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Lateral Mobility of Presynaptic L-Type Calcium Channels at
Photoreceptor Ribbon Synapses

Aaron J. Mercer, Minghui Chen, and Wallace B. Thoreson

Departments of Ophthalmology & Visual Sciences, and Pharmacology & Experimental Neuroscience, University of Nebraska Medical Center, Omaha,

Nebraska, 68198-5840

At most synapses, presynaptic Ca*>" channels are positioned near vesicle release sites, and increasing this distance reduces synaptic
strength. We examined the lateral membrane mobility of presynaptic L-type Ca®" channels at photoreceptor ribbon synapses of the tiger
salamander (Ambystoma tigrinum) retina. Movements of individual Ca®* channels were tracked by coupling quantum dots to an
antibody against the extracellular «,5, Ca*>" channel subunit. «,8, antibodies labeled photoreceptor terminals and colocalized with
antibodies to synaptic vesicle glycoprotein 2 and voltage-gated Ca>” channel 1.4 (Cay1.4) @, subunits. The results show that Ca**
channels are dynamic and move within a confined region beneath the synaptic ribbon. The size of this confinement area is regulated by
actin and membrane cholesterol. Fusion of nearby synaptic vesicles caused jumps in Ca** channel position, propelling them toward the
outer edge of the confinement domain. Channels rebounded rapidly toward the center. Thus, although Cay, channels are mobile, molec-
ular scaffolds confine them beneath the ribbon to maintain neurotransmission even at high release rates.

Introduction

Synaptic transmission requires Ca*" entry through voltage-
gated Ca®" (Cay) channels positioned close to synaptic release
sites (Neher, 1998; Zenisek et al., 2003; Beaumont et al., 2005;
Bucurenciu et al., 2008; Jarsky et al., 2010; Mercer et al., 2011).
The speed and efficacy of vesicle release diminishes with increas-
ing distance from Ca,, channels (Augustine et al., 1991; Meinren-
ken et al., 2003; Schneggenburger and Neher, 2005). It is known
that lateral movements of postsynaptic receptors can contribute
to rapid regulation of synaptic strength (Adesnik et al., 2005;
Groc et al., 2008), but the mobility of presynaptic Ca,, channels
has not been explored.

Release of synaptic glutamate from retinal photoreceptor cells
is regulated by the activity of L-type Ca,, channels (Thoreson and
Witkovsky, 1999; Morgans et al., 2001; McRory et al., 2004; Wu et
al., 2007). The synaptic ribbon is the major site of vesicle release
in both rod and cone photoreceptors (Heidelberger et al., 2005),
and Cay, channels are clustered at the base of the ribbon (Mor-
gans, 2001; tom Dieck et al., 2005), <100 nm from vesicle release
sites (Mercer etal., 2011). L-type Ca, channels are composed of a
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pore-forming « subunit, with accessory 3, a,8 and 7y subunits
(Catterall, 2000). Mutations in the «,8, subunit disrupt photo-
receptor ribbon synapses, implicating this subtype as the princi-
pal @, 8 isoform in photoreceptors (Wycisk et al., 2006a,b). Each
a,6 subunit possesses a large extracellular domain accessible to
binding reagents for mobility studies; we therefore chose the «, 5,
subunit as a target for labeling Cay, channels in living tissue.

Quantum dots (QDs) have proven a useful reagent for track-
ing the mobility of synaptic proteins. QDs are nanometer-scale
particles that provide a bright point source of light that is resistant
to photobleaching. By fitting QD fluorescence with a Gaussian
function, QD position can be specified to a resolution of =30 nm,
far exceeding the diffraction limit of light. In the present study,
we analyzed presynaptic Ca,, channel mobility at photoreceptor
synapses by tracking the movements of individual Ca,, channels
in living retina labeled with QDs conjugated to an a8, antibody
(Qin et al., 2002; Bannai et al., 2006).

Our results show that Ca,, channels at rod and cone syn-
apses are not fixed, but move within a membrane domain
equal to or slightly larger than the area beneath the synaptic
ridge at the base of the ribbon. Pharmacological disruption of
the cytoskeleton or membrane cholesterol significantly in-
creased the dimensions of the confinement domain of Cay,
channels, suggesting that macromolecular scaffolds are im-
portant for organizing the synapse. Consistent with the pro-
posal that synaptic vesicle fusion may cause a disorganization
of presynaptic release proteins (Neher and Sakaba, 2008), we
found that fusion of adjacent synaptic vesicles caused brief
jumps in Ca, channel position, propelling channels toward
the edge of the confinement domain. We conclude that Ca,,
channels are mobile, but molecular scaffolds maintain chan-
nels within a confinement area beneath the ribbon to support
synaptic release even at high rates.
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Materials and Methods

Animal care and use. Use of both male and female aquatic tiger salaman-
ders (Ambystoma tigrinum, 1825 cm in length; Kons Scientific and
Charles D Sullivan Co.) for experiments was approved by the University
of Nebraska Medical Center Institutional Animal Care and Use Commit-
tee. Animals were maintained on a 12 h light/dark cycle and were killed
1-2 h after the beginning of subjective night. Salamanders were decapi-
tated with heavy shears and immediately pithed.

Immunohistochemistry. Whole eyes were surgically removed from the
animal and placed in 4% paraformaldehyde for 4 h. Eyes were then
transferred to 30% sucrose overnight. Fixed eyes were set in OCT com-
pound (Sakura Finetek USA) and sliced into 20 um sections using a Leica
CM 1800 Cryostat. Tissue sections were blocked in 0.1 M PBS containing
10% normal serum and 0.2% Triton X-100, and then incubated over-
night with primary antibodies. The following day slices were washed with
PBS and incubated with a fluorescent secondary antibody for 3 h. After
washing with PBS, slices were mounted using Vectashield (Vector Labo-
ratories). Sections were visualized using a laser confocal scanhead
(UltraVIEW Live Cell Imaging System; PerkinElmer) equipped with a
cooled CCD camera (Orca ER; Hamamatsu) mounted to a fixed-stage
upright microscope (E600FN; Nikon) with a water-immersion objective
[60X, 1.0 numerical aperture (NA), Nikon]. Z-stack image series were
captured at 1 wm intervals for image analysis using an exposure of 2.5 s
per image. FITC- or Alexa Fluor 488-conjugated antibodies were imaged
in fixed tissue using an excitation wavelength of 488 and 525 nm band-
pass emission filter. Living tissue was imaged using a 525 nm long-pass
emission filter. Alexa Fluor 568-conjugated antibodies were imaged us-
ing an excitation wavelength of 568 nm and a 620 nm bandpass emission
filter.

