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The Role of MAP1A Light Chain 2 in Synaptic Surface
Retention of Ca,2.2 Channels in Hippocampal Neurons
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Ca,2.2 channels are localized at nerve terminals where they play a critical role in neurotransmission. However, the determinant that
controls surface retention of these channels has not been identified. Here, we report that presynaptic surface localization of Ca 2.2 is
mediated through its interaction with light chain 2 (LC2) of microtubule-associated protein MAP1A. Deletion of a 23-residue binding
domain within the Ca,2.2 C terminus resulted in reduced synaptic distribution of the mutant channels. Using an antibody generated
against an extracellular epitope of Ca,2.2, we demonstrate that interfering the interaction with LC2 reduced surface expression of
endogenous Ca,2.2 at presynaptic boutons. In addition, the disruption of LC2-Ca, 2.2 coupling reduced Ca** -influx into nerve terminals
through Ca,2.2 and impaired activity-dependent FM4-64 uptake. The treatments of neurons with Latrunculin A to disrupt actin filaments
resulted in reduced density of surface Ca,2.2-positive boutons. Furthermore, LC2NT, a LC2 truncated mutant lacking the actin-binding
domain, could not rescue Ca,2.2 surface expression after suppressing LC2 expression with RNAi. Because actin filaments are major
cytomatric components at the presynaptic boutons, these observations suggest a mechanism by which LC2 provides anchoring of surface
Ca,2.2 to the actin cytoskeleton, thus contributing to presynaptic function.
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Introduction

Calcium channels are multi-subunit complexes comprised of a
major pore-forming al subunit ~250 kDa in size and smaller
auxiliary 3, 26, and vy subunits (Catterall 2000). Of the multiple
types of voltage-dependent calcium channels expressed in neu-
rons (Ertel etal., 2000), two presynaptic calcium channels, Ca,2.1
(P/Q-type) and Ca,2.2 (N-type), are the primary Ca>" entry
pathways to support neurotransmitter release at central fast syn-
apses (Dunlap et al., 1995; Lisman et al., 2007). The physical link
between these presynaptic channels and SNARE proteins via the
synprint region within the intracellular II-III loop of the chan-
nels provides close proximity between the Ca*™" entry site and the
synaptic vesicle release machinery, allowing for rapid and effi-

Received July 2, 2008; revised Sept. 8, 2008; accepted Sept. 22, 2008.

This work was supported by the Chinese Young Scientist Foundation for International Collaboration Grant
(399928001), the National Institute of Neurological Disorders and Stroke (NINDS) Intramural Competitive Fellow-
ship Award (A.G.M. L), and the Intramural Research Program of NINDS—National Institutes of Health (NIH) (Z.-H.S.).
We thank Q. Cai and J.-S. Kang for their suggestions on live-cell imaging; Q. Cai and J. Stadler for help with hip-
pocampal cultures; W. A. Catterall for CNB2 (a, 2.2 antibody; |. Bezprozvanny for EGFP-Ca, 2.2 (DNA; S. Herlitze for
PEGFP-Ca,2.1 cDNA; C. Zyskind and D. Glazer-Schoenberg (NINDS) for editing; J. W. Nagle (DNA sequencing facility
NINDS—NIH) for DNA sequencing; and S. Cheng and V. Tanner (EM facility NINDS—NIH) for their assistance with
electron microscopy. A.G.M.L. conducted the majority of the cell biology and biochemical studies and manuscript
writing; L.L., L.-D.H., and P.-H.L. performed yeast two-hybrid screening; and C.G. helped with biochemical analysis.
1.-H.S.is a senior author who was responsible for the project design and helped revise this manuscript.

The authors declare no competing financial interests.

Correspondence should be addressed to Zu-Hang Sheng, Synaptic Function Section, the Porter Neuroscience
Research Center, National Institute of Neurological Disorders and Stroke—National Institutes of Health, Building 35,
Room 3B203, 35 Convent Drive, Bethesda, MD 20892-3701. E-mail: shengz@ninds.nih.gov.

DOI:10.1523/JNEUR0SCI.3078-08.2008
Copyright © 2008 Society for Neuroscience ~ 0270-6474/08/2811333-14$15.00/0

cient neurotransmitter release (Sheng et al., 1994, 1998; Stanley,
1997).

The synaptic localization of ion channels and receptors is
likely determined by at least two mechanisms: initial sorting/
targeting transport and later clustering/anchoring at the synaptic
plasma membrane (Craig and Banker, 1994). Although the syn-
print region is implicated in presynaptic targeting of both Ca,2.1
and Ca,2.2 in superior cervical ganglion neurons (Mochida et al.,
2003), it appears to be nonessential for polarized axonal traffick-
ing in cultured hippocampal neurons (Szabo et al., 2006). The C
terminus of Ca,2.2 plays a critical role in channel synaptic target-
ing by binding to the active zone scaffolding proteins CASK and
Mintl (Maximov and Bezprozvanny, 2002) and to the motor
dynein light chain subunit tctex1 (Lai et al., 2005). Recent obser-
vations suggest that CASK and Ca,2.2 are colocalized at puncta
within the nerve terminal cytoplasm, likely reflecting intracellu-
lar transport vesicles (Khanna et al., 2006). However, mecha-
nisms underlying anchoring and retention of these channels at
the presynaptic plasma membrane remain largely unknown. Re-
cent findings established a role for the cytoskeleton in clustering
neurotransmitter receptors and ion channels at synapses (Sheng
and Pak, 2000; Lai and Jan, 2006). Physical connections between
the actin cytoskeleton and voltage-gated ion channels are critical
for proper localization of the channels. Such interactions include
those between Na *-channels and ankyrin (Bennett and Lambert,
1999), K, 1.5 and a-actinin (Maruoka et al., 2000), K,4.2 and
filamin (Petrecca et al., 2000), and K, 1.2 and cortactin (Hattan et
al., 2002). However, it is unknown which, if any, cytoskeleton-
associated elements may contribute to anchoring of voltage-
gated calcium channels at the presynaptic surface.
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Here, we report that MAP1A light chain 2 (LC2) serves as a
binding partner for Ca,2.2. LC2 is encoded on the MAP1A gene
and generated by proteolytic cleavage from the MAP1A heavy
chain (HC) (Hammarback et al., 1991; Langkopf et al., 1992). As
part of the MAP1A complex, LC2 was first thought to play a role
in stabilizing the cytoskeleton in mature neurons by promoting
tubulin polymerization (Matus, 1988). LC2 also binds to micro-
tubule (MT) or actin filaments independently of the MAP1A-HC
(Togel et al., 1998; Noiges et al., 2002) and acts as a binding
partner for an orphan G-protein-coupled receptor (Maurer et al.,
2004), the stargazin-AMPA receptor complex (Ives et al., 2004),
and the BKCa potassium channel (Park et al., 2004). Our current
study provides biochemical and cell biological evidence for a
unique role of LC2 in anchoring Ca,2.2 at the presynaptic sur-
face, a process essential for activity-induced Ca*"-influx into
nerve terminals and subsequent neurotransmitter release.

Materials and Methods

Yeast two-hybrid screen. The C-terminal half (CT1, aa2046-2336) of rat
Ca,2.2 cDNA was inserted in frame into pGKBT?7 bait vector containing
the GAL4 DNA-binding domain. Yeast two-hybrid screens of a human
brain ¢cDNA library in vector pACT2 with the GAL4 activation domain
were performed and evaluated according to the protocols described for
the MATCH-MAKER yeast two-hybrid system (Clontech). Positive
clones were selected on plates lacking leucine, tryptophan, histidine, and
adenine with 50 mm 3-aminotriazole and confirmed by filter assay for
b-galactosidase activity.

