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Abstract
To better understand synaptic signaling at the mammalian rod bipolar cell terminal and pave the way
for applying genetic approaches to the study of visual information processing in the mammalian
retina, synaptic vesicle dynamics and intraterminal calcium were monitored in terminals of acutely
isolated mouse rod bipolar cells and the number of ribbon-style active zones quantified. We identified
a releasable pool, corresponding to a maximum of ≈ 35 vesicles/ribbon-style active zone. Following
depletion, this pool was refilled with a time constant of ≈ 7 s. The presence of a smaller, rapidly-
releasing pool and a small, fast component of refilling were also suggested. Following calcium
channel closure, membrane surface area was restored to baseline with a time constant that ranged
from 2 to 21 seconds, depending upon the magnitude of the preceding Ca2+ transient. In addition, a
brief, calcium-dependent delay often preceded the start of onset of membrane recovery. Thus, several
aspects of synaptic vesicle dynamics appear to be conserved between rod-dominant bipolar cells of
fish and mammalian rod bipolar cells. A major difference is that the number of vesicles available for
release is significantly smaller in the mouse rod bipolar cell, both as a function of the total number
per neuron and on a per active zone basis.
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Introduction
Chemical synaptic transmission is a fundamental mechanism by which neurons of the central
nervous system communicate. Bipolar cells are glutamatergic retinal neurons that respond to
stimuli with graded changes in membrane potential. These neurons make ribbon-style synapses
and play a pivotal role in the transfer of visual information across the vertebrate retina. For the
rod-dominant (Mb1) bipolar cell of the goldfish retina, there is a wealth of information available
about synaptic vesicle dynamics and neurotransmitter release (Heidelberger et al., 1994; von
Gersdorff & Matthews, 1994a; Heidelberger, 2001; Zenisek et al., 2004; Heidelberger et al.,
2005; Sterling & Matthews, 2005). By contrast, relatively little is know about synaptic vesicle
dynamics at mammalian bipolar cells. Such information would be valuable not only for gaining
a better understanding of retinal signal processing, but also for the development of the mouse
rod bipolar cell as a model system for understanding synaptic mechanisms at ribbon-style
synapses.
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The mammalian rod bipolar cell is part of a high-sensitivity neural circuit specialized for
scotopic vision that is unique to mammals and experiences a different synaptic demand than
the goldfish Mb1 bipolar cell. While the Mb1 bipolar cell receives inputs from both rods and
cones and makes chemical synapses directly onto third-order neurons (Stell et al., 1977; Ishida
et al., 1980; Joselevitch & Kamermans, 2007), the rod bipolar cell receives input from rods
and indirectly provides an output signal to ganglion cells, by first making chemical synapses
onto AII amacrine cells that are electrically-couple via gap junctions to each other and to cone
bipolar cells, which then make chemical synapses onto ganglion cells (Bloomfield & Dacheux,
2001; Tsukamoto et al., 2001; Veruki & Hartveit, 2002). The light response of the Mb1 bipolar
cell is characterized by a sustained depolarization at low stimulus intensities that develops an
initial, transient component as stimulus intensity increases (Saito & Kujiraoka, 1982;
Joselevitch & Kamermans, 2007). Under some conditions, the response may even become
regenerative (Protti et al., 2000). In response to a sustained depolarization, there is an initial
burst of release from the Mb1 bipolar cell that is followed by a prominent, longer-lived
secondary component of release (Sakaba et al., 1997; von Gersdorff et al., 1998). Both
sustained and transient components of light-evoked release are also observed in neurons
postsynaptic to the mammalian rod bipolar cell (Nelson, 1982; Kolb & Nelson, 1983; Dacheux
& Raviola, 1986; Bloomfield & Xin, 2000; Pang et al., 2004). However, in response to a
sustained depolarizing voltage-step, the transient component of the postsynaptic current is quite
pronounced, while the sustained component is of relatively low amplitude (Singer & Diamond,
2003; Veruki et al., 2003; Trexler et al., 2005). This pattern is observed even in the presence
of blockers of inhibitory GABAergic input and when only sustained calcium currents are
activated in the rod bipolar cell, leading to the suggestion that glutamate release from the
mammalian rod bipolar cell is inherently transient (Bieda & Copenhagen, 2000; Singer &
Diamond, 2003). For all of these reasons, it is not clear to what extent information about
synaptic vesicle pools and refilling dynamics obtained in Mb1 bipolar cells of the goldfish
apply to the mammalian rod bipolar cell.