We examined QD binding to fixed tissue by coupling a biotinylated
goat-anti-rabbit IgG (1 h, 1:2000 dilution; Jackson ImmunoResearch) to
the primary rabbit anti-a,8, antibody (1:1000 dilution; courtesy Dr.
Ning Qin, Johnson & Johnson Pharmaceutical Research and Develop-
ment, Spring House, PA), followed by application of streptavidin-coated
QDs (10 nwm; Invitrogen) for 15 min. QD binding was imaged on the
confocal microscope using a 488 nm excitation/long-pass emission filter.
Grayscale images were adjusted for brightness and contrast, and colors
were added using Adobe Photoshop.

Antibodies and peptides. A rabbit polyclonal anti-«,8, antibody was
used at a dilution of 1:1000 to recognize the extracellular epitope of Ca,,
channels. To confirm synaptic labeling by the anti-a,8, antibody, we
colabeled samples using a mouse monoclonal antibody to synaptic vesi-
cle glycoprotein 2 (SV2) (1:1000 dilution; Developmental Studies Hy-
bridoma Bank, University of lowa) or a sheep antibody to the Ca1.4
(a;p) subunit (1:2500 dilution; courtesy of Dr. Catherine Morgans, Or-
egon Health Sciences University, Portland, OR). As a control, we used an
antigenic peptide (sequence Ac-KVSDRKFLTPEDEASVC-amide) (Qin
et al., 2002) to the anti-a,8, antibody (Peptide 2.0) to block antibody
binding. Sections were visualized using goat FITC anti-rabbit (1:2000)
(Sigma-Aldrich), goat Alexa Fluor 568 anti-mouse (1:2000), goat Alexa
Fluor 568 anti-rabbit (1:2000), and donkey Alexa Fluor 488 anti-sheep
(1:10,000) secondary antibodies (Invitrogen).

Retinal tissue preparation. Enucleated eyes from killed animals were
prepared by surgically removing the cornea, iris, and lens. The resultant
eyecup was quartered and placed vitreous side down onto a 2 X 5 mm
piece of filter paper (type AAWP, 0.8 um pores; Millipore) to isolate the
retina. Retinal tissue was sliced into 125 wm sections using a razor blade
tissue chopper (Stoelting) fitted with a #121—6 razor blade (Ted Pella).
Slices were rotated 90° to view the vertical stratification of the retina
under a water-immersion objective (60X, 1.0 NA) on an upright micro-
scope (E600FN). Throughout the procedure, tissue was maintained in an
amphibian extracellular saline solution consisting of the following (in
mm): 111 NaCl, 2.5 KCl, 1.8 CaCl,, 0.5 MgCl,, 10 HEPES, and 5 glucose,
pH 7.8. For experiments requiring dissociated photoreceptors, a whole
salamander retina was isolated and incubated in 0.5 mm Ca*" amphibian
extracellular saline solution containing 0.2 mg/ml cysteine and 10 U/ml
papain (Sigma-Aldrich) for 25 min at 20°C. Tissue was washed once in
low Ca*" saline solution containing 1% bovine serum albumin (BSA)
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and 1 mg/ml DNase (Worthington Biochemicals) followed by two
additional washes in low Ca?" saline. To isolate individual neurons,
retinal tissue was carefully triturated using a fire-polished glass pi-
pette and plated onto 18 mm coverslips (Deckgliser) coated with 1
mg/ml concanavalin-A.

QD binding and pharmacology. Retinal slices were prepared as de-
scribed above in amphibian saline solution supplemented with 1% BSA.
Slices were then washed three times in BSA-free amphibian saline. Pri-
mary rabbit anti-«, 8, subunit antibody was applied in BSA-free saline at
a dilution of 1:1000 for 3 h at 4°C. Secondary biotinylated goat-anti-
rabbit IgG (1:2000) was incubated on retinal slices for 1 h at4°C and then
conjugated to streptavidin-coated 525 nm emission QDs (20 num; In-
vitrogen) for 15 min. In some experiments, tissue was incubated with
the actin disruptor cytochalasin-D (cytD; 20 um) or with the choles-
terol depleting agents cholesterol oxidase (COase; 2 U/ml) or methyl-
B-cyclodextrin (MBCD; 10 mm). The activities of these drugs were
evaluated by examining retinas stained for actin filaments using 0.2 pm
FITC-phalloidin or labeled for lipid raft ganglioside GM1 glycoproteins us-
ing 1 ug/ml FITC-cholera toxin B. Unless otherwise stated, pharmacological
reagents were purchased from Sigma-Aldrich.