DNA constructs. Full-length and truncated mutants of LC2, Ca 2.2,
and Ca,2.1 were subcloned into the pET28A (Novagen) and pGEX-4T-1
vectors (GE Healthcare). His- and GST-fusion proteins were prepared as
bacterial lysates using BL21 (DE3) competent cells (one shot; Invitrogen)
and purified as described previously (Ilardi et al., 1999; Lao et al., 2000).
For mammalian expression, LC2, Ca,2.2, and Ca,2.1 constructs were
subcloned into pcDNA3.1His (Invitrogen), pCMV-HA vector,
pEGFP-C, pIRES-EGFP or pDsRed2-C (Clontech). Human Ca,2.2 in
pEGFP-C3 was kindly provided by Dr. I. Bezprozvanny (University of
Texas Southwestern Medical Center, Dallas, TX), and Ca,2.1 in
pEGFP-C2 was kindly provided by Dr. S. Herlitze (Case Western Reserve
University, Cleveland, OH). Ca,2.2 mutant lacking binding domain
(BD) (2a2046-2069) was constructed by linking the two PCR fragments
of Ca,2.2-CT (nt5448-6280) and (nt6353-7326) into pcDNA3.1His
vector. This ABD fragment was then exchanged with CT1 in the full-
length Ca 2.2 by using Xhol and Xbal restriction sites.

siRNA. To design the siRNA duplex, three sequences unique to
MAPI1A HC and LC2 were selected from the open reading frame of rat
MAPIA (NM_030995). siRNA1 corresponds to a HC coding sequence
(nt3827-3847), siRNA2 and siRNA3 were against the LC2 coding se-
quences (nt8496—8512) and (nt8746—8766), respectively. Complemen-
tary oligonucleotides were annealed and inserted into the BamHI/Hin-
dIIT sites of pRNAT-HI.1/neo vector, a siRNA expression vector
containing a GFP gene under a separate promoter for tracking trans-
fected cells (GenScript).

Antibodies. Rabbit polyclonal anti-LC2 antibody was raised against the
His-tagged N-terminal half of LC2. Rabbit polyclonal anti-Ca,2.2ex an-
tibody was raised against an extracellular peptide (aal168-1183), the
loop between IIIS1-S2 of the rat Ca,2.2 (M92905). Both antisera were
affinity purified using their antigenic peptides. Rabbit polyclonal
Ca,2.2in (Leenders et al., 2002) and goat polyclonal CNB2 (provided by
Dr. Catterall, University of Washington, Seattle, WA) antibodies were
raised against the rat Ca,2.2 synprint region. Commercial monoclonal
antibodies used included the following: synaptophysin (Millipore), Bas-
soon (Stessgen), CASK and MAP2 (BD Biosciences), PSD95 (Upstate),
neuronal class IIT B-tubulin and HA.11 (Covance), actin (clone AC-40,
Sigma), MAP1A (clone HM-1; Sigma) and S-tubulin (clone TUB 2.1;
Sigma). Commercial polyclonal antibodies used included the following:
GFP (ab6556) (Abcam), Ca,2.1 (Alomone Labs) and goat polyclonal
anti-synaptophysin (C-20) (Santa Cruz Biotechnology).
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In vitro binding experiments. GST-fusion proteins were immobilized
on glutathione-Sepharose beads (GE Healthcare). The bead-bound pro-
teins were then incubated with His-protein lysates or transfected COS
cell lysates in TBST (50 mm TBS, pH, 7.4, 0.1% Triton X-100) with
protease inhibitors (1 mm phenyl-methylsulphonyl fluoride, 1 mm Leu-
peptin, and 1 mm Aprotinin) at 4°C for 3 h. After washing with TBST,
bound complexes were separated by SDS-PAGE and immunoblotted
with anti-T7 antibody (Novagen; EMD Biosciences). HRP-conjugated
secondary antibodies and ECL chemiluminescence (GE HealthcareGE
Healthcare) were used to visualize proteins. For sequential blotting,
membranes were stripped between each antibody application in strip-
ping buffer (62.5 mm Tris-HCI, pH 7.5, 20 mm DTT, and 1% SDS) at
50°C for 20 min.

Preparation of crude synaptosomes and synaptosomal fractions. Rat
brain synaptosomes and fractionation were prepared as described previ-
ously (Leenders et al., 2004). Briefly, whole rat brains were homogenized
in ice-cold sucrose buffer [320 mm sucrose, | mm EDTA, 5 mMm Hepes, pH
7.4, supplemented with complete protease inhibitor mixture (Roche)
and calpain inhibitor I and II (Sigma)]. Homogenates were centrifuged
in a Sorvall centrifuge with an SS34 rotor at 3000 rpm for 10 min. The
supernatant was placed on top of Percoll gradients (23, 15, 10, 3 in
sucrose buffer) and spun in an $SS34 rotor at 17,250 rpm for 5 min. Crude
synaptosomes were collected from the interface between the 15 and 23%
gradients, mixed with sucrose buffer, and then pelleted in an SS34 rotor
at 13,000 rpm for 15 min. For fractionation, crude synaptosomes were
washed once in medium M (0.32 m sucrose, 1 mm K,HPO,, 0.1 mm
EDTA, pH 7.5), resuspended and homogenized in medium L (1 mm
K,HPO,, 0.1 mm EDTA, pH 8.0), and layered over 5 ml of 1 M sucrose in
medium L and then centrifuged for 30 min at 96,300 X g in an SW27
rotor. The supernatant was mixed to homogeneity and centrifuged again
for 14 h at 25,000 X g. The supernatant was collected as synaptic cytosol,
and the pellets were homogenized in medium L and applied to a gradient
of 7ml 1.2, 1.0, 0.8, 0.6, and 0.4 M sucrose in medium L and centrifuged
for 90 min at 68,000 X gin an SW27 rotor. Bands at each interface were
collected. The band above the 0.4 M sucrose layer contained enriched
synaptic vesicles (SV), and the band from the interface 0.8/1.0 M con-
tained mostly enriched plasma membranes (PM). The SV and PM frac-
tions were further washed once and pelleted with medium L in a Ti50
rotor (45 min at 106,500 X g). The synaptic cytosol was dialyzed against
medium L and centrifuged at 140,000 X g in a Ti 50 rotor for 1 h to
separate any remaining synaptic vesicles from soluble proteins. For PSD
fraction, PM was diluted in 50 mm Hepes, 2 mm EDTA and 0.5% Triton
X-100, and followed by centrifugation at 32,000 X g in SS34 rotor. All
pellets were resuspended in 20 mwm Tris-HCI, pH 7.5. Protein concentra-
tion in each fraction was determined by protein assay using BSA as
standard.

Coimmunoprecipitation. Proteins from synaptosomal preparations or
P2 rat brain homogenates were solubilized with 1% 3-[(3-
cholamidopropyl)-dimethylammonio]-1-propane sulfonate in sucrose
buffer for 1 h at 4°C, and insoluble material was cleared by centrifugation
for 30 min at 4°C. Solubilized proteins (100—-300 ug) were mixed with
primary antibodies, or, as control, rabbit normal IgG (Invitrogen) and
2.5 mg Protein A-Sepharose CL-4B resin (GE Healthcare) in 0.5 ml PBS
with protease inhibitor mixture and calpain inhibitor I and II, and then
incubated on a microtube rotator overnight at 4°C, followed by three
washes with PBS. Detection of immunoprecipitated proteins was per-
formed by SDS-PAGE and immunoblotting.