In a previous report, we demonstrated that under carefully-controlled conditions it is feasible
to track synaptic vesicle dynamics in the mouse rod bipolar cell using time-resolved
capacitance measurements, and we identified a pool of releasable synaptic vesicles (Zhou et
al., 2006). In the present study, we extended these results by suggesting the presence of a small,
rapidly-releasing pool, presumably representing those vesicles nearest the calcium channels
(Mennerick & Matthews, 1996; Neher, 1998), and by characterizing the depletion and refilling
rates of the 30 fF releasable vesicle pool. In addition, we quantified the number of ribbon-style
active zones to allow the estimation of the mean number of vesicles in the releasable pool at
each ribbon-style active zone of the mouse rod bipolar cell. Our results demonstrate that
although the releasable pool of the mammalian rod bipolar cell per active zone is significantly
smaller than that of the Mb1 bipolar cell of the goldfish (von Gersdorff et al., 1996; Sterling
& Matthews, 2005), potentially contributing to an earlier depletion in the face of a prolonged
or strong stimulus, the depletion and the refilling rates of this pool are similar to those reported
for other ribbon synapses, including the Mb1 bipolar cell (von Gersdorff & Matthews,
1994a; 1997; Moser & Beutner, 2000; Heidelberger et al., 2002a; Eisen et al., 2004; Thoreson
et al., 2004; Rabl et al., 2005). In addition, although the time course of membrane recovery
did not exhibit a fast component, the major component of membrane recovery had a comparable
time course to that observed in the Mb1 bipolar cell (von Gersdorff & Matthews, 1997; Neves
& Lagnado, 1999; Neves et al., 2001). Thus, despite their different connectivity, several aspects
of synaptic vesicle dynamics are similar between the mouse rod bipolar cell and the rod-
dominant bipolar cell of the fish. The extent to which the molecular mechanisms underlying
these processes are conserved remains to be seen.
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Methods
Cell isolation

Rod bipolar cells were isolated from 2-6 month old C57Bl6/J mice by mechanical trituration
after enzymatic digestion, using methods similar to those previously described (Zhou et al.,
2006). All animal procedures conformed to NIH guidelines and were approved by the Animal
Welfare Committee of the University of Texas Health Science Center at Houston. In brief,
animals were euthanized and the retinas rapidly removed and placed in cold, oxygenated, low–
calcium modified Hanks’ solution (in mM): NaCl, 138; CaCl2, 0.5; MgCl2, 0.5; MgSO4, 0.4;
KCl, 5; KH2PO4, 0.44; Na2HPO4, 0.34; D-Glucose, 10; HEPES, 10; adjusted to PH 7.2, 310–
315 mOsm. Then, each retina was cut into 6-8 small pieces and incubated for 20-25 min at
room temperature in an enzymatic solution that consisted of the low-calcium Hanks’ saline
described above, supplemented with 2.7 mM L-cysteine (Sigma) and 30 U/ml papain (Fluka).
After being rinsed in low-calcium Hanks’ solution, pieces were stored in an oxygenated
environment at 10°C for ≤ 8 hours prior to mechanical trituration with a fire-polished Pasteur
pipette. The resulting cell suspension was plated onto clean glass cover slips. Rod bipolar cells
were identified based on their characteristic morphology using previously described criteria
(Zhou et al., 2006).