QD tracking and motion analysis. To track QD-tagged Ca,, channels at
photoreceptor synapses in retinal slices, cells were visualized on an up-
right microscope (E600FN) through a water-immersion objective (60X,
1.0 NA) and FITC filter cube (Chroma Technology) using an EMCCD
camera (DS-Qil; Photometrics). Ca,, channels in dissociated photore-
ceptors were visualized on an IX71 inverted microscope (Olympus) with
a 60X, 1.45 NA objective and a cooled EMCCD (ImageM-IK,
Hamamatsu). Fluorescence was provided by an Hg/Xe arc lamp (OptiQuip)
operating at 150 W, controlled by a Lambda 10-2 shutter (Sutter Instru-
ments) and connected to the microscope by a liquid light guide. QDs
were selected for tracking analysis only if they were localized to photore-
ceptor terminals, exhibited a small size (four or fewer pixels) and showed
intermittent blinking; these criteria are consistent with labeling by a sin-
gle quantum dot (Alcor et al., 2009). The location of a QD can be deter-
mined with precision exceeding the diffraction limit by fitting the
fluorescence profile with a Gaussian point spread function (Courty et al.,
2006). To estimate pointing accuracy, we measured the SD of displace-
ments exhibited by QDs immobilized in vacuum grease and found that
they averaged 96 nm on the upright microscope (11 QDs, 100 measure-
ments/QD) and 15 nm on the inverted microscope (10 QDs). Videos
were captured at 16-50 ms per frame for 20 s using NIS-Elements
(Nikon). Images were adjusted to optimize QD contrast and smoothed
by convolving with a 5 X 5 pixel Gaussian. QD position was then tracked
using NIS-Elements software. From the x and y coordinates, we calcu-
lated the mean squared displacement (MSD; in square micrometers per
second) (Saxton, 1997) using the following equation:

1
MSD = > (X, = XiP + Yo — VP (D)
- i=1

The diffusion coefficient (D) was calculated from the initial slope of
MSD versus time (#) during the first four data points. Because the plateau
in the MSD versus time plot was obtained very quickly, it was necessary to
use data acquired at a rate of 16 ms per frame measured in dissociated
photoreceptors. The value for D was determined using the following
equation:

MSD = 4DAt. (2)

We calculated the confinement area that a given Ca,, channel traverses
about the presynaptic plasma membrane using Equation 3:

L? — 12Dt
MSD = ?<1 — exp [TD (3)

In this equation, L? provides the surface area that a given channel tra-
verses, in square micrometers.

For a particle moving freely in solution, one can treat all three planes of
movement as independent. However, movements in a lipid bilayer are
limited to two dimensions. Because movements along any membrane
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Figure1.

that projects in the z-axis cannot be visualized by conventional micros-
copy, z-axis movements are neglected in calculations of the MSD. Calcu-
lated confinement areas and diffusion coefficients therefore represent
lower bounds of the true values (Hall, 2008).

Electrophysiology. Voltage-clamped photoreceptors were stimulated
by applying depolarizing test pulses (—70 to —10 mV, 100 ms) to evoke
synaptic release and determine whether synaptic vesicle fusion changed
the mobile properties of Cay, channels. Whole-cell recording electrodes
were pulled using a PP-830 vertical puller (Narishige International USA)
from borosilicate glass pipettes (1.2 mm outer diameter, 0.9 mm inner
diameter, with an internal filament; World Precision Instruments) with
tips 2 pm in diameter and resistance values between 12 and 18 MQ).
Recording electrodes were positioned using Huxley—Wall micromanipu-
lators (Sutter Instruments). Photoreceptors with a QD bound to the
synaptic terminal were voltage-clamped using a Multiclamp amplifier,
Digidata 1322 interface, and pClamp 9.2 (MDS Analytical Devices). We
selected cells that exhibited healthy calcium currents (>50 pA as deter-
mined by a ramp voltage protocol, —90 to +60 mV, 0.5 mV/ms) and
required modest holding currents (<200 pA) to voltage-clamp the cell at
the steady holding potential of —70 mV. The patch pipette solution
contained the following (in mm): 40 cesium glutamate, 50 cesium gluta-
mate, 9.4 TEACI, 3.5 NaCl, 1 CaCl2, 1 MgCl2, 9.4 MgATP, 0.5 GTP, 5
EGTA, and 10 HEPES, pH 7.2. The presence of glutamate in the patch
pipette maintains vesicle release and postsynaptic responses for up to 20
min after the initial whole-cell rupture into a photoreceptor (Bartoletti et
al., 2010). For RIBEYE imaging experiments, we introduced a fluorescent
peptide into the patch pipette solution (80 uMm HyLite-488-
EQTVPIDLSERDR) (Zenisek et al., 2004; Zenisek, 2008) that selectively
labels the ribbon by binding to the CtBP domain of RIBEYE.

To examine the effects of vesicle release on Ca,, channel position, we
applied the test step 5sinto a 10 s image series. Test pulses were separated
by 1 min to allow for replenishment of the synaptic vesicle pool (Rabl et
al., 2005). From these experiments, we measured the distance of QD-
bound Cay, channels from the center of the confinement domain. To find
the center point along the x-axis (x_.,,), we binned the distribution of
x positions throughout the entire 10 s trial and fit the resulting histo-

a,8, Antibodies label photoreceptor synapses in the OPL. 4, The c, 8, antibody localized to photoreceptor synapses
in the OPL and bipolar cell synapses in the IPL n fixed retina tissue where Ca, channels are located. B, «t, 8, antibody staining was
eliminated by introducing an antigenic peptide during incubation with the primary antibody. C, «,6, antibody also labeled the
OPLand IPLin living retinal tissue. D—F, o, 8, (D, green) colocalized with SV2 (E, red), in the OPLand IPL (merge shownin F). 6,
The c,8, antibody (G, red) colocalized with antibodies to the pore-forming subunit of Ca, 1.4/ v, (H, green) in the OPL and IPL
(merge shown in /). Scale bar, 45 wm. 0S, Outer segment; ONL, outer nuclear layer; INL, inner nuclear layer.
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gram with a Gaussian function. We repeated
this procedure to find the center point along
the y-axis ( ¥cener)- The radial distance from the
center point (r) was then calculated using the fol-
lowing function:

Radial Displacement

= \([Xr - Xcenter]z + [Y1 - Ycenter]l)' (4)

Statistical analysis. Results are presented as the
mean = SEM, and p values <0.05 were consid-
ered significant. Data were analyzed using
Prism 4 (GraphPad Software), and statistical
significance between experimental conditions
was determined using Student’s t test.

