2 and C2, red), and polyclonal guinea pig antibodies against VIAAT (B3 and C3, blue). All pictures were taken
by confocal microscopy. The box in the left panel (A) indicates the section that is enlarged in the four middle panels (B1–B4). The boxed area in one of the middle
panels (B4, bottom) indicates the section that is further enlarged in the four panels to the right (C1–C4). Clusters in which all three proteins, np65, GABAA receptor
�2/3 subunits, and VIAAT, are co-localized are indicated by arrows (C4). Scale bars, 25 �m (A) or 5 �m (B4) as indicated.
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localization of np65 together with GABAA receptors and
VIAAT was not only demonstrated in neuronal cells in culture
but also confirmed using sections from adult rat brains. These
results thus suggest that np65 is a cell adhesion molecule that
provides an important and novel link between the pre- and
postsynaptic side at GABAergic synapses.
Some Neuroplastin-65 Clusters Located at GABAergic Syn-

apses Are Devoid of Gephyrin—The co-localization of GABAA
receptors with np65 at GABAergic synapses raises the question
on the extent of co-localization with gephyrin. Gephyrin, by
directly interacting with GABAA receptor �2 or �3 subunits
(12–14), has been demonstrated to link receptor complexes to
the cytoskeleton. Our data from primary hippocampal neurons
indicate that 17.6% of the np clusters associate with GABAA
receptors, but only 5.8% of np clusters associate with gephyrin.
This leads to the conclusion that some clusters of np and
GABAA receptors are devoid of gephyrin. These clusters could
be located synaptically or extra-synaptically. We could indeed
demonstrate that some clusters that are located synaptically,
because they were labeled by antibodies against np65 and
VIAAT, did not contain gephyrin. Analogously, we found some
clusters containing VIAAT and GABAA receptors that were
devoid of gephyrin. These data are consistent with previous
results indicating that postsynaptic GABAA receptor clusters
can formgephyrin independently in neurons (51).We therefore
conclude that the interaction between GABAA receptors and
np65 might reflect a novel mechanism how receptors are con-
fined to particular synaptic sites without the compulsory pres-
ence of the submembranous scaffold protein gephyrin. This
confinement might contribute to receptor diffusion properties
and synaptic strength. Recently, an interaction between
GABAA receptors and the cell adhesionmolecule neurexin was

demonstrated to affect synaptic transmission (52) by possibly
interfering with GABAA receptor mobility or stabilization at
the surface during synapse maturation. Whether a similar
mechanism also holds true for clusters containing GABAA
receptors and np65 will have to be elucidated.
Clusters Containing Neuroplastin-65 and GABAA Receptors

Are Also Found at Extra-synaptic Sites—In addition to the clus-
ters that were stained by antibodies against np65, GABAA
receptor subunits, and VIAAT, we detected clusters of np65
andGABAA receptor subunits that were devoid of VIAAT indi-
cating an extra-synaptic location. Among the different GABAA
receptor subtypes, the ones containing GABAA receptor �5
subunits are mainly located extra-synaptically (17, 53) and only
to a lesser extent at synaptic sites (17, 54). Both receptor popu-
lations containing �5 subunits appeared in clustered forma-
tions at the neuronal surface. Consistent with this observation,
we demonstrated that np65 can co-localize with GABAA re-
ceptor �5 subunits and is thus most likely also located
extra-synaptically.
Previous data indicated that receptors containing �5 sub-

units are not clustered by gephyrin but by the actin-binding
protein radixin. Radixin is a member of the ezrin/radixin/moe-
sin family that directly interacts with GABAA receptor �5 sub-
units and anchors the receptors to the cytoskeleton (17). Future
experiments will have to investigatewhether np65 can be found
co-associated with radixin and �5 subunits. Interestingly, data
on other cell adhesionmolecules of the immunoglobulin super-
family indicate that they can bind to cytoskeletal adaptor pro-
teins of the ezrin/radixin/moesin family (55, 56) or ankyrin (57).
It is thus tempting to speculate that np65 could also be involved
in linking extra-synaptic GABAA receptors to the cytoskeleton
by binding to cytoskeletal adaptor proteins such as radixin, thus
modulating receptor mobility. Taken together, np65 might
contribute to the anchorage of either extra-synaptic or synaptic
receptor clusters. This assumption is further supported by the
observation that pattern search using the Eukaryote Linear
Motif server (58) revealed an amino acid sequence motif in the
intracellular C-terminal region of np65, which can be recog-
nized by proteins containing Src homology domain 3 binding
domains. Such Src homology domain 3 domains that mediate
assembly of protein complexes can often be found in scaffold-
ing proteins or kinases.
Possible Importance of the Interaction between Neuroplas-

tin-65 and GABAA Receptors—FRET experiments between dif-
ferently tagged np65 indicate that np65 displays homophilic
interactions in cis (i.e. at the same cell). This is consistent with
data from basigin, the closest related homolog of np55/65,
which also forms homo-oligomers in a cis-dependent manner
(59). Furthermore, FRET experiments as well as co-immuno-
precipitation experiments from the surface of HEK cells indi-
cate that np65 additionally displays heterophilic interactions in
ciswithGABAA receptors. A similar heterophilic association of
np55 with fibroblast growth factor receptor 1 has been previ-
ously demonstrated (60). Other data indicate that np65 can also
undergo homophilic interactions in trans, i.e. between oppos-
ing molecules at the surface of adjacent cells (28). This was
supported in this study by confocal images of triple immuno-
stained hippocampal neurons in culture aswell as by the decon-