Immuno-electron microscopy analysis. Adult male Sprague—Dawley rats
(250 g) under isoflurane anesthesia were perfused transcardially with 10
U/ml heparin in PBS followed by a mixture of 4% paraformaldehyde
(Aldrich) and 0.9% picric acid (Sigma) in 0.1 M phosphate buffer, pH 7.4.
The brain was removed and postfixed in the same buffer overnight.
Coronal slices (20 um) were sectioned on a sliding vibratome and per-
meabilized with PBS containing 5% goat serum, and 0.04% saponin for
1 h, and then stained with anti-LC2 affinity-purified antibody at 1:250.
After washing, the brain slices were incubated in PBS containing 5%
low-fat milk and 5 ul Nanogold-labeled anti-rabbit antibody (Nano-
probe), followed by fixation with 2% glutaraldehyde in PBS for 30 min.
The brain slices were silver enhanced (HQ silver enhancement kit; Nano-
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probe) for 4 min, treated with 0.2% osmium tetroxide in 0.1 M phosphate
buffer for 30 min, and then processed for electron microscopy.
Transfection and immunocytochemistry of hippocampal neurons. Rat
hippocampal neuron cultures were prepared from hippocampi dissected
from embryonic day 18 (E18) or E19 rat embryos as described (Goslin et
al., 1998) and plated at a density of 100,000 cells/12 mm coverslips coated
with polyornithine and fibronectin in a 20:80 mix of glial feed (10% FBS
in Neurobasal; Invitrogen) and neuronal feed (Neurobasal supple-
mented with B27 and 1-glutamine). Starting at 2-3 days in vitro (DIV),
cultures were maintained in conditioned medium with half-feed changes
of neuronal feed lacking glutamine every 3—4 d. Neurons were trans-
fected using Calcium-Phosphate (BD Biosciences) method at 7-9 DIV.
For each coverslip a maximum of 6 ug DNA was combined with 6 ul
calcium solution (2 M) in a total of 50 ul H,O. This DNA/calcium mix-
ture was added drop-wise to 50 ul 2 X HBS solution and incubated for 20
min at room temperature (RT) before added to neurons for 2030 min.
For immunofluorescent staining, cultured cells were fixed with 4% su-
crose/4% paraformaldehyde in PBS at RT for 10 min or in prechilled
100% methanol at —20°C for 10 min, washed three times in PBS for 5
min, permeabilized in 0.2% Saponin for 5 min, and blocked in 5% nor-
mal goat or donkey serum in PBS for 1 h. Fixed cultures were incubated
with primary antibodies in PBS/5% serum and 0.05% saponin overnight
at 4°C or for 2 h at RT. For surface Ca,2.2 s staining, fixed neurons were
blocked but not permeabilized, then incubated with anti-Ca,2.2ex anti-
body overnight, followed by permeabilization and synaptophysin stain-
ing. After primary antibody incubations, the cells were washed four times
in PBS at RT for 5 min each, incubated with secondary Alexa fluorescent
antibodies (Invitrogen) at 1:400 dilution in PBS/5% serum and 0.05%
saponin for 30 min at RT, washed again with PBS, mounted with anti-
fade mounting medium, and imaged using a Zeiss LSM 510 oil-
immersion 40X objective with a sequential-acquisition setting. For
quantification of the fluorescence signals, images were acquired by using
the same settings below saturation at a resolution of 1024 X 1024 pixels
(12 bit). Four to six sections were taken from top-to-bottom of the spec-
imen and the brightest point projections were made. The selected images
were then exported to Adobe Photoshop and/or NIH Image]. Trans-
fected neurons were chosen for quantification from at least three inde-
pendent experiments for each condition. For synaptic targeting measure-
ments of GFP—Ca, 2.2 or GFP—Ca,2.1, transfected axons were identified
based on morphology or absence of dendritic marker MAP2 staining,
and randomly selected, usually at least 100 wm away from the cell body,
and manually traced. Synaptic boutons were identified based on synap-
tophysin puncta along the traced axon; mean intensities of synaptophy-
sin and GFP signals were measured with a particle analyzing function in
NIH Image], with parameters set to include only puncta ranging between
0.25-2 pum in diameter mean intensities for synaptic puncta and axon
were automatically scored and obtained by the software. For synaptic
clustering of GFP—Ca,2.2, mean fluorescent signal at boutons were cal-
culated relative to that from traced axons and expressed as fluorescent
intensity ratio: I;,,,pse/luon- TO evaluate surface density of endogenous
Ca,2.2, neurons were immunostained with anti-Ca,2.2ex antibody be-
fore membrane permeabilization. Images were imported into Image]
and transfected axons were manually traced on the basis of GFP fluores-
cence, which creates a mask to generate separate images for transfected
and untransfected neuronal processes. The mean fluorescent intensity of
surface Ca,2.2 s at presynaptic boutons colabeled by synaptophysin was
calculated with particle analyze function in Image]J set to include puncta
0f 0.25-2 wm in diameter and then automatically scored. Measured data
were expressed as normalized mean fluorescence intensity of boutons
from transfected neurons relative to that from the untransfected cells.
Live imaging of presynaptic Ca’* -transients with Fluo-4NW. Neurons
were cotransfected with DsRed-monomer-synaptophysin and GFP or
GFP-BD at 7-9 DIV; imaging was performed at 13—-16 DIV on a Zeiss
LSM 510 confocal microscope with a 40 X C apochromatic water-
immersion lens (1.2 NA). Calcium imaging was performed using Fluo-
4ANW dye (Invitrogen) in modified Tyrode’s solution [(in mm) 145 NaCl,
3 KCl, 1.2 MgCl,,2.4 CaCl,, 10 Glucose, 10 HEPES, and 0.5 kynurenic
acid, pH7.4] supplemented with 2.5 mm Probenecid (Invitrogen) to in-
hibit Fluo-4NW extrusion. Fluorescence of Fluo-4NW and DsRed-
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synaptophysin was excited at 488 and 543 nm, respectively. The lowest
intensity of lasers and the shortest scanning time were used; pinhole
openings were set for 2 um depth of optical slice. Time-lapse images for
one to three boutons were collected at 100 X 30 pixels resolution (12 bit)
and taken at 20 Hz (scan time <50 ms) to meet Nyquist sampling rate for
10 Hz stimulation, which was generated with a Master 8 stimulator
(AMPI) and amplified with an A385 World Precision Instruments Stim-
ulus Isolator. Thirty biphasic pulses at 10 Hz were delivered through
platinum electrodes positioned on opposite sides of the field stimulation
chamber (18.0 X 6.3 X 2.3 mm; Warner) at 1 ms of stimulus duration
and 50 mA constant current. Calcium images were analyzed using the
image stack function “Plot z-axis Profile” of Image] (NIH). Baseline (F,)
intensity was averaged from 40 images before stimulus and changes in
fluorescence were calculated relative to the baseline and expressed as
percentage of AF/F, = [(F — F,)/F,] X 100. Peak values were calculated
by averaging the last 20 frames during stimulation. After measuring
control Ca?%-transient, when applicable, Ca?*-channel toxins
w-Conotoxin GVIA (1 um) and w-Agatoxin IVA (100 nm) were applied
in Tyrode’s solution for 10 min followed by acquisition of a second
Ca?*-transient. Percentage inhibition by toxins was calculated as relative
value of Ca” " -transient before toxin application from the same boutons.