Electrophysiological and intraterminal Ca2+ measurements
Whole-cell capacitance measurements were performed with a 5-6 MΩ pipette placed on the
soma of an intact rod bipolar cell at 21-24°C (Zhou et al., 2006). Capacitance measurements
were made with the use of an EPC-9 patch-clamp amplifier together with PULSE LOCK-IN
software (Heka Electronics, Lambrecht, Germany). An 800-Hz, 30-mV peak-to-peak
sinusoidal voltage stimulus was superimposed on a holding potential of -70 mV. Currents were
filtered at 2.9 kHz. The resultant signal was processed using the Lindau-Neher technique to
yield estimates of Cm, Gm, and Gs. For high-resolution measurements, one data point for Cm,
Gm, and Gs was generated per sine wave cycle. For time-resolved measurements, the average
values obtained from each 100 ms sweep were recorded. For both types of measurements,
capacitance changes were not measured during the depolarization. The intracellular solution
typically contained (mM): 125 Cs-gluconate, 10 TEA-Cl, 3 MgCl2, 2 Na2ATP, 0.5 GTP, 0.1
EGTA, 0.2 bis-fura-2, 35 HEPES, pH = 7.2, 310 - 315 mOsm. In some experiments, where
indicated, the EGTA concentration in the internal solution was 0.5 mM. Bis-fura-2 was chosen
over fura-2 as the indicator dye because of its higher fluorescent yield and Kd of ≈ 500 nM
under physiological conditions (Naraghi et al., 1998). The external recording solution
contained (mM): 127 NaCl, 5 CsCl, 20 TEA-Cl, 1 MgCl2, 2 CaCl2, 10 glucose, and 10 HEPES,
pH = 7.4, 315 - 320 mOsm.

For measurement of intraterminal Ca2+, alternating excitation at 340 nm and 385 nm was
provided by a computer-controlled monochrometer-based system (ASI/T.I.L.L. Photonics)
(Messler et al., 1996). The resulting fluorescence signal was captured by a photomultiplier
(R928; Hamamatsu Phototonics, Hamamatsu City, Japan). An adjustable aperture was used to
position the collection field for emitted fluorescence selectively over the terminal cluster (Zhou
et al., 2006). Intraterminal Ca2+ was determined from the ratio (R) of the fluorescence signals
excited at the two wavelengths, following the equation [Ca2+]i= Keff * (R-Rmin)/(Rmax-R),
where Keff, Rmin, and Rmax are constants obtained from an in vivo calibration as previously
described (Heidelberger & Matthews, 1992). In brief, three solutions with a Ca2+

concentrational of nominal zero (10 mM EGTA with no added Ca2+), 300 nM (3.3 mM EGTA
with 6.6 mM CaEGTA), and 10 mM (10 mM CaCl2 with no added buffer) were dialyzed against
the cytosol in the whole-cell patch clamp recording. Three to five recordings were made for
each calibration solution.
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Cells in which the terminals escaped voltage control, as judged from the Ca2+ records, were
excluded from analysis. Also excluded from analysis were cells with leak currents larger than
30 pA or access resistances > 35ΩM (Zhou et al., 2006). The average leak current was 20.6 ±
1.1 pA and the average value of the access resistance, Rs, was 30 ± 0.6 MΩ and (n=157). All
data was imported to IGOR Pro (WaveMetrics) for further analysis.

Immunocytochemistry and confocal microscopy
Following euthanasia, the eyes were enucleated, and the anterior chamber and lens were
removed. The eyecups were immersion-fixed in 4% (w/v) paraformaldehyde (PFA) in 0.1 M
phosphate buffer (PB), pH 7.4, for 15-30 min, cryoprotected in graded/30% sucrose, embedded
in OCT embedding medium, fast frozen, and then sectioned vertically at 12-14 μm on a cryostat
onto gelatin-coated slides and stored at -20°C until use. In some cases, the whole retina was
also isolated and stored in PB at 4°C until antibody staining. For single bipolar cells, fixation
was begun after letting cells settle for 15–30 min onto glass coverslips coated with 0.1 mg/ml
poly-D-lysine and attach for 10-15 min at 6-8°C. After rinsing with PB, cells were stored in
PB at 4°C until antibody staining.

