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Group I metabotropic glutamate (mGlu) receptors regulate hippocampal CA1 pyramidal neuron excitability via Ca®" wave-dependent
activation of small-conductance Ca®" -activated K © (SK) channels. Here, we show that mGlu; receptors and SK2 channels coassemble in
heterologous coexpression systems and in rat brain. Further, in cotransfected cells or rat primary hippocampal neurons, mGlu; receptor
stimulation activated apamin-sensitive SK2-mediated K™ currents. In addition, coexpression of mGlus receptors and SK2 channels
promoted plasma membrane targeting of both proteins and correlated with increased mGlu; receptor function that was unexpectedly
blocked by apamin. These results demonstrate a reciprocal functional interaction between mGlu, receptors and SK2 channels that reflects

their molecular coassembly.
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Introduction

Glutamate receptors are found throughout the mammalian CNS,
where they underlie the majority of excitatory neurotransmission
(Mayer and Westbrook, 1987). There are three related subclasses
of ionotropic glutamate receptors (Hollmann and Heinemann,
1994) and a distinct family of G-protein-coupled metabotropic
glutamate (mGlu) receptors (Pin and Duvoisin, 1995). Among
the mGlu receptors, eight subtypes have been identified and cat-
egorized into three groups on the basis of their sequence homol-
ogy, pharmacological profiles, and signal transduction pathways
(Pin and Duvoisin, 1995). Group I includes mGlu, and mGlu,
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receptors, which respond to quisqualic acid as their most potent
agonist and are coupled to G./Gy, proteins, thus leading to phos-
pholipase C stimulation, IP; formation, and mobilization of
Ca?" from intracellular stores (Pin and Duvoisin, 1995). In the
brain, mGlus receptors are highly expressed in the hippocampus,
where they are mainly found at postsynaptic sites, showing peri-
synaptic localization within dendritic spines of pyramidal cells
(Lujan et al., 1996). The postsynaptic activation of mGlus recep-
tors may modulate ion channel activity to increase the excitability
of central neurons (Mannaioni et al., 2001).

Calcium-activated K™ (K,) channels may be divided into
two subfamilies based on sequence homology and gating mech-
anism (Stocker, 2004). The small-conductance Ca**-activated
K */intermediate conductance (SK/IK) channels (K.,2/3) are
strictly Ca®" dependent and calcium gating is engendered by
coassembly of the pore-forming subunits with calmodulin (Xia et
al., 1998; Stocker, 2004). The three different SK channel subtypes
are widely expressed throughout the brain while IK channel
expression is very limited (Stocker, 2004). In hippocampus, apamin-
sensitive SK2-containing channels are expressed throughout the
dendrites of CA1 pyramidal neurons. In spines apamin-sensitive
SK2-containing channels are localized to the postsynaptic mem-
brane as well as perisynaptic sites (Ballesteros-Merino et al.,
2012). The synaptic SK2-containing channels modulate synaptic
responses (Faber et al., 2005; Ngo-Anh et al., 2005) and their
protein kinase A (PKA)-dependent endocytosis contributes to
the expression of long-term potentiation (Lin et al., 2008). Inter-
estingly, in layer V pyramidal neurons, mGlu; receptor activity
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Figure1.  Codistribution of SK2 channels and mGlus receptors in the hippocampus. 4, B, Light micrographs showing immuno-
reactivity for mGlu; receptors (4) and SK2 channels (B) in the hippocampus. At the regional level, mGlu; receptors and SK2 channels
show similar patterns of expression and distribution. Immunoreactivity for both mGlu; receptors and SK2 channels is intense in
the neuropile of strata oriens (s0) and radiatum (sr), being weaker in the stratum lacunosum-moleculare (sim) and unlabeled in the
pyramidal cell layer. C-E, Coclustering of SK2 channels and mGlus receptors in dendritic spines of CAT pyramidal cells using the
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induces a long-term potentiation of in-
trinsic excitability that is mediated by de-
creased SK channel activity (Sourdet etal.,
2003).

Here we examined the relationship be-
tween mGlu, receptors and SK2 channels.
The results show that the two proteins are
very closely localized in spines of hip-
pocampal pyramidal neurons, and they
coassemble into stable complexes in the
hippocampus and in transfected cells.
Moreover, mGlu; receptor stimulation
activates SK2 channels and, surprisingly,
imparts apamin sensitivity to mGlus
receptors.

Materials and Methods

Plasmids constructs. The rat SK2 (SK2 short iso-
form; GenBank/European Molecular Biology
Laboratory/DNA Database of Japan accession
no. U69882; Kohler et al., 1996) was fused with
the cyan fluorescent protein (CFP) at the N
terminus (i.e., SK2“'") and then the yellow
fluorescent protein (YFP) was incorporated at
the C terminus (i.e., SK2 V') The mGlug
receptor constructs containing C-terminal
YFP or the Renilla luciferase (Rluc; mGlu‘SKFP
and mGluf¥, respectively) were described
previously (Gandia et al., 2008; Cabello et al.,
2009).