Results

«,0, antibody localization and

QD conjugation

The disruption of photoreceptor synapses
by a,6, subunit mutations suggests its
role as the principal a,8 isoform in pho-
toreceptors (Wycisk et al., 2006a,b). We
tested this by using an anti-a, 8, antibody
in salamander retina slices. By indirect
immunofluorescence using an FITC-con-
jugated secondary antibody, we found
that antibodies against an extracellular
epitope of «,8, labeled photoreceptor
synapses in the outer plexiform layer (OPL)
and bipolar cell synapses in the inner plex-
iform layer (IPL) (Fig. 1A). Aside from
autofluorescence due to flavoproteins in the mitochondrial-rich
ellipsoid (Kunz and Kunz, 1985), the fluorescence signal was ab-
sentwhen the primary antibody was applied in the presence of the
peptide used to generate the «,6, antibody (Fig. 1 B) or when the
primary antibody was omitted altogether (data not shown). Al-
though labeling was less robust, the a, 8, antibody also labeled the
inner and outer plexiform layers of living retinal slices (Fig. 1C).
These observations are consistent with the suggestion that «, 6, is
the principal «,6 subunit in retina (Wycisk et al., 2006a,b) and
that L-type Ca,, channels are localized to photoreceptor synapses
in the OPL, and to bipolar cell synapses in the IPL (Heidelberger
et al., 2005).

We confirmed the synaptic localization of the «,8, antibody
by colabeling retinal slices with an antibody to SV2 (Wang et al,,
2003). a,d, labeling in the OPL and IPL (Fig. 1D) exhibited
extensive colocalization with immunofluorescent labeling for
SV2 (Fig. 1E, F), consistent with localization of the &, 8, antibody
to photoreceptor synaptic terminals, where Ca,, channels are
concentrated. Antibodies to the «,8, subunit (Fig. 1G) also
showed extensive colabeling with antibodies to the pore-forming
a, subunit of Cay1.4 (Fig. 1H,I), showing a close association
between the two Ca’" channel subunits. Western blots using
whole salamander retinal lysate and the a8, antibody produced
aband at 150 kDa, as expected for the a,8, subunit, and another
band at ~130 kDa consistent with «, subunits dissociated from &
subunits under reducing conditions (Qin et al., 2002; Andrade et
al., 2007) (data not shown).

Streptavidin-coated QDs were conjugated to the anti-a, 5, an-
tibody by attaching a biotinylated goat anti-rabbit secondary IgG
to the anti-a, 8, antibody followed by a brief incubation with 525
nM streptavidin-coated QDs. IgG binding and streptavidin—bio-
tin linking are two of the strongest known organic bonds (Dia-
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Figure 2.  QDs conjugated to the a, 8, antibody label the OPL. A, QDs attached to the o, 8,
antibody labeled the OPL and IPL of fixed retina tissue. B, Incubating retinal tissue without the
primary o, 6, antibody, but with biotinylated goat IgG antibodies, and QDs does not result in
nonspecific binding. €, QDs attached to the e, 6, antibody also labeled the OPLin living retina
slices. Autofluorescence of mitochondrial flavoproteins in the inner segments was heightened
by the long exposure times used to acquire these images. D, Inset from Cto show individual QDs
(arrows) in the OPL. Scale bar, 45 wm.

mandis and Christopoulos, 1991) providing an adequate QD—
Ca, channel anchor for biophysical studies. Figure 2A shows QD
labeling in the OPL and IPL of a fixed retina section with punctate
QD signals throughout the layers. QD labeling in the OPL and
IPL was eliminated in living and fixed tissue by omission of the
primary antibody (Fig. 2 B) or coincubation of the a,8, antibody
with an antigenic peptide. Figure 2C shows QD labeling in living
tissue overlaid with a bright-field image of the retinal slice. The
prominent autofluorescence of mitochondrial flavoproteins in
the inner segments is due to the long exposure time (5 s) of the
fluorescence image. Figure 2D shows a magnified view of the
OPL (Fig. 2C, bounded by the box) with punctate Ca,, channel-
bound QDs denoted by arrows. These findings reiterate the spec-
ificity of the anti-,8, antibody and show that nanometer-scale
QDs can be targeted to the photoreceptor synaptic layer.

As an additional test that labeled Ca,, channels localize near
the ribbon, we obtained whole-cell recordings from dissociated
QD-labeled photoreceptors and used a patch pipette to introduce
a peptide tagged with the fluorophore Hylite488 to selectively
label the ribbon by binding to RIBEYE (Zenisek et al., 2004; Ze-
nisek, 2008). Consistent with localization of Ca, channels at the
ribbon, the binding of Hylite488 to the ribbon following patch
rupture caused a rapid increase in fluorescence levels around the
QD (Fig. 3). Similar results were observed in rods and cones from
both isolated cell preparations (N = 6 rods, N = 4 cones) and
retinal slice preparations (N = 8 rods, N = 4 cones).

Biophysical characterization of Ca,, channel movements

The mobility of Cay, channels at the photoreceptor synapse was
analyzed from the movements of single QD-conjugated Ca,,
channels over time. QDs were imaged at a rate of 16—50 ms per
frame for 1020 s. Trajectory plots for QD-conjugated Ca,, chan-
nels in a rod and cone are illustrated in Figure 4, A and B. To
evaluate contributions of camera noise and possible wobble of
the tethered QD, we also examined the apparent movements of
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Figure 3.  Colocalization of synaptic ribbons and QD-tagged Ca, channels. Ca, channels in
dissociated cells were labeled with QDs as described in Materials and Methods. Ribbons were
then labeled by using a patch pipette to introduce a fluorescently labeled peptide (Hylite-488-
EQTVPIDLSERDR) (Zenisek et al., 2004; Zenisek, 2008) that selectively labels the ribbon by
binding to the CtBP domain of RIBEYE. 4, Fluorescence image of a cone before patch rupture
showing a single QD in the terminal (arrow). B, Fluorescence image obtained ~2 min later
showed an increase in fluorescence surrounding the QD after binding of peptide to the ribhon.
Scale bar, 10 pm.

QDs tagged to Cay, channels in fixed tissue or embedded in vac-
uum grease (Fig. 4C). The tissue itself produced negligible move-
ments, as determined by tracking single bright spots on
photoreceptors under bright-field illumination.