Immunostaining was performed using the indirect fluorescence method. Briefly, retinal
sections and dissociated cells were incubated with primary antibodies diluted in 3% NGS, 1%
BSA, 0.5% Triton X-100, 0.05% NaN3, 0.1M PB, overnight at 4°C. Whole mount preparations
were incubated in primary antibody for 7 days at 4°C. Primary antibodies used were ➀ rabbit
polyclonal antibody anti-protein kinase C (Calbiochem, San Diego, CA) at dilution 1:1000, as
a marker of rod bipolar cells (Wang et al., 2003) and ➁ ribbon-specific mouse monoclonal
antibody anti- CtBP2/ribeye, dilution 1:200 (BD Transduction Laboratories, San Jose, CA,
612044). For fluorescence labeling, cells were incubated with a mixture of Alexa-tagged anti-
mouse (488 nM) and anti-rabbit (568 nM) IgG secondary antibodies (Molecular Probes,
Eugene, OR, USA) at 1:1000 dilutions for 1hr at room temperature in a light-protected
environment. Cells were rinsed, mounted on a slide with anti-fade mounting medium
(Molecular Probes).

Immunolabeled specimens were scanned with a 0.2 μm step size on a Zeiss Laser Scanning
Microscope 510 Meta (Carl Zeiss, Inc., Thornwood, NY, USA) with a Zeiss 40× 1.3 NA Plan-
NEOFLUAR oil objective. Confocal images were analyzed using the Zeiss LSM 510
proprietary software. Intensity levels and brightness/contrast were adjusted in Adobe
Photoshop CS v.8.0 (Adobe Systems, San Jose, CA). The number of active zones was
quantified in projected confocal stack (0.2 μm step size) obtained from each mouse bipolar
cell double-labeled with antibodies against PKC and CtBP2/ribeye. Only CtBP2 fluorescent
signals present within PKC-α- positive terminals were counted.

Data Analysis
Data analysis was performed using IGOR Pro software (Wavemetrics), and results were
presented as mean ± SEM, where n indicates the number of experiments. The increase in
membrane capacitance, ΔCm, evoked by depolarization was calculated as ΔCm =
Cm (response)-Cm (rest). Cm(rest) was defined as the average Cm value during the 30 ms before
the depolarization step, obtained from the high-resolution record, or 5 s before the
depolarization step, obtained from the time-resolved record; both gave equivalent measures of
Cm(rest). Cm (response) was calculated following a 25 ms interval that was not evaluated due to
potential complications associated with gating currents and/or the decay of depolarization-
evoked conductance changes (Horrigan & Bookman, 1994; Gillis, 1995). The increase in the
spatially-averaged intraterminal calcium, ΔCa, was typically measured as ΔCa = Ca (peak)-
Ca (rest), where Ca(peak) was the first calcium measurement immediately after the
depolarization, and Ca(rest) was the average Ca2+ value measured over the 5 s before the voltage

Wan et al. Page 4

Vis Neurosci. Author manuscript; available in PMC 2009 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



step. For paired-pulse experiments in which the interpulse interval was ≤ 2.02 s, Ca(peak)
measurements and Ca(rest) for the second depolarization were taken from the high-resolution
data. To measure the delay in the onset of membrane recovery, for each record, the magnitude
of the capacitance response after channel closure and prior to the onset of endocytosis was
determined. Then, the falling phase of the capacitance response was fit with a single exponential
function. The delay in the onset of membrane recovery was defined as the interval between the
cessation of the depolarization and the time at which the exponential fit achieved the magnitude
of the capacitance response. A simple regression analysis was performed using SAS 9.1
software (Cary, N.C.).