Immunohistochemistry for electron micros-
copy. SDS-digested freeze-fracture replica la-
beling (SDS-FRL) was performed with some
modifications (Fujimoto, 1995). Adult C57BL/6
mice of either sex were anesthetized with so-
dium pentobarbital and subjected to transcar-
diac perfusion with formaldehyde (0.5%) in
0.1 M sodium phosphate buffer. The hip-
pocampi were dissected and cut into sections

<«

SDS-FRL technique. Freeze-fracture replicas prepared from
mouse hippocampus were labeled with 5 nm (small black
dots) and 10 nm (bold black dots), or with 10 and 5 nm (E),
immunoparticles to detect SK2 channels and mGlug receptors.
Both SK2 channels and mGlu; receptors are immunolabeled
with antibodies directed against epitopes at the intracellular
Cterminus, so the two proteins can be detected at the proto-
plasmic face (P-face) of the plasma membrane. The exoplas-
mic face (E-face) is free of any immunolabeling. Clusters of
immunoparticles for SK2 channels were detected in dendritic
spines in the stratum radiatum in close proximity or intermin-
gled with mGlus receptors. F, Quantitative analysis using the
SDS-FRL technique, showing the nearest neighbor distance
(NND) among the same and different type of labeling. The
distance between immunoparticles for SK2 channels and
mGlus receptors are statistically (***p << 0.001, 1-way ANOVA
with a Bonferroni’s post hoc test) shorter than distances be-
tween immunoparticles for SK2 channels or for mGlus recep-
tors. Thus, this analysis demonstrated a spatial association
between SK2 channels and mGlu, receptors. G, H, The anti-
body specificity was controlled and confirmed in replicas of
SK2 channel-null mice (G) or mGlus receptor-null mice (H) that
were free of any immunolabeling. Den, Dendritic shafts of
pyramidal cells. Scale bars: A, B, 0.5 cm; C, E, G, 0.2 um; D,
H,0.1 pm.
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Figure 2.  Association of mGlug receptors and SK2 channels. A, Coimmunoprecipitation of mGlu, receptors and SK2 channels

from rat hippocampus. Solubilized extracts from rat hippocampus were subjected to immunoprecipitation analysis using rabbit
anti-flag antibody (2 wg; lane 1), rabbit anti-mGlug receptor antibody (2 w.g; lane 2), and rabbit anti-SK2 channel antibody (2 r.g;
lane 3). Extracts (Crude) and immunoprecipitates (IP) were analyzed by SDS-PAGE and immunoblotted (IB) using a rabbit anti-
mGlus receptor antibody (1 tg/ml) or guinea pig anti-SK2 channel antibody (1 tg/ml). An HRP-conjugated anti-rabbit IgG
TrueBlot (1:1000; IB: anti-mGlus) or an HRP-conjugated goat anti-guinea pig IgG (1:30,000; IB: anti-SK2) was used as a secondary
antibody. The immunoreactive bands were visualized by chemiluminescence. B, Codistribution of mGlu, receptors and SK2 chan-
nels expressed in HEK-293T cells. Cells were transiently transfected with the cDNAs encoding SK2 " channels plus the mGluY™
receptors and analyzed by double fluorescence with a confocal microscope. Superimposition of images (merge) reveals a high
codistribution of SK2 " channels and the mGlu}'* receptors. Scale bar, 10 wm. €, Coimmunoprecipitation of mGlus receptors and
SK2 channels from HEK-293T cells. Cells were transiently transfected with SK2 Y7/ channels (lane1), SK2 YF*/FF channels plus
mGlug receptors (lane2), or mGlug receptors (lane 3) and processed for immunoprecipitation using mouse anti-GFP antibody (1
ug; IP: anti-SK2) or rabbit anti-mGlus receptor antibody (1 ug; IP: anti-mGlus). Extracts (Crude) and immunoprecipitates (IP)
were analyzed by SDS-PAGE and immunoblotted (IB) using a rabbit anti-SK2 channel antibody (1 .g/ml; IB: anti-SK2) or a rabbit
anti-mGlus receptor antibody (1 wg/ml; IB: anti-mGlug). An HRP-conjugated anti-rabbit IgG TrueBlot (1:1000) was used as a
secondary antibody. The immunoreactive bands were visualized by chemiluminescence.

120 pm thick by a Microslicer (Dosaka). Replicas were obtained as de-
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immunogold labeling, the replicas were imme-
diately rinsed three times with 0.1% BSA/TBS,
washed twice with distilled water, and picked
up onto grids coated with pioloform (Agar Sci-
entific). Ultrastructural analyses were per-
formed in a Jeol-1010 electron microscope. To
determine the distance between SK2 channel
and mGlus receptor immunoparticles, the
nearest neighbor distances between the 5 nm
gold particles (SK2 channels) and the 10 nm
gold particles (mGlug receptors) were mea-
sured. Distances between the two particles
were then compared with distances between
immunoparticles for SK2 channels alone or
for mGlu, receptors.

Cell culture, transfection, and membrane
preparation. HEK-293T cells were transiently
transfected using either TransFectin Lipid Re-
agent (Bio-Rad Laboratories) or GeneJuice
(EMD Chemicals). Membrane suspensions
from transfected HEK-293T cells or rat hip-
pocampus were obtained as described previ-
ously (Giménez-Llort et al., 2007). Primary
hippocampal neurons were cultured from
0-3-d-old rats as previously described (Nassir-
pour et al.,, 2010). Neurons were kept at 5%
CO,, 37°C, and 95% humidity for 21 d before
the experiments. AraC (5 um; Sigma-Aldrich)
was added on 3 DIV.

Coimmunoprecipitation and immunocyto-
chemistry. For coimmunoprecipitation experi-
ments, membranes from hippocampus obtained
from rats of either sex or from transiently trans-
fected HEK-293T cells were solubilized in ice-
cold radioimmunoassay (RIPA) buffer (150
mmMm NaCl, 1% NP-40, 50 mm Tris, 0.5% so-
dium deoxycholate, and 0.1% SDS, pH 8.0) for
30 min on ice and processed as previously
described (Martin et al., 2010). Immune com-
plexes were dissociated, transferred to polyvi-
nylidene difluoride membranes and probed
with the indicated primary antibodies fol-
lowed by horseradish-peroxidase (HRP)-
conjugated secondary antibodies (TrueBlot;
1:1000; eBioscience). The immunoreactive
bands were detected using Pierce ECL Western
Blotting Substrate (Thermo Fisher Scientific)
and visualized in a LAS-3000 (FujiFilm Life
Science).