MSD in the x and y dimensions was calculated using Equation
1. We subtracted the MSD measurements of immobilized QDs
(Fig. 5A, circles) from the MSD measurements made in living
rods (Fig. 5A, squares) and cones (Fig. 5A, triangles). The pres-
ence of a plateau in the MSD plot indicates that Ca,, channel
movement is confined within a limited spatial domain (Saxton
and Jacobson, 1997). The asymptote of the relationship between
MSD and time approaches L?/3 (Bannai et al., 2006). We mea-
sured the asymptote by fitting the data with Equation 3. The
asymptote measured from baseline-corrected MSD data in rods
indicated a confinement area of 0.29 um? (N = 21). Consistent
with smaller ribbons in cones, they exhibited a smaller confine-
ment area of 0.19 um? (N = 21, p < 0.05) (Fig. 5B).

We compared measurements in photoreceptors from retinal
slices with the mobility of individual Cay, channels measured in
dissociated photoreceptors using an inverted microscope with a
higher NA objective (1.45) and different EMCCD camera. Base-
line noise from immobile QDs (N = 10) on the inverted micro-
scope setup was negligible (Fig. 5C). Ca,, channels in dissociated
rods (N = 8) and cones (N = 10) showed confinement areas of
0.36 and 0.22 wm?, similar to baseline-subtracted confinement
areas found in retinal slices (Fig. 5C).

The protein bassoon is thought to tether Ca,, channels to the
synaptic ribbon (Dick et al., 2003), so we examined the mobility
of individual ribbons. To do so, we obtained whole-cell record-
ings from dissociated rods and cones, and introduced the fluo-
rescent ribeye-binding peptide through the patch pipette. The
Hylite488-conjugated peptide selectively binds to the ribbon and
provides a bright point source for tracking analysis. Individual
ribbons yielded a plateau in the MSD plot of 3.9 X 10 > um?
(N = 6), much less than Ca,, channel displacement. This suggests
that the ribbon is far less dynamic than Cay channels in the
plasma membrane below.

Some of the channel movements likely reflect small move-
ments of the overlying ribbon. Subtracting the confinement area
for ribbon movement yields confinement areas for channel
movements of 0.25 um? in rods and 0.15 pwm? in cones. Assum-
ing that Ca,, channels are confined within the 200-300-nm-wide
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C Immobile

Figure 4. Trajectory maps of Ca, channel movements at rod and cone synapses versus im-
mobilized QDs. Individual trajectory points (3A, 3B, 3C) showing the coordinates of a single QD
every 50 ms during a 20 s acquisition. A-C, Ca, channels at the synapses of rods (4) and cones
(B) exhibited larger fields of displacement compared with an immobile dot (C).

region between vesicles flanking the ribbon (Raviola and Gilula,
1975), this suggests long axes for channel movements of 0.8-1.3
pmin rodsand 500—-800 nm in cones. These are similar to ribbon
lengths of ~1 wm in rods and ~400 nm in cones from salaman-
der retina (Lasansky, 1973; Townes-Anderson et al., 1985; Pang et
al., 2008).

Plots of particle trajectories sometimes showed elongated pro-
files (Fig. 4), consistent with the possibility that Ca®" channels
are confined in a rectangular or elliptical region beneath the rib-
bon. Linear correlation coefficients (r) determined for each tra-
jectory plot ranged from 0.012—0.52 in rods and 0.018-0.6 in
cones. If channels diffuse freely within a rectangular domain of
250 X 1000 nm in rods, then 80% of the movement vectors
should be in the direction of the long axis and 20% of the move-
ment vectors should occur along the short axis. Movements along
the long axis should therefore show a maximal r value approach-
ing 0.8 in rods. Similarly, movement within a 250 X 500 nm
domain in cones would imply a maximum linear correlation of
0.67. Given that ribbons in living retinal tissue are oriented ran-
domly in three dimensions, the finding that correlation coeffi-
cients for movement trajectories ranged from 0.012 to 0.52 in
rods and 0.018 to 0.6 in cones is consistent with the predicted
ranges of correlation coefficients from 0 to 0.8 in rods and 0 to
0.67 in cones. Thus, the size of the confinement domains and
correlated movements of individual channels are both consistent
with the hypothesis that Ca®* channels are mobile, but confined
within a region along the synaptic ridge beneath the ribbon
(Mansergh et al., 2005; Jackman et al., 2009).

From the linear slope of the relationship between MSD and
time measured in dissociated cells over the first four data points
(0—64 ms) (Fig. 6), we calculated that the diffusion coefficient for
Cay, channels averaged 0.22 = 0.15 wm?/s in rods (N = 12) and
0.13 = 0.12 wm?*/s in cones (N = 12). Since these values did not
differ significantly ( p = 0.56), we averaged data from rods and
cones together to obtain an overall diffusion coefficient for pho-
toreceptor Ca,, channels of 0.17 = 0.10 wm */s. This is within the
range of diffusion coefficients found for other ion channels (D =
8 X 10 "*t0 2.5 um?/s) (Dahan et al., 2003; Bates et al., 2006; Jin
et al.,, 2007; Groc et al., 2008; Mikasova et al., 2008; Bannai et al.,
2009; Gomez-Varela et al., 2010).