Results
A rod bipolar cell contains ≈ 34 ribbon-style active zones

To be able to correlate the number of anatomical ribbon-style active zones with the magnitude
of the releasable pool, we analyzed the number of ribbon-style active zones of the mouse rod
bipolar cell using an immunocytochemical approach in combination with confocal microscopy.
Synaptic ribbons were identified by immunostaining for CtBP2/ribeye, a structural element of
the synaptic ribbon(Schmitz et al., 2000; tom Dieck et al., 2005), shown in green in Figures
1A, 1D, and 1G. Rod bipolar cells were identified by red labeling with an antibody directed
against protein kinase C alpha (PKC-α) (Wang et al., 2003) in Figures 1B, 1E, and 1H. The
merged images from PKC-α and CtBP2/ribeye double-labeled cells (Figures 1C, 1F, and 1I)
reveal that CtBP2 immunofluorescence (green) is prominent in the synaptic terminals of rod
bipolar cells and in the inner plexiform layer of the retina (IPL), as expected. The number of
active zones was quantified from a projected confocal stack of CtBP2 fluorescent puncta within
PKC-α-positive terminals. The mean number of ribbon-style active zones per terminal cluster
was 34 ± 4 (n=10). This value falls within the range of ribbon-style active zones suggested for
rod bipolar cells of several mammalian species (Tsukamoto et al., 2001; Singer et al., 2004;
Sterling & Matthews, 2005; LoGiudice et al., 2008)

Depletion of the releasable pool
Previously, we have verified the use of capacitance measurements for the study of exocytosis
in dissociated mouse rod bipolar cells and used this approach to identify a pool of releasable
synaptic vesicles (Zhou et al., 2006). Here, we extend these results be studying both the
depletion and refilling rate of this pool of vesicles. A typical example of a high resolution
capacitance record from dissociated mouse rod bipolar cell is shown in Figure 2A. A 1 s
depolarization from -70 to 0 mV was given (first vertical dashed line). Following the cessation
of the pulse, there is a ≈ 38 fF increase in membrane capacitance (Cm). There were no correlated
changes in the conductance records (Gm and Gs), indicating that the change in capacitance was
real. Figure 2B shows the low time resolution capacitance and calcium records for the same
neuron. The average free Ca2+ concentration of a bipolar terminal held at -70 mV was 49.4 ±
3.0 nM (n = 157).

The first step towards quantifying the kinetics of depletion and refilling of the releasable pool
of this neuron was to compare the magnitude of the depolarization-evoked capacitance change
as a function of pulse duration (100 - 5000 ms) for a fixed-amplitude depolarization (-70 to 0
mV). Figure 2C demonstrates that the amplitude of Cm increases with pulse duration until a
pulse duration of ≈ 1 s, where it reaches a plateau value of 29 ± 2 fF (n=43), indicative of the
releasable pool of vesicles (Zhou et al., 2006). To calculate the rate of depletion, the data were
fit with a single exponential function, yielding a time constant of ≈ 417 ms (Figure 2C, dotted
line). The y-intercept of this fit was not zero, but rather 3.8 fF, suggesting that in addition to
the releasable pool, the mouse rod bipolar cell might also possess a small, rapidly-releasing
pool (e.g. Mennerick & Matthews, 1996).
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An important caveat with the above definition of the releasable pool is that it assumes that the
amount of calcium entry is linearly related to pulse duration. Therefore, we additionally
analyzed the increase in Cm as a function of the depolarization-evoked increase in intraterminal
Ca2+ (Δ[Ca2+]i) (Figure 2C). Δ[Ca2+]i, measured selectively from the terminal cluster (Zhou
et al., 2006) was used rather than the integral of ICa