Functional labeling of presynaptic boutons with FM4-64. Neurons were
transfected with GFP-IRES-siRNA at 7-9 DIV and imaging was per-
formed at 13—-16 DIV. Presynaptic terminals were loaded with 15 mm
fluorescent styryl dye FM 4—64 (N-(3-triethylammoniumpropyl)-4-( p-
dibutylaminostyryl) pyridinium, dibromide) (Invitrogen) in a high K™
solution containing the following (in mm): 95 NaCl, 50 KCl, 10 glucose,
10 HEPES, 1.2 CaCl,, 1.2 MgCl,, and 0.5 kynurenic acid, pH7.4, for 2
min at RT and washed for 30 min with a calcium-free Tyrode’s solution
(in mM: 145 NaCl, 3 KCl, 1.2 MgCl,,10 Glucose and 10 HEPES, pH7.4) to
remove nonspecific membrane-bound FM4-64. Images covering both
transfected and untransfected axon processes were collected before and
after unloading (5 min) in high K™ perfusion. Activity-dependent up-
take of FM4-64 dye was obtained by subtracting the unloading image
from the loading image. Average fluorescence intensities were measured
from individual puncta (at least 1.0 X 1.0 mm ?) traced along the axons of
transfected and untransfected neurons. When applicable, after capturing
the first set of images Ca”"-channel toxins w-Conotoxin GVIA (1 um)
and w-Agatoxin IVA (100 nm) were applied in Tyrode solution for 10
min followed by a second set of image acquisition. Imaging was per-
formed using a confocal microscope (Zeiss; LSM 510) with a 40 X C
apochromatic water-immersion lens (1.2 NA). Fluorescence of GFP and
FM dye was excited at 488 and 543 nm, respectively. All images were
collected at 1024 X 1024 pixel resolution and 2.0—4.0 X software zoom.

Results
Ca,2.2 selectively interacts with LC2
To identify proteins involved in presynaptic surface expression of
Ca,2.2, we performed a yeast two-hybrid screen with the Ca,2.2
cytoplasmic C-terminal domain (CT1, aa2046-2336) as bait
(Fig. 1A). Screening of a human brain ¢cDNA library led to iso-
lating 76 clones encoding 25 cDNA genes. In addition to motor
dynein (1 clone), Mint 1 (3 clones), and neurexin 3 (2 clones), we
identified 33 clones encoding overlapping sequences of LC2 from
MAPIA and one clone encoding LC1 of MAP1B (Fig. 1B).
MAPIA and MAPI1B are MT-associated proteins expressed in
developing (MAP1B) and mature (MAP1A) neurons (Matus,
1988). Because both LC1 and LC2 associate with the MT and
actin cytoskeleton (Togel et al., 1998; Noiges et al., 2002) and
bind several membrane proteins (Ives et al., 2004; Maurer et al.,
2004; Park et al., 2004), we investigated a possible involvement in
the surface localization of Ca, 2.2 at synapses. Given that the yeast
two-hybrid screen isolated 33 LC2 clones versus one LC1 clone
and that LC2 is more abundant in mature neurons where Ca,2.2
predominantly localizes at synapses, we selected LC2 for further
characterization.

To confirm the interaction between LC2 and Ca,2.2 via its
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CT1 domain, we first performed pull-
down studies using GST-tagged LC2 pro-
teins. His-Ca,2.2-CT1 selectively inter-
acted with GST-LC2 and GST-LC2-NT,
the N-terminal half of LC2, whereas no in-
teraction was observed with GST-LC2-CT
(C-terminal half) or GST alone (Fig. 1C).
Next, we performed immunoprecipitation
to examine LC2-Ca,2.2 complex in neu-
rons. An anti-Ca,2.2 antibody could co-
precipitate Ca,2.2 and LC2 from rat brain
homogenates (Fig. 1D). Conversely, an
anti-LC2 antibody coprecipitated Ca,2.2
but not Ca,2.1 from synaptosomal prepa-
ration, a synaptic terminal-enriched frac-
tion (Fig. 1E), suggesting the selective in-
teraction of LC2 with the Ca,2.2 channels.
Using GST-fusion constructs with differ-
ent Ca,2.2 C-terminal fragments, we fur-
ther mapped the LC2-binding sequence
(BD) to 23 residues (CT2, aa2046-2069)
(Fig. 1F,G). The sequence of BD in Ca,2.2
shares alow homology (36%) with the cor-
responding region of Ca,2.1, suggesting
that BD is specific for the Ca,2.2 channels.
The efficacy of BD in its binding to LC2
was further tested by immunoprecip-
itation using lysates from transfected
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LC2 (bottom). E, Inmunoprecipitation from rat brain synaptosomal preparations with anti-L(2
ts of Ca,2.2 (top) and Ca,2.1 (bottom). , G, Schematic representation (F) and pull-down assay

(G) of His-tagged LC2-NT with truncated GST-Ca,2.2-CT fusion proteins. CT-2 (aa2046 —2069), shown as a red bar in F, is the
LC2-BD on (a,2.2 C terminus. H, BD interferes with the interaction between GFP-Ca,2.2-CT and HA-LC2 in COS-7 cells. Immuno-
precipitation (IP) of the complex from lysates was performed 48 h after transfection with anti-GFP antibody. Precipitated proteins
were detected with anti-HA (top and bottom) and anti-GFP (middle) antibodies.

and LC2 are detected in the PSD fraction, PSD95 is much more
enriched, whereas LC2 is less abundant compared with the crude
synaptosomal preparations (Fig. 2 B). Next, we sought to deter-
mine the distribution of LC2 at presynaptic terminals in more
detail by immuno-electron microscopy of perfusion fixed brain
tissue. LC2 was observed adjacent to the plasma membrane near
or at the active zones or near the postsynaptic density (Fig. 2C).
Furthermore, subcellular distribution of LC2 in neurons was ex-
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under electron microscopy of perfused rat brain cortex slices. Inmunogold-labeled LC2 is observed near the presynaptic membrane of the active zone (red arrows) (Figure legend continues.)
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images of hippocampal neurons coexpressing HA-BD with GFP, GFP—Ca, 2.2, or GFP—Ca,2.1at 7-9 DIV and immunostained for GFP (green), synaptophysin (red), and HA (blue) at 14 DIV. D, Relative
ratio of GFP fluorescence intensity at synapses over axons revealed that coexpression of HA-BD selectively reduced synaptic targeting of Ca, 2.2 but not Ca,2.1. Total axon length measured was 1020
wm (GFP), 754 um (GFP + HA-BD), 1116 m (Ca,2.2), and 987 um (Ca,2.2 + HA-BD), 1050 um (Ca,2.1) and 1088 um (Ca, 2.1 + HA-BD). Data are means == SEM; n = >300 synaptic puncta

pooled from 10 neurons of at least three separate cultures (*p << 0.001 by Student’s ¢ test). Scale bars, 10 m.

amined in low-density hippocampal cultures. LC2, together with
MAP1A-HC, was present in the cell body and neuronal processes.
However, unlike MAP1A-HC that mainly localized along pro-
cesses, LC2 was also detected as punctate staining colocalized
with the synaptic marker synaptophysin and Ca,2.2 (Fig. 2D, E).

BD is required for the synaptic localization of Ca 2.2

To explore the physiological relevance of the interaction between
LC2 and Ca,2.2, we analyzed the synaptic localization of GFP-
tagged Ca,2.2 or its mutant expressed in cultured neurons. The
neurons were transfected at 7-9 DIV followed by coimmunos-
taining for synaptophysin and GFP at 14 DIV. Given limited
synaptic targeting slots for Ca,s (Cao et al., 2004), which might
cause mistargeting of overexpressed GFP-Ca,2.2, we selected the
neurons with low and moderate expression of the channels and
visualized GFP-Ca,2.2 signal in the distal axons by immunostain-
ing of GFP antibody. In contrast to GFP control, GFP-Ca,2.2 was
mainly observed as punctate staining along the axon, where most
(~70%) of synaptophysin puncta from the transfected neurons
displayed a detectable GFP-Ca,2.2 signal, indicating synaptic lo-
calization (Fig. 3A). This distribution pattern was similar to that
found for exogenously expressed Ca,2.2 in neurons (Maximov