For immunocytochemistry, primary cul-
tures of rat hippocampal neurons growing on
coverslips were fixed in 4% paraformaldehyde
for 15 min and exposed to guinea pig anti-SK2
channel antibody (1 ug/ml) plus a rabbit anti-
mGlu; receptor antibody (1 ug/ml; Millipore).
Primary antibodies were detected using a Cy2-
conjugated donkey anti-rabbit antibody (1:
200; Jackson ImmunoResearch Laboratories)
and Cy3-conjugated donkey anti-guinea pig

scribed previously (Tarusawa et al., 2009). Replicas were transferred to
2.5% SDS containing 0.0625 M Tris and 10% glycerol, pH 6.8, for 16 h at
80°C with shaking, and then washed and reacted with a mixture of poly-
clonal guinea pig antibody for SK2 (Ballesteros-Merino et al., 2012) and
polyclonal rabbit antibody for mGlug receptors (Uchigashima et al.,
2007) at 15°C overnight. Following three washes in 0.1% BSA in TBS and
blocking in 5% BSA/TBS, replicas were incubated in a mixture of second-
ary antibodies coupled to gold particles (British Biocell International)
overnight at 4°C. When one of the primary antibodies was omitted, no
immunoreactivity for the omitted primary antibody was observed. After

antibody (1:200; Jackson ImmunoResearch Laboratories). Coverslips
were rinsed for 30 min, mounted with Vectashield immunofluorescence
medium (Vector Laboratories), and examined using a Leica TCS 4D
confocal scanning laser microscope (Leica Lasertechnik; Lujan and Ciru-
ela, 2001). For detection of fluorescent constructs, HEK-293T cells were
fixed with 1% paraformaldehyde for 10 min. Cells on coverslips were
mounted and examined as described above.

Bioluminescence resonance energy transfer and microscopic fluorescence
resonance energy transfer measurements. For bioluminescence resonance
energy transfer (BRET) experiments, HEK-293T cells expressing the indi-
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cated constructs were rapidly washed, detached,

Photobleaching a 500 nm

SK2CFP+mGlugYF?

and resuspended in HBSS buffer (137 mm
NaCl, 5 mm KCl, 0.34 mm Na,HPO,, 0.44 mm
KH,PO,, 1.26 mm CaCl,, 0.4 mm MgSO,, 0.5
mum MgCl,, 10 mm HEPES, pH 7.4) containing
10 mM glucose. Cell suspensions (20 ug of pro-
tein) were distributed in duplicate into 96-well
microplate black plates with transparent bot-
toms (Corning 3651, Corning) for fluores-
cence measurement, or white plates with
white bottoms (Corning 3600, Corning) for
BRET determination. For BRET measurement,
h-coelenterazine substrate (Prolume) was
added to a final concentration of 5 uM, and
readings were performed 1 min later (POLAR-
star Optima plate-reader, BMG Labtech),
which allowed the simultaneous integration of
the signals detected with two filter settings [485
nm (440-500 nm) and 530 nm (510-560 nm)].
The BRET ratio was defined as previously de-
scribed (Canals et al., 2003; Ciruela et al., 2004).
Fluorescence resonance energy transfer (FRET)
between SK2* channels and mGluY*" recep-
tors was determined by donor recovery after
acceptor photobleaching, in which FRET is re-
vealed as a significant increase in the fluores-
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brief, transiently transfected HEK-293T cells
seeded into 18-mm-diameter glass coverslips
were mounted in an Attofluor holder and
placed on an inverted Axio Observer micro-
scope (Zeiss Microimaging) equipped with a
63X oil-immersion objective and a dual-
emission photometry system (TILL Photon-

Figure 3.

channels (480 nm, blue) and mGlug ™" receptors (535 nm, yellow) from single cells expressing both SK

Oligomerization of mGlug receptors and SK2 channels in HEK-293T cells. A, Determination of the mGlus receptor and
SK2 channel oligomerization by FRET experiments in living cells. SK
HEK-293T cells, and fluorescence images of CFP and YFP were recorded before (pre) and after (post) the YFP was photobleached by
15 min of exposure to light at 500 nm to corroborate the extent of acceptor photodestruction (left). Emission intensities of SK2

YFP

2% channels and mGlu}

receptors were expressed in

YFP YFP

2P channels and mGlu}

ics). The cells were then illuminated with light
from a polychrome V monochromator (Till
Photonics). The excitation light was set at
436 £ 10 nm [beam splitter dichroic long-pass
(DCLP) of 460 nm], and the excitation time
was 10 ms at 10 Hz to minimize photobleach-
ing. The emission light intensities were re-
corded at 535 * 15 nm (F s35)) and 480 = 20
nm (Fgy beam splitter DCLP of 505 nm).
The FRET efficiency between the donor (CFP)
and acceptor (YFP) fluorophores was deter-

receptors were recorded before and after YFP photobleaching (right) to determine the FRET efficiency. Scale bar, 10 wm. B,
Quantification of the FRET efficiency of different FRET pairs and expression ratios: SK2 " (1 wg) alone (n = 10) orin the presence
of mGIuY™ (1 wg, n = 15;2 wg, n = 10;and 4 g, n = 7) orin the presence of (D4 (4 wg; n = 10). The data indicate the
mean * SEM. The asterisks denote data significantly different from the SK2 ° plus (D4 Y cotransfection (*p < 0.05, **p <
0.01,***p < 0.001, 1-way ANOVA with a Bonferroni's post hoc test). €, BRET-based study of receptor— channel heteromerization
in HEK-293T cells. BRET was measured in HEK-293T cells coexpressing mGluf™ receptors plus SK2 """ channels (blue circle) or
mGluf™ receptors plus GABA,R Y (red circle). Cotransfections were performed with increasing amounts of the YFP-tagged
vectors while the mGluf™™“ was maintained constant. Both fluorescence and luminescence of each sample were measured before
every experiment to confirm equal expression of Rluc construct while monitoring the increase of YFP expression. Plotted on the
x-axis is the fluorescence value obtained from the YFP, normalized with the luminescence value of mGIu’éIuc 10 min after