Synaptic scaffold disruption

We hypothesized that intracellular scaffolds help to localize Cay,
channels within the confinement domain at the ribbon synapse,
and that pharmacological disruption of these architectural compo-
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Figure 5.  Ca, channel movements at photoreceptor synapses are confined to limited do-
mains. A, Measurements of QDs in slice preparations imaged with an upright microscope and
60<, 1.0 NA objective (rods, filled squares, N = 21; cones, filled triangles, N = 21; immobile
QDs, filled circles, N = 9). Baseline noise was measured by observing QDs immobilized in
vacuum grease. The MSD profiles rapidly reached a plateau, suggesting that Ca, channels move
withina confined domain (Saxton and Jacobson, 1997). B, C, MSD measurements after baseline
subtraction of the noise measured with immobilized dots (B) yielded confinements areas sim-
ilar to those measured using a higher NA objective to study dissociated photoreceptors (C).
Confinement areas were calculated by fitting the data with Equation 3. Rods, L2 = 0.29 um?
cones, L2 = 0.19 um?. €, Measurements of Ca, channel motion made in dissociated photore-
ceptors using an inverted microscope with a 60<, 1.45 NA objective (rods, N = 8, L% = 0.34
wm? cones, N = 10,L% = 0.22 um?). Inmobilized QDs, N = 10).

nents would increase channel mobility. We targeted two impor-
tant organizing components: the actin cytoskeleton and
membrane cholesterol (Cooper and McLaughlin, 1984; Davies et al.,
2006; Cristofanilli et al., 2007; Renner et al., 2009). Applying the
actin-disrupting drug cytD (4 h, 20 uM) reduced actin levels in
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Figure 6.  Rate of Ca, channel mobility. The diffusion coefficient was determined from the

slope of the MSD versus time relationship during the first four time points in measurements of
QD displacement in dissociated photoreceptors. Images were captured at a rate of 16 ms per
frame. Rod Ca, channels (¥ = 12) moved at a rate of 0.22 = 0.15 um?/s, and cone (a,
channels (V = 12) moved at a rate of 0.13 = 0.12 um?/s. These two values did not differ
significantly ( p = 0.56).
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Figure 7.  Effects of synaptic scaffold disrupting agents visualized using fluorescent
microscopy. 4, In control conditions, FITC-phalloidin produced strong actin labeling in the
OPL and IPL. B, 4 h treatment with 20 um cytD diminished staining in the OPL and IPL.
There was also a noticeable increase in fluorescence within the somas of rods and cones
after application of cytD, suggesting that synaptic actin had been depolymerized and
dispersed throughout the cells. C, In control conditions, lipid rafts visualized with 1 ug/ml
FITC-cholera toxin B show that the OPL is enriched with cholesterol. Strong staining
surrounding rod somas was also apparent in more distal regions of the ONL. D, E, Staining
was reduced after depletion of cholesterol by 1 h treatment with COase (D, 2 U/ml) or
MBCD (E, 10 mm). Both treatments also diminished strong staining at the periciliary
border at the base of the inner segment. Scale bar, 45 um.

the OPL detected by FITC-phalloidin (0.2 um) (Fig. 7A, control,
B, cytD). We also tested latrunculin-B (4 h, 5 um) but found that
it produced substantial cell damage. We tested two cholesterol-
depleting drugs, MBCD (1 h, 10 mMm) and COase (1 h, 2 U/ml),
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and found that both depleted lipid raft components from the
OPL, as detected by FITC-cholera toxin B staining (Fig. 7C, con-
trol, D, COase, E, MBCD). Disrupting actin with cytD (N = 16)
or depleting membrane cholesterol with MBCD (N = 17) or
cholesterol oxidase (N = 16) significantly increased the size of the
confinement domain ( p < 0.0001) (Fig. 8) from a mean of 0.24
wm? (solid back circles) in untreated photoreceptors (rods and
cones pooled together) to 0.77 um?* (cytD; black triangles), 0.91
wm? (COase; open diamonds), and 1.5 um? (MBCD; open cir-
cles). Effects of these drugs were similar in both photoreceptor
subtypes. Voltage-clamp recordings from rods and cones showed
no significant change in whole-cell Ca®" currents (I.,) measured
using a ramp voltage protocol after treatment with these com-
pounds (data not shown).

Photoreceptor stimulation
It has been hypothesized that membrane expansion following the
fusion of synaptic vesicles might disrupt the presynaptic active
zone and thereby contribute to changes in synaptic strength (Ne-
her and Sakaba, 2008; Hosoi et al., 2009). We tested whether
fusion of nearby synaptic vesicles alters the lateral movements of
presynaptic Cay, channels by obtaining voltage-clamp recordings
from cones whose terminals were tagged with the «,8, anti-
body—QD complex. We applied strong depolarizing test pulses
from —70 to —10 mV (100 ms) that are sufficient to stimulate
release of the entire readily releasable pool (RRP) (Rabl et al.,
2005; Bartoletti et al., 2010). Vesicles at the photoreceptor syn-
apse have an average diameter of 45 nm (Lasansky, 1973; Thore-
son et al., 2004). Exocytosis of the RRP releases ~20 vesicles per
ribbon at cone synapses (Bartoletti et al., 2010), and should there-
fore add ~0.51 wm? of vesicle membrane to the plasma mem-
brane, more than the size of Ca,, channel confinement domains
in cones.

To measure Cay, channel displacements, we calculated the dis-
placement of vector movements in both dimensions, as follows:

Displacement = \([X;,, — X;J + [Vi., = ;). (5)

Depolarizing stimulation evoked detectable increases in displace-
ment in 8 of 10 cones; an example of Ca,, channel displacement is
shown in Figure 9A. A trajectory map of this trial is shown in
Figure 9B. Detectable displacement jumps could be evoked by
repeated stimulation of the same cell (N = 5 cells). The absence of
detectable changes in displacement in two cones is likely due to
the failure of those particular photoreceptors to release gluta-
mate, but could also be due to inherently small channel move-
ments or stimulation-evoked movements perpendicular to the
plane of visualization. The depolarizing test pulse did not pro-
duce detectable movement of the patch electrode or surrounding
retinal tissue. In addition, there was no change in displacement
(N =16 trials in 5 cells) after blocking Ca,, channels with 100 um
cadmium, indicating that the movements required Ca*" influx
as expected for vesicle fusion. As shown by examples in Figure 9,
displacement increased within the first 50 ms frame during the
test pulse, consistent with the finding that fusion of the RRP is
complete in <50 ms (Cadetti et al., 2005; Bartoletti et al., 2010).
The average displacement from 15 trials in eight cones is shown in
Figure 9C. Although the rate of synaptic release declined after the
first 50 ms (Cadetti et al., 2005; Bartoletti et al., 2010), Ca,, chan-
nel displacement continued to increase for another 100 ms, indi-
cating that changes in active zone mobility persist for a short time
after vesicle fusion. Before the test step, displacement averaged
0.28 = 0.06 wm per 50 ms. By 50 ms after the step, the average
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monds), and 1.5 um % (M3CD; open circles).

displacement more than doubled to 0.74 = 0.08 wm per 50 ms
frame (15 trials in 8 cells, p << 0.001 vs baseline) (Fig. 9E).