<«

(Figure legend continued.) and postsynaptic localization (yellow arrows) (C7-4), and along
microtubules in neuronal processes (blue arrows; €5). As a control, immunogold was not found
atsynapses in the absence of anti-LC2 antibody (€6 ). Scale bars, 100 nm. D, Distribution of LC2
in low-density cultures of E18 rat hippocampal neurons at 14 DIV. L(2 appears as punctate
staining along neuronal processes and partially colocalizes with synaptophysin (physin) puncta
(white arrows). The right panels in D are the close-up views of the boxed region. E, Synaptic
colocalization of LC2 with Ca,2.2 in hippocampal neurons (14 DIV). The middle and right panels
are the close-up views of the boxed regions showing colocalization of LC2 (blue) and Ca,2.2
(green) at synaptophysin puncta (red) along neuronal processes. Scale bars: D, E, 10 pum.

and Bezprozvanny, 2002; Szabo et al., 2006). In considering pos-
sible saturation of the limited targeting slots for Ca,s (Cao et al.,
2004) by expressed GFP-Ca,2.2, analysis of synaptic colocaliza-
tion would be less sensitive to measure any minor defects in syn-
aptic targeting. To more accurately reflect changes in relative
distribution of GFP-Ca,2.2, we instead measured mean intensity
ratio of GFP-Ca,2.2 at synapses versus in axons. Quantitative
analysis showed a remarkably higher mean intensity of GFP-
Ca,2.2 at synapses over that in the axons (I pse/ Luxon ratio: 7.4 =
0.9), whereas GFP was more evenly distributed in both compart-
ments (Lgynpsef laxon Tatio: 1.5 £ 0.1) (Fig. 3B). To investigate the
potential role of the Ca,2.2-LC2 interaction in the channel tar-
geting, we constructed a GFP-Ca,2.2 mutant lacking BD. Al-
though GFP-Ca,2.2ABD was present in the axons, it was signifi-
cantly reduced in synaptic clustering (I ;,apse/laxon ratio: 2.3 =
0.4).

To further confirm the role of BD in channel targeting, we
coexpressed this binding domain transgene with GFP-Ca,2.2 in
hippocampal neurons (Fig. 3C). Consistent with its competi-
tively inhibitory role in immunoprecipitation of LC2 with Ca,2.2
in the transfected COS-7 cells (Fig. 1 H), coexpression of HA-BD
markedly reduced the synaptic localization of GFP-Ca,2.2
(Toynapse/ Taxon Tatio: 2.8 = 1.4, p < 0.001) (Fig. 3C,D). Similar to
the deletion mutant of the channel, GFP-Ca 2.2 was rather dif-
fuse throughout the axon and less clustered within synapses when
HA-BD was coexpressed. Ca,2.1 is another predominant Ca,2
channel involved in presynaptic transmission at central synapses.
However coexpression of HA-BD had no effect on the synaptic
targeting of GFP-Ca,2.1 (Ijapse/laxon ratio: 7.7 = 1.3 for
Ca,2.1+HA and 8.0 = 1.4 for Ca,2.1+HA-BD, n = 20, p = 0.87)
(Fig. 3E, F), suggesting that LC2 played a role in synaptic local-
ization specific for the Ca,2.2 channels.
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Because binding of Ca, 2.2 channels with CASK and MINT via
its C-terminal domains also contributed to synaptic targeting
(Maximov and Bezprozvanny, 2002), we sought to test whether
reduced synaptic clustering by deleting the BD sequence could be
attributed to the impaired binding of these two proteins to the
Ca,2.2 channels. First, pull-downs and immunoprecipitations
demonstrated that deleting BD from the Ca,2.2 C-terminal did
not abolish its interactions with CASK and MINT1 (supplemen-
tal Fig. S1 A, B, available at www.jneurosci.org as supplemental
material). The SH3-binding domain (2188-2199) within the
Ca,2.2 C-terminal is the CASK-binding sequence, which is lo-
cated near but does not overlap the BD (2046-2069). Second, the
GFP-Ca,2.2 mutant lacking BD alone (I,,,pe/ Taxon ratio: 2.45 =
0.3, p < 0.001) or both BD and SH3-binding domain (Iy,,pse/
Liwon ratio: 1.7 = 0.1, n = 15, p < 0.001) had a more profound
defect in synaptic clustering compared with wild-type control
(Iynapse/ Laxon 1tio: 9.2 = 0.8, n = 15) (supplemental Fig. S1C,D,
available at www.jneurosci.org as supplemental material). How-
ever, the neurons transfected with GFP-Ca,2.2 mutant lacking
the SH3-binding domain can be divided into two groups: one
displayed reduced clustering (Is,apse/laxon ratio: 3.8 * 0.3, n =
15, p < 0.001), whereas the second showed almost normal syn-
aptic targeting (L napse/Taxon Tatio: 8.8 = 1.0, n = 15, p = 0.77)
(supplemental Fig. S1C,D, available at www.jneurosci.org as sup-
plemental material), an observation consistent with a previous
report that the SH3-binding domain mutation of Ca,2.2 reduced
synaptic targeting in only 41% of the transfected neurons (Maxi-
mov and Bezprozvanny, 2002). Altogether, these results support
anotion thatalthough LC2, CASK and MINT are all necessary for
synaptic localization of Ca,2.2, LC2 may play a more profound
role in anchoring the channels at the presynaptic plasma mem-
brane through its unique mechanism.

Ca,2.2-LC2 interaction is important for presynaptic surface
retention of Ca 2.2

To detect surface-expressed endogenous Ca,2.2, we generated a
polyclonal anti-Ca,2.2ex antibody against the extracellular loop
between I1IS1 and ITIS2 of Ca,2.2. Specificity of this antibody was
confirmed by testing its ability to detect the same long (~250
kDa) and short (~140 kDa) Ca,2.2 isoforms in rat brain homog-
enate (Fig. 4 A) that were detected with an anti-Ca,2.2in antibody
against the intracellular synprint region (Leenders et al., 2002).
As a control, detection of Ca,2.2 proteins with the anti-Ca,2.2ex
antibody was effectively blocked by preincubation of the anti-
serum with the IIIS1-IIIS2 peptide. Furthermore, immunoblot-
ting and immunostaining analysis showed that anti-Ca,2.2ex
specifically recognized GFP-Ca,2.2 but not GFP-Ca,2.1 ex-
pressed in COS-7 cells (supplemental Fig. S2A, B, available at
www.jneurosci.org as supplemental material). Using the anti-
Ca,2.2ex antibody, we immunostained fixed but unpermeabi-
lized hippocampal neurons followed by permeabilization and
secondary staining with an anti-synaptophysin antibody. Fine
punctate staining of the surface Ca,2.2 (Ca,2.2s) was observed
along the processes and was completely abolished when the anti-
body was preincubated with the IIISI-IIIS2 peptide (Fig. 4B).
The detected surface Ca,2.2s predominantly colocalized with
synaptophysin puncta along the neuronal processes (Fig. 4B,
white arrows). To exclude the possibility that the fixation process
may cause permeabilization, we performed costaining with syn-
aptophysin and Ca,2.2(ex) antibodies. In our nonpermeabilized
neurons, there is almost no synaptophysin signal detected,
whereas Ca,2.2 surface staining is significantly labeled, indicating
very little, if any, permeabilization under our staining conditions
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(supplemental Fig. S2C, available at www.jneurosci.org as sup-
plemental material).

To further investigate the physiological role of the Ca,2.2-LC2
interaction, we sought to analyze the synaptic distribution of
endogenous Ca,2.2s using the anti-Ca,2.2ex antibody after ex-
pression of the dominant negative binding-domain transgene
BD. In the GFP-transfected control neurons, almost all (99.5 *=
0.5%) of the synaptophysin puncta showed detectable surface
Ca,2.2 staining (Fig. 4C), which was slightly but significantly
reduced in neurons expressing BD (87.9 £ 4%, n = 10, p = 0.01).
In addition, expression of BD reduced the normalized mean in-
tensity of Ca,2.2s at synapses by 25% (0.74 £ 0.04, n = 10, p <
0.001) relative to that from untransfected neurons within the
same image (Fig. 4D). In contrast, expression of BD showed no
significant effect on the fluorescent mean intensity of total syn-
aptic Ca,2.2 detected in permeabilized neurons (supplemental
Fig. S3, available at www.jneurosci.org as supplemental mate-
rial). Expression of BD also had no significant effect on both the
puncta density and mean intensity of presynaptic proteins in-
cluding synaptophysin (Fig. 4 D), CASK and Bassoon (supple-
mental Fig. S4, available at www.jneurosci.org as supplemental
material), suggesting a selective role for BD in surface retention of
the Ca,2.2 channels at presynaptic boutons.