h-coelenterazine incubation. Plotted on the y-axis is the corresponding BRET ratio (< 1000). mBU, mBRET units. Data shown are

mined according to the following equation:
FRET frcieney = 1 — (CFP,,/CFP,,), where
CFP,,. and CFP,, are the CFP emissions (F,s,)) before and after pho-
tobleaching YFP by 15 min of illumination at 500 nm. GraphPad Prism
(GraphPad Software) software was used for the data analysis.
Biotinylation of cell-surface proteins. Cell-surface proteins were biotin-
ylated as previously described (Ciruela et al., 2000). Biotinylated cell
membranes were solubilized in ice-cold RIPA buffer and centrifuged at
14,000 X g for 20 min. The supernatant was incubated with 80 ul of
streptavidin-agarose beads (Sigma-Aldrich) for 1 h with constant rota-
tion at 4°C. The beads were washed and processed for immunoblotting.
Intracellular calcium determinations. The mGlu, receptor-mediated
intracellular Ca** accumulation was assessed by means of a luciferase
reporter assay as previously described (Borroto-Escuela etal., 2011) or by
Fluo4. For the nuclear factor of activated T-cells (NFAT) luciferase re-
porter assay, Bright-Glo (Promega) was added to the transfected cells 1:1
(v/v), and the luciferase activity was determined in a POLARStar Optima
plate-reader using a 30-nm-bandwidth excitation filter at 535 nm. Firefly
luciferase luminescence was measured over a 15 s reaction period. Rluc
luminescence was measured as described above. Firefly luciferase values
were normalized against Rluc. For the Fluo4 determinations, transiently
transfected HEK-293T cells were lifted and plated in 96-well black plates

the mean = SEM of a representative experiment performed in triplicate.

with transparent bottoms. Cells were incubated with the Fluo4-NW Cal-
cium Assay Kit (Invitrogen) following the instructions of the manufac-
turer, washed with HBSS, and incubated in presence or absence of
apamin (100 nm). Fluorescence signals were measured at 530 nm during
45 s while injecting L-glutamate (1 mm) and ionomycin (5 um) at seconds
5 and 25 respectively, using a POLARstar Omega plate reader. The spe-
cific L-glutamate-induced Fluo4 signal (F) was expressed as percentage of
the signal elicited by ionomycin (F;) in each experimental condition.

IP, assay in hippocampal neurons. Hippocampal neurons growing in
six-well plates were incubated with 50 mwm LiCl for 10 min before being
activated with the indicated compounds for 1 h. Neurons were lysed in
buffer containing Phosphatase Inhibitor Cocktail 2 (Sigma-Aldrich) and
the lysates transferred into a 384-well plate. Subsequently, the IP, assay
components (Cisbio) were added following the manufacturer’s instruc-
tions. The FRET signal, calculated as previously described (Martin et al.,
2010), was transformed into the accumulated IP, using a calibration
curve prepared on the same plate and presented as the fold increase over
the basal levels of IP,.

Electrophysiology. Coverslips with transfected cells expressing SK.

channels plus eYFP or mGluY"® receptors were mounted in an Attofluor

2 CFP
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SK2 channel activity in HEK-293T cells. A, B, Representative inward rectifying current—voltage curve recorded from patch-clamp voltage-clamped HEK-293T cell transiently expressing

the SK2 channels alone (4) or SK2 channels plus the mGlus receptors (B). Cells were transiently transfected with the <DNA encoding the untagged channels and receptors plus the GFP protein to aid
in the localization of transfected cells. Cells were clamped at 0 mV in a symmetrical K buffer (K *Ji = [K ]o) and voltage ramps over a membrane potential range of —80 to 80 mV were
performed (lower inset) in the presence (A) or absence (B) of calcium. In 4, electrodes were filled with an internal solution composed of the following: 120 mm KCI, 10 mm HEPES, 10 mm EGTA, 1.5
mu Na,ATP, 9.65 mu CaCl,, 2.34 mm MgCl,, pH 7.4, adjusted with KOH. Cells were bathed in an external solution containing the following: 120 mum KCl, 10 mmHEPES, 10 mum EGTA, 6.19 mm CaCl,, 1.44
mu Mg(l,, pH 7.4, with KOH. In B, electrodes were filled with an internal solution composed of the following: 140 mm KCI, 10 mm HEPES, 0.05 mm EGTA, 1.5 mm Na,ATP, 2.34 mm MgCl,, pH 7.4,
adjusted with KOH. Cells were bathed in an external solution containing the following: 140 mm KCl, 10 mm HEPES, 10 mm EGTA, 2.5 mm Cadl,, 1.2 mm MgCl, pH 7.4, with KOH. Apamin (100 nm)
reduced both SK2 channel-mediated K * currents in the presence of calcium (A) and glutamate (L-glut, 1 mm)-mediated activation of SK2 channel in the absence of calcium (B). €, Quantification of
the current differences observed in A and B. The current at the potential of —80 mV was quantified and expressed as mean == SEM (n = 4). The asterisks denote data significantly different (*p <

0.05, ***p < 0.001, 1-way ANOVA with a Bonferroni’s post hoc test).