2+ because under physiological conditions,
the maximum amplitude of ICa

2+ is quite small and thus, difficult to accurately measure (De
la Villa et al., 1998). As can be seen in Figure 2D, despite the larger increase in Δ[Ca2+]i evoked
by 5 s pulse relative to the 1 s pulse, the increase in membrane capacitance was similar. Thus,
the plateau in ΔCm was not caused by a plateau in the depolarization-evoked Ca2+ signal,
indicating that the measured depletion rate most likely represents the depletion rate of the
releasable pool of vesicles (see also Zhou et al., 2006). Interestingly, the average Ca2+

responses to the 1 s and 2 s depolarizations were similar in amplitude, highlighting the
importance of measuring either Ca2+ entry or Ca2+ elevation when estimating pool sizes.
Whether this similarity reflects the contributions of Ca2+-dependent Ca2+ channel inactivation
(von Gersdorff and Matthews 1996), a transient Ca2+ channel (e.g. Pan et al., 2001), and/or
Ca2+-handling mechanisms that may be overcome with longer depolarizations is not yet
known. Never-the-less, the data demonstrate that a 1 s depolarization (70 to 0 mV) is sufficient
to deplete the entire releasable pool without appreciably tapping vesicle recruitment.

Time course of recovery from paired-pulse depression
Following exocytosis, vesicles in the releasable pool must be replaced in order to allow
subsequent responses to appropriate stimuli. To measure the time course of pool refilling, two
successive 1 s pulses from -70 to 0 mV with a variable interpulse interval were given. The first
1 s depolarization emptied the entire releasable pool, and the second depolarizing stimulus
evaluated the extent of pool refilling. In Figure 3A, the second depolarizing stimulus followed
the first by 5.2 s, and the amplitude of the second Cm jump was only 21% of the first. When
the interpulse interval was increased to 12.1 s, the amplitude of the second Cm jump recovered
to 72% of the first (Figure 3B). In both cases, the corresponding intraterminal Ca2+ increase
elicited by the two successive pulses were similar, excluding changes in Ca2+ entry as a
mechanism underlying the observed depression of the secretory response. Figures 3C & D
show the second Cm jump or the second rise in intraterminal Ca2+ as a percent of the first from
a total of 60 such experiments. The time course of Cm recovery was described by a single
exponential function with a time constant of ≈ 6.8 s (Figure 3D). The non-zero intercept of this
fit suggests that there may also be a small, fast component of refilling. The time course of
simultaneous measurement of intraterminal calcium Ca2+ recovery did not correlate with the
time course of Cm recovery. Thus, the time course of Cm recovery most likely reflects the
refilling time course of the releasable pool, rather than depression and recovery of Ca2+

signaling.

Recovery of Cm is retarded by large Ca2+ transients
To maintain cell surface area and normal synaptic transmission, membrane added via
neurotransmitter exocytosis must be retrieved. In the dissociated mouse rod bipolar cell,
membrane recovery typically followed exocytosis elicited by a 500 ms depolarization (Figures
4A & B). The time constant of membrane recovery, τrecovery, estimated from a single
exponential fit to the recovery phase of membrane capacitance (Figures 4A & B; solid curve),
ranged from 2 s to 21 s (mean = 5.92 ± 0.92 s, n=27).

In Figure 4A, a relatively small stimulus-evoked increase in intraterminal Ca2+ (304 nM) was
associated with the rapid recovery of membrane capacitance (τrecovery = 3.7 s), whereas,
membrane recovery was significantly slower (τrecovery = 14.6 s) when the Ca2+ transient
reached 980 nM (Figure 4B). In goldfish Mb1 bipolar cells, the rate of membrane retrieval is
sensitive to changes in the spatially-averaged, intraterminal Ca2+ (von Gersdorff & Matthews,
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1994b; Neves & Lagnado, 1999; Heidelberger, 2001). To ascertain whether membrane
recovery of the mouse rod bipolar cell might also be affected by intraterminal Ca2+, for 27
neurons, the time constant of membrane recovery following a 500 ms depolarization was
plotted as a function of the magnitude of the corresponding depolarization-evoked Ca2+

transient (Figure 4C). The relationship, described by a line with slope of ≈ 0.01 (p <0.001) and
a correlation of determination, r2, of ≈ 0.71, supports the observation that with an increase in
the amplitude of the Ca2+ transient, the time course of membrane recovery is prolonged.