To confirm our findings, we alternatively suppressed LC2 ex-
pression with siRNA as a complementary approach. Three
MAPI1A-HC or LC2-targeted siRNAs and one scrambled control
siRNA not homologous to any sequence in GenBank were gen-
erated and tested extensively. Both MAP1A HC-targeted siRNA1
and LC2-targeted siRNA3 efficiently reduced endogenously ex-
pressed LC2 in the soma of hippocampal neurons by ~50% 5-7 d
after transfection (Fig. 5A,C). In addition, siRNA1 reduced LC2
staining intensity at synaptic sites by ~50% compared with un-
transfected neurons from the same image or to neurons express-
ing control siRNA (Fig. 5B, D). The morphology of neurons and
B-tubulin staining showed no significant change after knocking
down LC2 expression (Fig. 5A). In contrast, a 25% reduction was
found in the normalized fluorescent mean intensity of the synap-
tic surface Ca,2.2s after transfection with siRNA1 (0.76 = 0.07,
n = 15) relative to those expressing the control siRNA (1.02 *
0.03, n = 16, p < 0.001) (Fig. 5E,F). The siRNA1 was designed
to target a sequence in the coding region for MAPIA-HC
(nt3827-3847), thus selectively suppressing HC and conse-
quently LC2, which is generated by proteolytic cleavage from HC.
Therefore, exogenous expression of HA-LC2 was resistant to
siRNA1 (supplemental Fig. S5, available at www.jneurosci.org as
supplemental material), providing a rescue approach by coex-
pressing siRNA1 and HA-LC2 in neurons. Cotransfection of HA-
LC2 with siRNA1 efficiently rescued the RNAi phenotype of the
reduced surface intensity of Ca,2.2s (Fig. 5E,F). However, co-
transfection of HA-LC2NT, the N-terminal half of LC2 capable
of binding Ca,2.2, was unable to rescue the RNAi phenotype,
indicating that the surface anchoring of Ca,2.2 at synapses re-
quired proper expression of the full-length LC2 in neurons.

Interference of the LC2—Ca,2.2 interaction leads to reduced
Ca’"-transients at presynaptic boutons

Presynaptic Ca*>* channels mediate the depolarization-induced
Ca** influx into nerve terminals, which triggers synaptic vesicle
exocytosis. Defective surface retention of Ca,2.2 might reduce
Ca** transients at presynaptic boutons. The small size of the
terminals in cultured hippocampal neurons prevented using
electrodes to record presynaptic Ca®" currents. To test our hy-
pothesis, we alternatively conducted calcium imaging at nerve
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loop between [lIST-52) and anti-Ca, 2.2in (against the intracellular synprint region between II-IIl) antibodies detected both ~250 and ~140 kDa bands of Ca,2.2. No signal was detected after
preincubation of anti-Ca,2.2ex with the 115152 peptide (pep). B, Representative images of cultured hippocampal neurons (19 DIV) coimmunostained with anti-Ca,2.2ex (green) and anti-
synaptophysin (red) antibodies. Immunostaining with anti-Ca, 2.2ex antibody was performed on fixed nonpermeabilized neurons to detect surface Ca, 2.2s, followed by permeabilization and second
staining for synaptophysin. Colocalization of the two proteins is indicated by arrow. Surface staining of Ca,2.2s at synapses was abolished when the anti-Ca, 2.2ex antibody was preincubated with
the 1lIS1-S2 peptide. B, Close-up views of the boxed region in B. C, Representative images of axonal segments of hippocampal neurons transfected with pIRES-EGFP vector or pIRES-EGFP-BD at 9
DIV and coimmunostained for surface Ca,2.2s (red) and synaptophysin (blue) at 14 DIV. Note that the synaptophysin puncta outside the green boundaries are from nontransfected neurons. D,
Expression of BD resulted in areduced mean fluorescent intensity of the surface Ca,2.2 s at presynaptic boutons. Data are means == SEM; 240 synaptic puncta pooled from 10 neurons n three separate

neuronal cultures were measured for each condition. Scale bars, 10 wm.

terminals using Fluo-4 NW. The interaction of LC2—Ca,2.2 was
interrupted by expressing the dominant-negative transgene BD
at 7 DIV, whereas presynaptic boutons were labeled with DsRed-
synaptophysin (Fig. 6 A). Because of the relatively low signal-to-
noise ratio of calcium transients at individual boutons in re-
sponse to a single stimulation, we applied train stimulation (30
pulses at 10 Hz). At 13—15 DIV, calcium signal within the bouton
was imaged every 50 ms for a total of 15 s. The change in fluores-
cence intensity of Fluo-4 NW over baseline (AF/F,) at presynap-
tic boutons showed an initial fast-rising phase immediately after
stimulation, followed by a relatively slow-rising phase, and finally

arapid recovery after stimulation (Fig. 6 B). Baseline fluorescence
(F,) was calculated from the first 2 s of images before the field
stimulation was applied; individual time points are expressed as
percentage increase in fluorescence intensity value over baseline
(AF/E,). Peak values of AF/F, averaged from the last 10 stimuli
(20 frames of calcium imaging) were significantly smaller in neu-
rons expressing BD (56.63 * 3.39%, n = 116) than those found
in control neurons (83.96 * 3.55%, n = 123, p < 0.001).

Ca’* entering through both Ca 2.1 and Ca,2.2 channels is
responsible for initiating synaptic transmission at most central
synapses (Dunlap et al., 1995). To establish the relative contribu-
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(nt3827-3847), or siRNA3 (nt8746 — 8766) at 7 DIV followed by immunostaining at 14 DIV. Expression of the LC2 siRNAs significantly reduced the staining intensity of LC2 (green arrows) compared
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tions made by these two channel types in our cultured neurons,
we compared Ca”"-influx into presynaptic boutons before and
10 min after applying selective channel blockers: w-agatoxin IVA
(w-Aga) (100 nm) for Ca,2.1 and w-conotoxin GVIA (w-CgTx)
(1 um) for Ca,2.2. Application of either toxin significantly re-
duced the Ca*"-transients at nerve terminals (Fig. 6C; supple-
mental Table 1, available at www.jneurosci.org as supplemental
material). w-Agareduced the peak AF/F by 26.21 * 4.76%; how-
ever, w-CgTx reduced the peak AF/F, to a much greater extent
(62.05 = 3.11%) (Fig. 6 E). These results suggest that relative to
Ca,2.1, Ca,2.2 primarily contributed to total Ca**-influx at pre-
synaptic boutons of 2-week-old hippocampal neurons, which
agrees with previous observations from the same preparations
(Scholz and Miller, 1995). To test whether BD affected Ca’*-
transients selectively through Ca,2.2 channels, we applied the
toxins to the BD-transfected neurons (Fig. 6 D, E). In these neu-

rons, application of w-Aga reduced the peak AF/F; to 35.93 =
2.35%, a further reduction of ~50% relative to the peak AF/F,
observed in the control GFP-transfected boutons ( p < 0.001). In
contrast, blocking Ca, 2.2 with w-CgTx only slightly reduced the
peak AF/F, in neurons expressing BD (31.16 * 3.64%), com-
pared with that of control neurons (37.95 = 3.11%, p = 0.2). The
less inhibitory effect of w-CgTx and larger inhibitory effect of
w-Aga on neurons expressing BD than that in control neurons
suggest that BD selectively reduced Ca*" -influx into presynaptic
boutons through Ca,2.2 channels.