Fusion typically caused Cay, channels to move outward to
more peripheral locations. For example, compare Ca,, channel
positions before the step (point 1) to the position attained 50 ms
after the end of the step (point 4) in the trajectory map of Figure
9B. To quantify these excursions, we measured the position of
each channel relative to the center point of the domain before and
after stimulation (see Materials and Methods). Channels had
moved significantly further from the center by the end of the test
pulse and moved still further away 50 ms later ( p < 0.01) (Fig.
9D). They returned to more central positions by 100 ms after the
end of the test pulse. Thus, vesicle fusion caused Ca,, channels to
move toward the edge of the confinement domain, but they
quickly returned toward the center.

Similar results were observed in rods (4 trials in 3 cells; data
not shown), with a large poststimulation excursion observed 50
ms after the test pulse. However, it is difficult to compare QD
movements of rods and cones directly for three reasons. First, the
kinetics of exocytosis in rods appears to be slower than cones
(Cadetti et al., 2005; Rabl et al., 2005), thus frame-by-frame
changes in QD position may differ between the two cell types.
Although the peak excursion was obtained 50 ms after stimula-
tion in rods, displacement levels remained elevated for a longer
period, consistent with the possibility that subsequent vesicle re-
lease may contribute to extended Ca, channel excursions. Sec-
ond, rods are electrically coupled by gap junctions (Attwell et al.,
1985), which can influence the slow components of exocytosis
(Armstrong-Gold and Rieke, 2003; Cadetti et al., 2005). Finally,
previous work has shown that a 100 ms test pulse from —70 to
—10 mV releases the entire RRP of ~20 vesicles in cones (Barto-
letti et al., 2010), but the RRP size has not been empirically quan-
tified at rod synapses. Despite differences in the kinetics of rod
and cone exocytosis, our findings suggest that Ca,, channels also

.0 T T T T T T T 1
00 25 50 75 100 125 150 17.5 200

Actin and cholesterol disruption decreases Ca, channel confinement. Actin disruption and cholesterol depletion
increased Ca, channel mobility and confinement domains. A-D, QD trajectories spanned a much larger domain than control (4)
and after treatment with cytD (B), MBCD (C), or Case (D). E, Confinement areas increased from 0.24 um ? (solid back circles) in
untreated photoreceptors (rods and cones pooled together) to 0.77 wm? (cytD; black triangles), 0.91 um? (COase; open dia-

by the proximity between Ca** channels
and synaptic vesicles, and changes in this
spatial relationship can impact exocytosis
(Augustine et al., 1991; Meinrenken et al.,
2003; Schneggenburger and Neher, 2005).
Accordingly, Ca®" channels are clustered
beneath the synaptic ribbons of photore-
ceptors very close to vesicle release sites
along the ribbon flanks (Morgans, 2001;
tom Dieck et al, 2005; Mercer et al,
2011). Our results show that, although
they may be confined beneath the ribbon,
Cay channels at the photoreceptor syn-
apse remain mobile. Lateral movements of postsynaptic recep-
tors have been identified as a mechanism for adjusting synaptic
strength (Adesnik et al., 2005; Bannai et al., 2009). Consistent
with the possibility that fusion of synaptic vesicles can disorga-
nize the presynaptic release apparatus, we found that vesicle fu-
sion produced detectable changes in the mobility of presynaptic
Cay, channels. However, the displacement jumps appear too
small and brief to substantially impair subsequent synaptic
release.

Mutations in the Cay subunit @,8, reduce electroretinogram
B waves, produce disordered ribbons, and lead to rod—cone dys-
trophy, indicating its association with Cay, channels in photore-
ceptors (Wycisk et al., 2006a,b). Consistent with these results, our
immunohistochemical and RIBEYE imaging experiments show
that the «,8, subunit of photoreceptor Ca,, channels colocalizes
near the ribbon, synaptic vesicles, and Ca,, channel . subunits
at rod and cone synapses (Morgans, 2001; Morgans et al., 2005;
Steele et al., 2005; Specht et al., 2009). Electron micrographs show
a random array of particles along the flanks of the synaptic ridge
in primate photoreceptors that have been proposed to be Ca,,
channels (Raviola and Gilula, 1975). We found that the size of the
confinement area for Cay, channel movements was similar to the
area along the synaptic ridge beneath ribbons of rods and cones.
The presence of a random arrangement of particles after fixation
is consistent with freely mobile channels in living tissue. By con-
trast, Cay, channels at the neuromuscular junction and calyceal
synapses show a more orderly arrangement (Haydon et al., 1994;
Harlow et al., 2001), suggesting that presynaptic Ca,, channels
may not be equally mobile at every synapse.

Mobility measurements of Ca,, channels at the photoreceptor
synapse indicate a diffusion coefficient of 0.17 um?*/s for the
combined sample of rods and cones. Mobility of the QD conju-
gate is typically dominated by lateral membrane mobility of the

Frame
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tors (0.001 ;Lmz/s) (Dahan et al., 2003). Figure 9. Vesicle fusion caused brief changes in Ca, channel mobility and position. Cone photoreceptors with attached

The similarity to diffusion characteris-
tics of EAG K" channels may reflect
similar macromolecular channel struc-
tures (Clapham, 1999; Catterall, 2000)
and suggest that structural constraints
may shape the properties of ion channel
mobility.