It appeared that the delay in the onset of membrane recovery might be longer following a larger
Ca2+ transient (Figures 4A and B). To see whether this observation generally held true, the
onset delay for each cell was plotted as a function of the magnitude of the preceding Ca2+

transient. Delays were calculated as described in Methods and depicted in Figure 4B (inset).
As shown in Figure 4D, there was a minor correlation between the amplitude of the Ca2+ signal
and the delay in the onset of membrane recovery (slope ≈ 0.002, p = 0.0003; r2 = 0.41).

Discussion
The active zones of a bipolar cell are marked by the presence of the synaptic ribbon. One of
the proposed roles for the synaptic ribbon is to hold a cohort of release-ready synaptic vesicles
near the sites of vesicle fusion (Witkovsky & Dowling, 1969; Heidelberger, 1998; Zenisek et
al., 2000; von Gersdorff, 2001; Sterling & Matthews, 2005). These vesicles have typically
been divided into two distinct pools based upon their fusion kinetics and proximity to calcium
channels (Mennerick & Matthews, 1996; von Gersdorff & Matthews, 1997; Gomis et al.,
1999; Richards et al., 2003; Heidelberger et al., 2005; Wadel et al., 2007). The rapidly-
releasing pool is thought to present those vesicles on the bottom-most row(s) of vesicles
tethered to the ribbons and be in physical contact with the plasma membrane. These vesicles
are often referred to as being “docked.” By contrast, the releasable pool may represent the
totality of ribbon-tethered vesicles and includes vesicles located at a variety of distances from
the plasma membrane and presynaptic calcium channels. Thus, the average vesicle in the
releasable pool would be expected to be released upon calcium channel activation with fusion
kinetics that are slower, on average, than the average vesicle in the rapid pool.

In this study, we characterized the synaptic vesicle dynamics of the releasable vesicle pool in
the mouse rod bipolar cell, extending a previous study demonstrating proof-of-principle for
using capacitance measurements to monitor exocytosis in these neurons (Zhou et al., 2006).
In the present study, we demonstrate that fusion of the entire releasable pool of vesicles is
triggered by 1 s depolarization (-70 - 0 mV). Like the releasable pools at other ribbon synapses
(Mennerick & Matthews, 1996; Neves & Lagnado, 1999; Eisen et al., 2004; Thoreson et al.,
2004) and at peptidergic nerve terminals (Hsu & Jackson, 1996), the depletion rate was on the
order of a few hundred milliseconds (Figure 2). This stands in contrast to the rapidly-releasing
pool, which exhibits depletion with a time constant of a few milliseconds in rod-driven bipolar
cells (Mennerick & Matthews, 1996; Singer & Diamond, 2006).

Although we could not directly measure a small, rapidly-releasing pool, the non-zero y-
intercept of the fit to the data in Figure 2 imply the existence of such a small, fast pool. In
addition, the y-intercept sets the lower estimate of the magnitude of this presumptive pool at
≈ 4 fF, while the magnitude of the capacitance increase at the shortest pulse duration, ≈ 10 fF,
provides an upper limit. This range of magnitude for the presumptive rapidly-releasing pool is
in agreement with the amplitude predicted for this pool of 6 fF, based upon a 5:1 ratio of the
releasable to rapid pool (Sterling & Matthews, 2005;Zhou et al., 2006).