LC2 knockdown reduces the density of active

presynaptic boutons

We next examined whether the reduced Ca*"-influx impaired
functional release sites by analyzing uptake and recycling of the
styryl dye FM4-64 in cultured hippocampal neurons after LC2
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knockdown. Neurons were transfected
with siRNAs at 7 DIV; FM4-64 measure-
ments were performed at 13-15 DIV.
FM4-64 dye was taken up in an activity-
dependent manner, because the majority
of FM4-64 at synaptic terminals was un-
loaded by 50 mm K stimulation in both
control siRNA- and siRNAl-transfected
neurons (Fig. 7A). However, LC2 knock-
down significantly decreased the density of
FM4-64 puncta (2.3 £ 0.2 per 10 wm)
compared with that in neurons expressing
control siRNA (3.1 £ 0.1 per 10 um, p <
0.01) (Fig. 7B) or untransfected neurons
(3.5 £ 0.3 per 10 wm, p < 0.01). The re-
duced FM4-64 uptake is unlikely attrib-
uted to impaired assembly of presynaptic
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boutons because the density of synapto-
physin puncta along axonal processes was
unaffected after siRNA1 transfection (Fig.
7B).

Next, we sought to determine whether
the defect in presynaptic activity was at-
tributable to reduced Ca’ " -influx through
Ca,2.2 channels by comparing FM4-64
loading before and after applying Ca,2.2
or Ca,2.1 selective blockers. Neurons were
imaged after a 2 min high K *-stimulated
loading (L1) of FM4-64 to assess active re-
lease sites. After extended washing and un-
loading, neurons were incubated for 10
min with either w-CgTx (1 uM) or w-Aga
(100 nm) followed by a second 2 min high
K*-induced FM4-64 loading (L2) (Fig.
7C). In the absence of any toxin, nearly all
FM4-64 puncta (89.3 = 1.2%) observed at
L1 were also detected at L2 (supplemental
Table 2, available at www.jneurosci.org as
supplemental material). Therefore, by
evaluating the difference between L1 and L2 from the same image
fields, we assessed the relative inhibition of presynaptic activity by
the toxins. Both toxins significantly lowered the density of FM4-
64-labeled boutons in untransfected neurons, with a slightly
larger reduction caused by w-CgTx (32.5 £ 2.1%, n = 944)
than w-Aga (38.1 * 3.5%) (Figs. 7D,E). Application of
w-CgTx reduced the density of active boutons in the siRNA1-
transfected neurons to a level (31.1 * 2.8%, n = 406) similar
to that in the untransfected controls (32.5 = 2.1%, p = 0.7). In
contrast, w-Aga had a more profound effect in reducing the
density of FM4-64 puncta in neurons expressing siRNA1
(30.5 = 3.2%, n = 693) compared with that in untransfected
neurons (38.1 * 3.5%, p < 0.05). FM4-64 measurements were
consistent with our observations from the Ca®*-transient
analysis and further suggested that presynaptic activity de-
pended on the proper surface expression of both Ca,2.2 and
Ca,2.1 channels.
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The actin cytoskeleton is important for surface expression

of Ca 2.2

LC2 associates with both the actin and MT cytoskeleton (Noiges
et al., 2002). One candidate function of the LC2-Ca,2.2 interac-
tion is to anchor the channel to the presynaptically enriched
actin-cytoskeleton, thereby retaining the channel at the plasma
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aptic boutons of neurons cotransfected at 7-9 DIV with DsRed-monomer-synaptophysin (DsRed-physin) and HA-BD or HA (con-
trol). Three representative images of boutons showing Fluo-4 NW signal before (Fy), at the end of (F,), and after stimulation (F ).
Images are pseudocolored, with blue representing low [Ca®*] concentration and red representing high [Ca*] concentration,
Scale bars, 1 um. B, Time course of changes in Fluo-4 NW fluorescent intensity over baseline (AF/F;) from the presynaptic
boutons of the neurons expressing control HA (black trace) or HA-BD (red trace). C, D, Time course of changes in fluorescence
intensity over baseline (AF/F) before and after application of w-Aga (100 nu) or w-Cgtx (1 um) in the boutons from neurons
expressing control HA (€) or HA-BD (D). E, Averaged peak AF/F values from traces shown in Cand D during field stimulation (F,)
and expressed as percentage of the peak AF/F, values in control boutons. (*p << 0.01 by Student's ¢ test).

membrane of nerve terminals. To test this hypothesis, we treated
hippocampal neurons for 1 h with Latrunculin A (LAT) (2.5 um)
to disrupt actin filaments or with Nocodazole (NOC) (5 uM) to
disassemble MT, followed by coimmunostaining for synapto-
physin, Bassoon and surface Ca,2.2s and total Ca,2.2t (Figs. 8 A—
C). Treatment with these reagents substantially reduced the
staining of phalloidin (for actin) or B-tubulin (for MT) when
compared with control neurons treated with DMSO control
(supplemental Fig. S6, available at www.jneurosci.org as supple-
mental material) without changing overall staining patterns of
synaptophysin and Bassoon (Fig. 8C). However, treating neurons
with LAT but with neither NOC nor DMSO selectively re-
duced the density of surface Ca,2.2s-positive boutons by
442 * 8.6% (p < 0.001) (Fig. 8D) and fluorescent mean
intensity of the surface Ca,2.2s in the remaining boutons by
41.2 * 6.8% ( p < 0.001) (Fig. 8E). Furthermore, disruption
of actin filaments did not affect the distribution of total
Ca,2.2t at nerve terminals (Fig. 8 B,D,E). In light of the corre-
lated reduction in surface Ca,2.2 and calcium transients at
nerve terminals by either interfering with the LC2—Ca,2.2 cou-
pling or by disrupting actin filaments, a simple cellular expla-
nation for our observations is that LC2-mediated retention of
the presynaptic surface Ca,2.2 is likely occurred through an
actin-based anchoring mechanism.
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Discussion
In this study, we reveal that the surface density of the Ca,2.2
channels at synapses is regulated through its interaction with
LC2. Using an antibody against an extracellular epitope of Ca,2.2
and measurements of calcium transients and synaptic activity in
live neurons combined with expression of the binding domain
transgene and siRNA, we provide molecular and cellular evidence
that the Ca,2.2-LC2 interaction is critical for maintaining Ca,2.2
surface density and thus, proper synapse function.

Although previous studies showed that CASK, MINT and dy-

nein motor light chain TcTex!1 are important for synaptic target-
ing of Ca,2.2 (Maximov and Bezprozvanny, 2002; Lai et al.,
2005), our current study indicates that LC2 acts as an important
protein for anchoring Ca,2.2 at presynaptic surfaces. This newly
identified interaction involved a short binding sequence located
upstream of the SH3 (for CASK binding) and PDZ (for Mint
binding) binding domains within the Ca,2.2 C terminus. We
found that deleting the LC2-binding domain had no effect on the
interaction of Ca,2.2 with CASK and Mintl (supplemental Fig.
S1, available at www.jneurosci.org as supplemental material). In
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addition, no interaction was detectable between BD and TcTex1
(data not shown). Furthermore, whereas the sequences of the
binding domains for CASK and Mint were conserved between
Ca,2.2 and Ca,2.1, the LC2-binding domain was specific for
Ca,2.2 (Fig. 1F). Thus, our observations showing the reduced
surface expression and calcium transients at presynaptic boutons
and impaired FM dye uptake were likely specific for disrupting
LC2—-Ca,2.2 coupling. It is conceivable that both Ca,2.1 and
Ca,2.2 channels were transported and targeted to presynaptic
terminals through a similar mechanism, whereas the final surface
retention was likely mediated by a channel-specific interaction
with cytoskeleton-associated proteins. The latter agrees with the
“channel type preferring slots” as proposed by Cao et al. (2004).