holder, placed on an inverted Axio Observer microscope, and continu-
ously superfused. Electrodes (4—6 M()) were fabricated from borosili-
cate glass (GC120F-10; Harvard Apparatus). Whole-cell voltage-clamp
recordings were made using electrodes filled with an internal solution
composed of the following: 120 mm KCl, 10 mm HEPES, 10 mum ethylene
glycol tetraacetic acid (EGTA), 1.5 mm Na,ATP, 9.65 mm CaCl, (esti-
mated free [Ca*™];, 1 um), 2.34 mm MgCl,, pH 7.4, adjusted with KOH.
Cells were then bathed in a control external solution that consisted of the
following: 120 mm KCI, 10 mm HEPES, 10 mm EGTA, 6.19 mm CaCl,
(estimated free [Ca“]i, 60 nm), 1.44 mm MgCl,, pH 7.4, with KOH.
Recordings of whole-cell current were filtered at 2 kHz using an Axo-
patch 200B amplifier and a Digidatal440A Series interface board and
analyzed off-line using pClamp10 software (Molecular Devices). All
drugs were applied in the superfusing solution at the indicated
concentrations.

For recordings from primary hippocampal neurons, coverslips were
mounted in a custom-built recording chamber placed on the stage of an
inverted microscope (IX50, Olympus). Cells were continuously super-
fused with an extracellular solution containing the following: 140 mm
NaCl, 3.5 mm KCI, 10 mm HEPES, 1 mum tetraethylammonium, 20 mm
p-glucose, 2.5 mm CaCl,, and 1.5 mm MgClL,, pH 7.4, with NaOH (300—
305 mOsmol/kg at 20°C). Intracellular electrodes were filled with a solu-
tion containing the following: 135 mm K-gluconate, 10 mm KCl, 10 mm
HEPES, 1 mm MgCl,, 2 mm Na,-ATP, 0.4 mm Na;-GTP, pH 7.2, with
KOH (280-290 mOsmol/kg). To suppress the slow Ca**-dependent K *
afterhyperpolarization current, 50 um CPT-cAMP was included in the
intracellular solution. Interestingly, 8-(4-chlorophenylthio)-cAMP-
mediated activation of PKA does not affect hippocampal SK2 channels
that are activated by somatic voltage clamp (J.P. Adelman, unpublished
observations). Voltage-clamp experiments were performed on pyrami-
dal cells at 21 DIV and currents were filtered at 1 kHz and recorded at 2
kHz using an Axopatch 200B and a Digidatal440A interface board and
pClamp10 software. Neurons were clamped at a membrane holding po-
tential of —50 mV and repetitively depolarized to +30 mV for 200 ms at
a frequency of 0.03 Hz to activate voltage-gated Ca*" channels. After
each depolarization, the membrane potential was stepped back to —50
mV, where the apamin-sensitive SK current I, was observed as an out-
ward tail current. Experiments were conducted in the presence of 0.5 um

TTX, 50 um APV, and 50 um NBQX to block voltage-gated Na * chan-
nels, NMDA receptors, and AMPA receptors, respectively. (R,S)-2-
chloro-5-hydroxyphenylglycine (CHPG; 1 mm) was bath applied to
activate mGlus receptors. At the end of the experiment, apamin (100 nm)
was applied to block the SK current. Series resistance (11-20 M{}) was
monitored at regular intervals throughout the recording and presented
minimal variations (10-18%) in the analyzed cells. Data are reported
without corrections for liquid junction potentials and was analyzed using
IGOR Pro (Wavemetrics) together with Neuromatic (Jason Rothman,
University College London).

Statistics. The number of samples () in each experimental condition is
indicated in figure legends. When two experimental conditions were
compared, statistical analysis was performed using an unpaired ¢t test.
Otherwise, statistical analysis was performed by one-way ANOVA
followed by Bonferroni’s post hoc test. Statistical significance was set
as p < 0.05.

Results

Coclustering of SK2 channels and mGlu, receptors in
dendritic spines

Light-level immunohistochemistry showed that SK2 channels
and mGlu; receptors are widely distributed throughout the hip-
pocampus, with particularly high expression in the CA1 region
(Fig. 1A,B). Using high-resolution immunoelectron micros-
copy, we previously reported, separately, the localization of SK2
channels (Lin et al., 2008; Ballesteros-Merino et al., 2012) and
mGlus receptors (Lujan et al., 1996, 1997) in dendritic spines of
hippocampal pyramidal cells. Thus, we showed that SK2 chan-
nels reside in both the postsynaptic membrane and in presynaptic
sites, while mGlu; receptors are mainly localized perisynaptically
(Lujan et al., 1997; Lin et al., 2008; Ballesteros-Merino et al.,
2012). To determine their relative spatial relationship within the
spine compartment, we performed immunogold electron mi-
croscopy using SDS-FRL (Fujimoto, 1995). Immunoparticles
for SK2 channels and mGlug receptors were localized at the pro-
toplasmic face (Fig. 1C), reflecting the intracellular location of
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the epitopes for the two proteins. Inaddi- A
tion, immunogold particles for both pro-
teins were concentrated in dendritic
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Control experiments used IgG for immuno-
precipitation and validated specificity (Fig.
2A, TP: 1, IB: anti-mGluR;). These results
demonstrate that SK2 channels and mGlug
receptors closely colocalize in spines and
coassemble into stable protein—protein
complexes in the hippocampus.