FIGURE 9. Down-regulation of np65 causes a loss of co-localization
between GABAA receptor �2 subunits and VIAAT. Primary hippocampal
neurons were transfected with shRNA directed against np65 together with
pEGFP (upper, left panel, green). Neurons were stained 48 h after transfection
with antibodies against GABAA receptor �2 subunits (upper, middle panel, red)
and VIAAT (upper, right panel, blue). Boxed regions (A and B) show dendritic
sections of a transfected and an untransfected neuron next to each other.
Boxed regions are enlarged (bottom panels A and B). Arrows indicate mis-
matches between GABAA receptor �2 subunits and VIAAT in dendrites of
transfected neurons. Asterisks indicate a clear co-localization of �2 subunits
and VIAAT in dendrites of untransfected neurons on the same coverslip.
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volution analysis of the synaptic clusters that indicated a topo-
logical location of np across the synaptic cleft adjacent to both
GABAA receptors and VIAAT. All these observations are con-
sistent with the hypothesis that np65 as a cell adhesion mole-
cule is most likely involved in stabilizing and confining the
apposition and alignment of pre- and postsynapses. In fact,
down-regulation of np65 and the concomitant loss of co-local-
ization of GABAA receptor�2 subunits with VIAAT supports a
role for np65 in the matching fidelity of postsynaptic proteins
with their presynaptic counterparts.
Thesemultiple forms of interactions of np65 probably reflect

higher order complex formation common in trans-synaptic cell
adhesion systems as it was shown for the related neural cell
adhesion molecule (NCAM) that can undergo homophilic
trans-interactions as well as cis-interactions (61). In addition,
heterophilic interactions of cell adhesion molecules with neu-
rotransmitter receptors also seem common (20, 62–65). It is
thus tempting to speculate that such supramolecular structures
provided by trans-synaptic cell adhesion molecules function to
generate a platform for concentrating neurotransmitter recep-
tors and associated proteins. At such platforms, cell adhesion
proteins can convey information from the cell exterior to intra-
cellular signaling proteins (e.g. kinases or phosphatases), which
in turn can then regulate receptor trafficking. This speculation
is supported by previous findings that extracellular activation
(in trans) of np65 induced p38MAPK (45, 66) leading toAMPA
receptor endocytosis. Thus, np and other cell adhesion mole-
cules might trigger intracellular cascades regulating neu-
rotransmitter receptor abundance at the cell surface and thus
synaptic strength. Extending this line of arguments, Tyagarajan
and Fritschy (67) postulated that homeostasis depends on sig-
naling cascades regulating in parallel the efficacy of glutamater-
gic and GABAergic transmission, and changes in excitability at
glutamatergic synapses have to be paralleled by corresponding
changes at GABAergic synapses to avoid hyperexcitation (or
silencing) of the network. Further experiments will have to
investigate the possibility that np65 might be involved in a
homeostatic regulation of GABAA receptor trafficking. Such a
mechanism would be highly important because a perturbation
of GABAA receptor homeostasis is found under pathological
conditions, including anxiety, epilepsy, schizophrenia, and
insomnia (68–71).
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Postsynaptic clustering of major GABAA receptor subtypes requires the
�2 subunit and gephyrin. Nat. Neurosci. 1, 563–571

10. Kneussel, M., Brandstätter, J. H., Laube, B., Stahl, S., Müller, U., and Betz,
H. (1999) Loss of postsynaptic GABAA receptor clustering in gephyrin-
deficient mice. J. Neurosci. 19, 9289–9297

11. Dobie, F. A., and Craig, A. M. (2011) Inhibitory synapse dynamics. Coor-
dinated presynaptic and postsynapticmobility and themajor contribution
of recycled vesicles to new synapse formation. J. Neurosci. 31,
10481–10493

12. Tretter, V., Jacob, T. C.,Mukherjee, J., Fritschy, J. M., Pangalos,M. N., and
Moss, S. J. (2008) The clustering ofGABAA receptor subtypes at inhibitory
synapses is facilitated via the direct binding of receptor �2 subunits to
gephyrin. J. Neurosci. 28, 1356–1365

13. Tretter, V., Kerschner, B., Milenkovic, I., Ramsden, S. L., Ramerstorfer, J.,
Saiepour, L.,Maric,H.M,Moss, S. J., Schindelin,H.,Harvey, R. J., Sieghart,
W., and Harvey, K. (2011) Molecular basis of the �-aminobutyric acid A
receptor �3 subunit interaction with the clustering protein gephyrin.
J. Biol. Chem. 286, 37702–37711

14. Saiepour, L., Fuchs, C., Patrizi, A., Sassoè-Pognetto, M., Harvey, R. J., and
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71. Südhof, T. C. (2008) Neuroligins and neurexins link synaptic function to
cognitive disease. Nature 455, 903–911

Interaction of GABAA Receptors and Neuroplastin-65

14214 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 17 • APRIL 20, 2012