To investigate the specific role of LC2 in Ca,2.2 presynaptic
surface retention, we used a 23-residue LC2-BD as a dominant-
negative transgene or expressed the Ca,2.2 mutant lacking BD,
instead of expressing a long Ca, 2.2 C-terminal sequence contain-
ing multiple structural determinants as in previous studies
(Maximov and Bezprozvanny, 2002; Lai et al., 2005). In addition,
application of an antibody against the extracellular loop of Ca, 2.2
in unpermeabilized neurons allowed us to distinguish surface
localization from synaptic targeting of the Ca,2.2 channels and
provided more direct evidence for a unique role of LC2 in retain-
ing Ca, 2.2 at the presynaptic plasma membrane. It is unlikely that
LC2 is primarily involved in controlling mobility of Ca,2.2 along
the plasma membrane based on our following observations in the

neurons expressing either BD or siRNA: (1) the surface staining
did not reveal dispersion of Ca, 2.2 outside the terminals, and (2)
intrasynaptic staining in the permeabilized neurons showed that
Ca,2.2 signal was retained within the terminals (supplemental
Fig. S3C, available at www.jneurosci.org as supplemental mate-
rial). Thus, our observations consistently favor the possibility
that disruption of LC2-Ca,2.2 coupling would result in the re-
cruitment of the endogenous Ca,2.2 from the surface into the
intrasynaptic pool. One possible explanation for GFP-Ca,2.2
dispersion into axons might be attributed to over saturation of
this pool by excess channels, leading to “overflow” of GFP—
Ca,2.2 into the axon. Altogether, these findings support a com-
plex mechanical model in which different structural domains
within the Ca,2.2 C terminus coordinately regulate their axonal
trafficking, synaptic targeting, and surface localization, likely
through multiple interactions with motor proteins, active zone
scaffold proteins, and cytoskeleton-associated proteins. It will be
important in the future to address how all the various motifs
coordinate their activities to determine the final synaptic location
of Ca,2.2 and how this complex mechanism is modulated devel-
opmentally and regulated in response to synaptic activity.
Expression of the BD transgene and suppressing LC2 with
RNAIi had no effect on the density of the synaptic vesicle protein
synaptophysin, active zone cytomatrix protein Bassoon and scaf-
fold protein CASK, thus, excluded a nonspecific effect on synap-
tic integrity. Our findings for the partial inhibitory effects on
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Ca®" transients and FM4-64 uptake were consistent with results
from previous observations that presynaptic activity is controlled
by multiple calcium channels at most central synapses (Dunlap et
al., 1995; Wu and Saggau, 1997). Relative to Ca,2.1, Ca,2.2 pri-
marily contributed to total Ca*™ -influx into presynaptic boutons
of our rat hippocampal neurons at 12-15 DIV. These findings
agreed with previous observations at developing synapses of hip-
pocampal neurons (10-15 DIV), in which «-CgTx GVIA
blocked transmission by >80%, whereas w-Aga IVA was less
effective (Scholz and Miller, 1995). A previous study using
FM1-43 imaging in hippocampal neurons showed that ~45% of
synapses rely solely on the w-CgTx GVIA-sensitive N-type cal-
cium channels and the remaining synapses were supported by
both N- and P/Q-type calcium channels (Reuter, 1995). Our
study demonstrated that interference of the LC2-Ca,2.2 interac-
tion combined with application of w-Aga IVA, but not with
w-CgTx GVIA, resulted in additional reduction in both activity-
dependent Ca*"-influx and FM dye uptake. Thus, it is likely that
those observed phenotypes were attributable to reduced Ca®"
influx into nerve terminals selectively through the Ca,2.2 but not
Ca,2.1 channels, resulting in presynaptic [Ca*"] below the
threshold levels for triggering synaptic vesicle exocytosis in a
small fraction of the synapses. Although reduced Ca*"-influx is
consistent with the observed reduction in surface density of
Ca,2.2 after disrupting the LC2-Ca,2.2 interaction, regulation of
Ca,2.2 channel gating by LC2 cannot be completely excluded.

LC2 is a proteolytic product of the MAP1A gene and gener-
ated via a post-translational cleavage from the MAP1A heavy
chain (Langkopf et al., 1992). Using an anti-LC2 antibody, our
analysis at light and electron microscopic levels clearly demon-
strated a synaptic localization of LC2 although it also distributes
within soma and along neuronal processes. In contrast, less sig-
nificant staining of MAP1A-HC was detected at synapses from
hippocampal neurons. Our biochemical analysis of synaptoso-
mal fractionation further suggests that LC2, but not MAP1A-HC,
was present in the membrane-enriched fraction at nerve termi-
nals, probably through its interactions with the membrane-
anchored channels and receptors. Furthermore, exogenously ex-
pressed LC2 rescued the surface localization of Ca,2.2 when
expression of both endogenous MAP1A-HC and LC2 was sup-
pressed by siRNA, supporting the notion that LC2 itself was suf-
ficient for retaining Ca,2.2 channels at the presynaptic plasma
membrane.

Emerging evidence suggests critical roles for various
cytoskeleton-associated proteins in the surface expression of ion
channels and receptors (for review, see Lai and Jan, 2006). For
example, Kir2.1 (Sampson et al., 2003) and K 4.2 (Petrecca et al.,
2000) showed markedly decreased levels of functional cell surface
expression in the absence of the actin cytoskeleton linker protein
filamin. Thus, it is likely that LC2 serves as a linker between
Ca,2.2 and the cytomatric actin cytoskeleton within the active
zone and structurally stabilizes the channels at the presynaptic
plasma membrane. In support of this hypothesis, we showed that
disruption of the actin cytoskeleton by Latrunculin A removed
Ca,2.2 from the synaptic plasma membrane. The anchoring
function of LC2 was further supported by our observations that
the LC2 NT half, which can associate with Ca,2.2 but unable to
bind actin (Noiges et al., 2002), did not rescue the siRNA pheno-
type. Although the mechanism remains to be further elucidated,
an attractive model is that Ca,2.2-LC2 coupling with presynaptic
actin might be essential for local trafficking and anchoring of the
channels at the plasma membrane. LC2 may play a role in the
targeted insertion of Ca,2.2 into the plasma membrane as pro-
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posed for the cytoskeleton-associated protein filamin in recycling
G-protein coupled receptors (Seck et al., 2003). Alternatively,
LC2 and actin may provide the anchoring platform for Ca,2.2 at
nerve terminals and disrupting this coupling consequently re-
sulted in unstable retention or even removal of Ca,2.2 from the
plasma membrane, probably via internalization. This hypothesis
agrees with the recent report that Ca,2.2 internalization is medi-
ated by G-protein coupled receptors (Altier et al., 2006) and trig-
gered by disrupting the channel-cytoskeleton interaction (Tom-
bler et al., 2006). Moreover, it may account for the specific role
for LC2 in Ca,2.2 surface expression, as it is well established that
G-protein-mediated inhibition is more effective for Ca,2.2 than
Ca,2.1 channels at synapses (Currie and Fox, 1997).

Although our current study made progress in identifying a
novel LC2-Ca,2.2 interaction critical for surface expression of the
channels at presynaptic terminals, it remains to be tested whether
LC2 promotes membrane integration of Ca,2.2 or prevents its
internalization. How is LC2-mediated surface anchoring of
Ca,2.2 regulated in response to neuronal activity and synaptic
modulation? Future studies using genetic mouse models com-
bined with gene rescue experiments will be critical to elucidate
mechanisms for synaptic targeting and retention of the Ca,2.2
channels during synaptogenesis and at mature synapses under
various physiological conditions.
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