SK2 channels and mGlu, receptors
coassemble in HEK-293T cells

Figure 5.  SK2 channels potentiate mGlus receptor cell-surface targeting. A, HEK-293T cells were transiently transfected with
SK2 ¥ channels (lane 1), mGlu*" receptors (lane 2), or SK2 " plus mGlu¥* receptors (lane 3). Cell-surface protein labeling was
performed as described in Materials and Methods. Crude extracts and biotinylated proteins were subsequently analyzed by
SDS-PAGE and immunoblotted using a rabbit anti-mGlug receptor antibody or rabbit anti-SK2 channel antibody. The primary
bound antibody was detected using an HRP-conjugated goat anti-rabbit antibody (1:30,000). The immunoreactive bands were
visualized by chemiluminescence. B, Quantification of mGlug receptor and SK2 channel cell-surface expression. The intensities of
the immunoreactive bands on immunoblotted membranes corresponding to crude extracts and biotinylated protein were mea-
sured by densitometric scanning. Cell-surface receptor and channel values were normalized using the amount of mGlus receptors
or SK2 channels in the crude extract for each sample. The data indicate the mean = SEM of six independent experiments. The
asterisk indicates statistically significant differences from the respective control condition (p << 0.05; Student’s ¢ test).

Next, we investigated whether coexpres-

sion of SK2 channels and mGlu; receptors was sufficient for coas-
sembly. Thus, SK2 “"" channel and mGlul"" receptor constructs
were coexpressed in HEK-293T cells, and subcellular distribution
was examined using confocal microscopy. This revealed a
marked overlap in the distribution of the two proteins at both the
plasma membrane and in intracellular organelles (Fig. 2B). Sub-
sequent coimmunoprecipitation experiments from cells express-
ing doubly tagged SK2 channels (SK2Y*/“*P channel) and
untagged mGlu; receptors showed that the anti-SK2 channel an-
tibody coimmunoprecipitated the mGlus receptors (Fig. 2C, IP:
anti-SK2, lane 3, IB: anti-mGlus), and that the anti-mGlus recep-
tor antibody also coimmunoprecipitated the SK2 Y™/ chan-
nels (Fig. 2C, IP: anti-mGlus, lane 3, IB: anti-SK2).

Although the use of biochemical approaches to demonstrate
protein—protein interactions has been widely used, it might have
some disadvantages as the cellular structure is destroyed by de-
tergent treatment. Thus, to assess whether SK2 channels and

mGlus receptors oligomerize in living cells, biophysical ap-
proaches were performed. Therefore, the formation of the SK2/
mGlu; channel-receptor oligomer was first assessed by means of
FRET experiments. To this end, HEK-293T cells were transiently
transfected with SK2“** channel and mGlu}* receptor con-
structs, and coassembly was evidenced by the FRET engaged be-
tween the fluorescent proteins, measured by recovery of the CFP
emission after photobleaching of YFP (Fig. 3A). In contrast, the
photobleaching protocol applied to cells expressing only SK2 "
channels did not change the emission intensity of CFP (data not
shown). Also, when the SK2 “F channel was coexpressed with an
unrelated transmembrane protein, CD4 ¥**, the FRET efficiency
was significantly lower than that obtained when coexpressing
SK2“" and mGluR; "™ constructs (Fig. 3B). Subsequently, we
demonstrated this close proximity of SK2 channels and mGlu,
receptors (i.e., <10 nm) by means of a BRET approach. Accord-
ingly, in cells cotransfected with a constant amount of the mGlu5
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Figure6.  SK2 channels potentiate mGlu; receptor functioning. A, Determination of mGlus receptor-mediated intracellular calcium accumulation by means of a luciferase reporter assay system.
HEK-293T cells were transiently transfected with the firefly luciferase-encoding plasmid (pGL4-NFAT-luc2p) with mGlul™® receptors, with SK2 ® channels, or with mGlu!"" receptors plus Sk2 "
channels. Thirty-six hours after transfection, cells were treated 6 h with the mGlus receptor agonist L-quisqualic acid (100 wum) in presence or absence of apamin (100 nw). Light emission s presented
as the fold increase over basal levels of the effect of mGlu; receptors alone. The data are expressed as the mean == SEM of three independent experiments. The asterisks indicate statistically
significant differences (**p << 0.01, ***p << 0.001, 1-way ANOVA with a Bonferroni’s post hoc test). B, Representative mGlus receptor-mediated intracellular Ca®™" accumulation determined by
Fluo4 assays. HEK-293T cells were transiently transfected with mGlus receptors (black trace) or mGlu, receptors plus SK2 channels (green and red traces). Cells were loaded with Fluo4-NW dye and
challenged with 1-glutamate (Glut, 1 mm) in the absence (black and green traces) or presence of apamin (100 nw, red trace). The [Ca>* ], dynamics is shown as changes in fluorescence of the Fluo4
signal (F) expressed as percentage of the maximal Ca* influx elicited by ionomycin (F.) in each experimental condition. €, Quantification of the mGlu, receptor-mediated [Ca 2™ accumulation
measured by Fluo4. The integrated area under the curve (AUC) of the normalized mGlu; receptor-mediated Fluo4 signal (F) is expressed as percentage of the corresponding ionomycin signal (F;) for
each transfection and treatment. The data are expressed as the mean == SEM of four independent experiments. The asterisk indicates statistically significant differences (*p << 0.05, 1-way ANOVA
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with a Bonferroni's post hoc test).

receptor fused to luciferase (mGlu&™ receptor) and increasing
amounts of the SK2 Y™/ channel there was a positive and sat-
urable BRET signal (Fig. 3C); while in cells cotransfected with the
mGIluf® receptor and increasing amounts of a noninteracting
protein (GABA,R ") the BRET signal was quasilinear (Fig. 3C).
Together, these results demonstrate that coexpression of SK2
channels and mGlu, receptors is sufficient for the coassembly of
the two proteins.