In other systems, the cytoskeleton inter-
acts with cholesterol-rich lipid rafts. To-
gether, these structures can serve as discrete signaling
platforms in a heterogeneous distribution throughout the
plasma membrane (Churchward and Coorssen, 2009). Our
results suggest that a similar organization of proteins and lip-
ids at photoreceptor synapses may help to maintain Ca,, chan-
nel position. Cristofanilli et al. (2007) showed Ca,, channel turnover
at retinal synapses as a consequence of actin disruption, and
Renner et al. (2009) reported that cholesterol-enriched regions
create obstacles in the plasma membrane that corral integral
membrane proteins. Recently, it has also been shown that «,-
nicotonic acetylcholine receptors are tethered in the postsynaptic
membrane by cholesterol and actin filaments (Fernandes et al.,
2010). Consistent with these observations, we found that disrupt-
ing actin with cytD or depleting membrane cholesterol with
MPBCD or COase significantly expanded confinement domains.
MPBCD has also been reported to disrupt actin in cultured fibro-
blast cells (Kwik et al., 2003). Perturbation of both actin and
cholesterol may explain the larger effect of MBCD compared
with COase or cytD.

Actin disruption can stimulate endocytosis of Cay 1.3 chan-
nels (Cristofanilli et al., 2007) and diminish postsynaptic cur-
rents (PSCs) in second-order neurons by altering vesicle
trafficking in the presynaptic terminal (Sakaba and Neher,
2003; Owe et al., 2009). Cholesterol depletion has also been
shown to reduce I, (Taverna et al., 2004) and blunt PSCs
(Churchward et al., 2005; Zamir and Charlton, 2006; Linetti et
al., 2010). We observed no significant changes in photorecep-
tor I, following actin disruption or cholesterol depletion, but
increased Ca,, channel mobility and a greater distance from

QDs were voltage-clamped and stimulated by application of a test step from —70 to —10 mV for 100 ms. A, Example
illustrates that depolarizing stimulation evoked a noticeable increase in QD displacement. The corresponding trajectory
map is shown in B. Point 1 shows the position just before stimulation. By 50 ms after the end of the test step (point 4), the
Cay channel had moved to the edge of the confinement domain. C, Average displacement from 15 trials in 8 cones. Channel
displacement increased ~450 nm from baseline movements by 150 ms after the beginning of the voltage step (***p <
0.001 vs baseline). D, Distance of channels from the center point of the domain increased after stimulation. As described in
Materials and Methods, the center point for each channel was calculated from Gaussian fits to the frequency histograms of
positions occupied by the channel along the x- and y-axes. Ca, channels moved significantly farther from the center of the
trajectory plot by 150 ms after the beginning of stimulation (**p < 0.01).

exocytotic release sites might contribute to a reduction in
PSCs.

The RRP of vesicles contacting the plasma membrane at the
base of the synaptic ribbon flanks the domain occupied by Ca,,
channels (Lasansky, 1973; Raviola and Gilula, 1975; tom Dieck
et al., 2005). Capacitance measurements suggest that most or
all of the vesicles released at the photoreceptor synapse exhibit
full collapse fusion (Kreft et al., 2003; Thoreson et al., 2004; Li
et al., 2009; Bartoletti et al., 2010). It is unlikely that addition
of synaptic vesicle membrane significantly alters synaptic
membrane fluidity since the lipid constituents of vesicles do
not appear to differ appreciably from the plasma membrane
lipid bilayer (Takamori et al., 2006). However, fusion of ~20
vesicles in the RRP of cones (Bartoletti et al., 2010) would be
predicted to increase membrane surface area by ~0.5 um?,
and brief expansion of the local synaptic membrane might
increase Cay, channel movement. Consistent with this, we ob-
served a detectable jump in Ca,, channel position following
application of a depolarizing stimulus that releases the
entire RRP.

Channel movements will smear out the nanodomain of
high Ca®" immediately beneath an open Cay, channel. Photo-
receptor Ca, channels open for an average of 1.1 ms (Thore-
son etal., 2000), and during this time a channel will move ~11
nm (~16 nm immediately after fusion of the RRP). Exocytosis
involves Cay channel openings <100 nm from release sites
(Bartoletti et al., 2010; Mercer et al., 2011). Thus, small chan-
nel movements may slightly alter the probability that Ca*"
reaches levels at a release site that are sufficiently high to stim-
ulate fusion.
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The present results are consistent with the idea that vesicle fusion
can briefly alter the organization of presynaptic proteins involved in
release. Following stimulation, Cay channels moved toward the edge
of the confinement domain and then returned quickly to more cen-
tral locations. Capacitance measurements at cone synapses indicate
that ~50% of the exocytosed membrane is endocytosed within 350
ms (Rabl et al., 2005). Thus, recovery toward more central locations
within 200 ms may be at least partly due to endocytotic retrieval of
membrane. Brief outward excursions during stimulation would
tend to push channels closer to vesicle docking sites located on the
flanks of the synaptic ridge and could thus potentially enhance sub-
sequent release. However, ribbon release sites require ~250 ms to be
primed for release of another vesicle (Zenisek et al., 2000), and chan-
nels returned to more central positions within ~200 ms. This sug-
gests that the impact of fusion-induced Ca,, channel movements on
subsequent exocytosis may be small, although it does not rule out the
possibility that disorganization of other proteins might contribute to
postsynaptic depression (Neher and Sakaba, 2008; Hosoi et al.,
2009). A more sustained expansion of the confinement area is likely
to have a greater impact by lengthening the time that Ca,, channels
spend away from release sites. Our results indicate that a sustained
expansion of the confinement area can occur after disruption of
scaffold molecules. A more modest expansion might also accom-
pany the continuous release of vesicles that occurs when cones are
maintained in a depolarized state in darkness, suggesting possible
plasticity in the spatial relationships among proteins during chang-
ing levels of illumination. Mutations in Ca, 1.4 subunits cause reti-
nopathies such as congenital stationary night blindness (Morgans et
al,, 2005; Gu et al.,, 2008) and rod-cone dystrophy (Wycisk et al.,
2006a,b). Many of these mutations alter Ca>* channel gating prop-
erties, but the present results raise the possibility that mutations that
alter channel mobility might also cause disturbances in retinal
neurotransmission.
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