Functional coupling between SK2 channels and

mGlu, receptors

The formation of SK2 channel-mGlus receptor molecular com-
plexes in hippocampus and in transfected cells suggested that
there might exist a functional coupling between them, as mGlus
receptor activation promotes Ca*" release from internal stores.
Therefore, we performed whole-cell voltage-clamp recordings
from transiently transfected HEK-293T cells. In cells expressing
the SK2 channel alone, recordings with 2.5 mm free Ca®" in the
internal pipette solution display inwardly rectifying currents to
voltage ramps between —80 and +80 mV that were largely sup-
pressed by apamin application (100 nm; Fig. 4A). In contrast,
whole-cell voltage ramps applied to cells coexpressing SK2 chan-
nels and mGlu, receptors in a Ca** -free internal solution (50 um
EGTA) yielded lineal unspecific small-leak currents that were not
affected by apamin (Fig. 4B, black trace). However, after applica-
tion of L-glutamate (1 mMm), voltage ramps evoked large apamin-
sensitive currents (Fig. 4B,C). In addition, to investigate the
source of the Ca** that activated the SK2 current, under these
same experimental conditions with EGTA in the recording pi-
pette, we performed experiments in which cells were pretreated
for 30—60 min with thapsigargin (2 uM), a noncompetitive sar-
coendoplastic reticulum Ca?*-ATPase inhibitor, which dis-
charges intracellular Ca** stores. A significant reduction in the
number of mGlu; receptor-expressing cells showing glutamate-
mediated SK2 activation was observed (from 38% in control cells
to 9% in thapsigargin-treated ones; p < 0.05; one-tailed Fisher’s

exact test). These results show that activation of mGlus receptors
triggers coexpressed SK2 channel currents in the absence of Ca**
influx and via the release of Ca®" from intracellular stores.

Coexpression enhances plasma membrane expression

Interestingly, the whole-cell SK2 channel current amplitudes
were larger for cells coexpressing mGlus receptors (see above),
suggesting that coexpression with the mGlu; receptor may pro-
mote SK2 channel surface expression. To determine whether co-
expression affected the levels of SK2 channels or mGlus receptors
in the plasma membrane, cell-surface proteins were isolated fol-
lowing biotinylation and the amounts of SK2 channels or mGlu,
receptors, as a fraction of the total in the cell lysate, were deter-
mined by Western blotting. The results showed that coexpression
reciprocally enhanced the amount of SK2 channels or mGlu,
receptors inserted into the membrane (~1.5-fold and ~2.5-fold
over the basal, respectively; Fig. 5A,B). To test whether the en-
hanced surface expression was accompanied by increased mGlus
receptor signaling, we determined mGlus receptor-mediated cal-
cium responses by two different and complementary approaches.
Initially, we used a homogenous bioluminescent reporter assay
system using a NFAT response element controlling luciferase
gene expression. To this end, cells were additionally transfected
with an NFAT-luciferase reporter plasmid (pGL4-NFAT-RE/
luc2p). In these cells, activation of the mGlus receptor via appli-
cation of the agonist quisqualic acid (100 uM) increased
intracellular Ca?", which enhanced NFAT-sensitive expression
of luciferase (Fig. 6A). Consistent with the larger SK2 channel
currents and the increased amounts of plasma membrane expres-
sion of both SK2 channels and mGlu; receptors, coexpression
increased mGlus receptor signaling (~3-fold over the basal; Fig.
6A). Surprisingly, in cells coexpressing mGlus receptors and
SK2 channels, apamin application significantly reduced
mGlus receptor signaling (Fig. 5C). Subsequently, we assessed the
impact of SK2 channel expression in mGlus receptor-mediated
intracellular calcium mobilization by means of mGlus receptor
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Fluo4 determinations. Thus, in Fluo4-
loaded cells, the activation of the mGlu,
receptor increased intracellular Ca®”"
(Fig. 6B, black trace), as expected. Consis-
tent with the results obtained in the NFAT
experiments, coexpression significantly in-
creased mGlus receptor-mediated intracel-
lular calcium accumulation (Fig. 6B,C).
Again, in coexpressing cells, the apamin
treatment significantly reduced mGlus re-
ceptor signaling (Fig. 6B, C).

SK2 channel-mGlu, receptor coupling
in hippocampal neurons

The results obtained in a heterologous
system confirmed that SK2 channels and
mGlu; receptors coassemble into func-
tionally interacting complexes at the
plasma membrane level. To determine
whether this also occurs in cultured hip-
pocampal neurons, we first examined the
subcellular distribution of these two pro-
teins by immunocytochemistry. This re-
vealed an overlap in the distribution of
mGlu; receptors and SK2 channels in the
cell body and throughout distal neurites
(Fig. 7A). Subsequently, we investigated
mGlu, receptor modulation of SK2 chan-
nel function by measuring the effect of the
mGlus receptor agonist CHPG on the SK
channel current amplitude. CHPG (1
mM) application induced an increase of
the SK channel current (Fig. 7 B, C), which
was completely blocked by apamin (100
nM™; Fig. 7B).

Additionally, by monitoring mGlug
receptor-mediated inositol phosphate ac-
cumulation, we investigated whether SK2
channel gating impacts mGlus receptor
function. IP, accumulation was mea-
sured, instead of IP5, to monitor the activ-
ity of G-protein-coupled receptors linked
to phospholipase C in cells treated with
LiCl to inhibit inositol monophosphatase
(Trinquet et al., 2006). Incubation of cul-
tured hippocampal neurons with CHPG
enhanced IP, accumulation over basal
levels (1.8 = 0.2%, n = 8, p < 0.01; Fig.
7D). Importantly, apamin treatment of
the hippocampal neurons prevented the
CHPG-mediated IP, accumulation, thus
suggesting that the endogenous mGlus re-
ceptor requires SK2 channel activity.

Discussion

The results presented here show that SK2
channels and mGlus receptors coassemble
and bidirectionally regulate its activity.
Hence, activation of mGlus receptors
mobilizes intracellular Ca>*, which gates
the SK2 channel, while blocking SK2
channels with apamin limits mGlus re-
ceptor signaling.
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Figure 7. SK2 channels and mGlu, receptors functionally interact in hippocampal neurons. A, Codistribution of SK2 channels
and mGlug receptors in cultured hippocampal neurons. Primary hippocampal neurons were fixed, permeabilized, and immuno-
stained using guinea pig anti-SK2 channel (1 r.g/ml) and rabbit anti-mGlus receptor (1 t.g/ml) antibodies. Primary antibodies
were detected using Cy2-conjugated donkey anti-rabbit antibody (1:200) and Cy3-conjugated donkey anti-guinea pig antibody
(1:200). Neurons were analyzed by double immunofluorescence with a confocal microscopy. Images show mGlug receptors in
green and SK2 channels in red. Superimposition of images (merge) reveals codistribution in yellow. A magnification of a region of
interest (white dashed square) is shown in lower panels. Scale bar, 10 wm. B, Effect of mGlus receptor activation on the afterhy-
perpolarization current (l,,,,) amplitude in cultured hippocampal neurons. Typical experiment showing the |, (black line; aver-
age of 4 traces) increment after bath application of T mm CHPG (green line; average of 5 traces). The l,p was completely blocked
after the addition of 100 nm apamin (red line; average of 4 traces). €, Quantification of the CHPG-mediated increment on the | ,p.
The asterisk indicates statistically significant difference from the control condition (p << 0.05; paired Student’s  test). D, Effect of
apamin on CHPG-mediated IP; accumulation in hippocampal neurons. Neurons were incubated with CHPG (333 wm) in presence
or absence of apamin (100 nw) and the accumulation of IP; was determined as described in the Materials and Methods section. The
results are presented as the fold increase over basal levels of IP, in vehicle-treated neurons. The asterisk indicates statistically
significant difference from all other three experimental conditions (*p << 0.05, 1-way ANOVA with a Bonferroni’s post hoc test).
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In hippocampus, double-label immunogold electron micro-
scopy using SDS-FRL revealed close coclustering of SK2 channels
and mGlug receptors in dendritic spines of CA1 pyramidal neu-
rons. Together with previously published findings, it is likely that
the two proteins are in very close anatomical proximity near, but
not in, the PSD. The ability to coimmunoprecipitate SK2 chan-
nels and mGlus receptors from hippocampus and following co-
expression in HEK-293T cells supports their physical association
and suggests that coexpression of only SK2 channels and mGlu,
receptors is sufficient for coassembly. Notably, coexpression of
SK2 channels and mGlus receptors also promoted plasma mem-
brane expression of both proteins, thus substantiating the ob-
served channel-receptor interaction.

SK2 channel and mGlus receptor coassembly results in func-
tional coupling. Thus, in transfected cells and primary hip-
pocampal neurons, mGlus receptor stimulation mobilized
intracellular Ca*" and robustly activated SK2 channels, consis-
tent with previous reports in prefrontal cortex and hippocampus
(Hagenston et al., 2008; El-Hassar et al., 2011). Remarkably,
mGlu; receptor function was modulated by SK2 channel activity.
Thus, blocking the SK2 channels with apamin regulated mGlu;
receptor-mediated signal transduction both in transfected cells
and in primary hippocampal neurons. While the molecular basis
is currently being studied, these results demonstrate that the
physical coassembly of SK2 channels and mGlus receptors en-
ables bidirectional regulation.

In many central neurons, apamin-sensitive SK channels con-
tribute to the afterhyperpolarization that follows a single action
potential or a burst of action potentials (for review, see Adelman
et al., 2012). However, this is not the case in CAl pyramidal
neurons (Gu et al., 2005, 2008; J. P. Adelman, unpublished ob-
servations), where SK2-containing channels contribute to synap-
tic and dendritic functions. Thus, in spines they modulate
synaptic responses and the induction and expression of plasticity
(Stackman et al., 2002; Ngo-Anh et al., 2005; Lin et al., 2008),
while in dendrites they modulate the time course of branch-
specific Ca** plateau potentials (Cai et al., 2004). Interestingly,
the apamin-sensitive SK channel activity recorded in whole-cell
current clamp that requires Ca>" influx through NMDA recep-
tors, and the apamin-sensitive currents recorded in voltage clamp
that are hampered by blocking voltage-gated Ca>* channels re-
flect distinct populations of SK channels. Indeed, selectively elim-
inating synaptic SK channels does not affect the apamin-sensitive
currents recorded at the soma (Allen et al., 2011). The present
findings in cultured hippocampal neurons shows a mGlus
receptor-dependent increase of the SK current activated in volt-
age clamp, suggesting a third population of apamin-sensitive SK
channels that are coupled to mGlus receptor-dependent IP,-
mediated Ca*>* mobilization. The most parsimonious conse-
quence of mGlus receptor-dependent activation of SK channels
would be to hyperpolarize the neuron and decrease excitability.
Yet, in hippocampal slices there may be a biphasic response, first
hyperpolarizing and then depolarizing, reflecting the sequential
activity of SK and transient receptor potential canonical chan-
nels (El-Hassar et al., 2011). Moreover, while mGlu; receptor
activation may mediate increased SK channel activity to de-
crease excitability, mGlus receptor activity may also suppress
the afterhyperpolarization current, increasing excitability (Man-
naioni et al., 2001). Accordingly, in layer V pyramidal neurons,
activation of mGlus receptors may induce a long-term potentia-
tion of intrinsic excitability that reflects downregulation of SK
channels (Sourdet et al., 2003). In hippocampus, both SK chan-
nels and mGlus receptors influence learning and memory (Stack-
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man et al., 2002; Naie and Manahan-Vaughan, 2004; Hayashi et
al., 2007; Gil-Sanz et al., 2008; Allen et al., 2011), suggesting that
the mGlus receptor coupling to SK2 channel activity may play an
important role in encoding hippocampal information.
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