The average size of the releasable pool was ≈ 30 fF, consistent with previous results (Zhou et
al., 2006). If this pool were evenly distributed across the 34 ribbon-style active zones (Figure
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1), each active zone would possess ≈ 0.88 fF worth of releasable vesicles. Assuming a
conversion factor of 25 aF/vesicle, obtained from the specific membrane capacitance of 9
fFμm-2 (Gentet et al., 2000) and a vesicle diameter of ≈ 30 nm (von Gersdorff et al., 1996;
Spiwoks-Becker et al., 2001; Tsukamoto et al., 2001), the releasable pool of the mouse rod
bipolar cell would correspond to nearly 1,200 vesicles or ≈ 35 vesicles per ribbon-style active
zone. This is consistent with the predicted size of the releasable pool per ribbon synapse in the
rat rod bipolar cell based upon data obtained from paired recordings (Singer & Diamond,
2006). In addition, the putative docked or rapidly-releasing pool would correspond to ≈ 8
vesicles per synaptic ribbon (assuming an average pool size of 7 fF), in agreement with the
number of vesicles expected to give rise to the transient component of the rat AII light response
(Singer & Diamond, 2006). However, there are some indications that the vesicle diameter in
the mouse rod bipolar cell may be somewhat larger than the assumed 30 nm and perhaps as
large as 35 - 50 nm, when the underestimation of object size in thin sections is addressed (D.
Sherry, unpublished observations; estimation adjusted according to Abercrombie, 1946). In
this case, the releasable pool would be predicted to be on the order of 425-900 vesicles per
terminal and 12-25 vesicles per ribbon-style active zone. If the latter is correct, one prediction
is that synaptic ribbons of the mouse rod bipolar cell should be smaller and tether fewer vesicles
than in the rat. A detailed ultrastructural analysis of ribbon-style active zones in rod bipolar
cells, which has not yet been performed in any mammalian species, would help distinguish
between this and other possibilities.

The ability of a presynaptic terminal to maintain the supply of releasable vesicles is determined
by the balance between the rate of pool depletion and the rate of pool refilling. In the present
study, the releasable pool of vesicles in the mouse rod bipolar cell was depleted by a 1 s
depolarization (-70 to 0 mV) and recovered with a time course described by a single exponential
function with a time constant of ≈ 7 s (Figure 3). This is comparable to the major time course
of pool refilling of the releasable pool in the rod-dominant bipolar cells of the goldfish measured
under similar experimental conditions (von Gersdorff & Matthews, 1997;Heidelberger et al.,
2002a;Hull et al., 2006). In addition, although we were unable to resolve the fast component
of release, the presence of such a component was suggested by the non-zero intercept of the
single exponential fit (Figure 3D). Thus, it may be that as at other ribbon-style synapses, the
mouse rod bipolar cell releasable pool exhibits more than one kinetic component of pool
refilling (Moser & Beutner, 2000;Edmonds et al., 2004;Hull et al., 2006).

Membrane added to the plasma membrane during exocytosis of neurotransmitter is retrieved
through endocytosis. Membrane retrieval is crucial for vesicle recycling and for sustaining
neurotransmitter release in synaptic terminals. Following exocytosis evoked by a 500 ms
depolarization, membrane capacitance typically decayed back to the pre-stimulus baseline
(Figures 2, 3, and 4), consistent with a tight regulation of membrane surface area in nerve
terminals (von Gersdorff & Matthews, 1994a). The time constant of the recovery phase in the
present study ranged from 2 to 21 s (Figure 4). This is comparable to the range of time constants
reported for endocytosis in the goldfish Mb1 bipolar cell, which can exhibit a fast component
(time constant 1~2 s) and/or a slower process (time constant 5~30 s), depending upon
experimental conditions (von Gersdorff & Matthews, 1994a, 1997; Neves & Lagnado, 1999;
Heidelberger, 2001; Neves et al., 2001; Heidelberger et al., 2002a). In the Mb1 bipolar cell,
the two components of endocytosis represent distinct mechanisms of retrieval (Heidelberger
et al., 2002a; Paillart et al., 2003; Jockusch et al., 2005). A fast component of membrane
recovery was not resolvable in the present study, possibly because or signal-to-noise issues or
continued neurotransmitter release following calcium channel closure (Pan et al., 2001; Singer
& Diamond, 2003). Alternatively, it may be that under the conditions of the present study,
retrieval occurs preferentially via a single pathway. If the fastest time course of is endocytosis
is on the order of seconds, then the putative fast component of pool refilling may draw from a
source of vesicles other than those that are newly retrieved. The ability to refill the releasable
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pool directly from preformed vesicles has been suggested at other ribbon-style synapses (von
Gersdorff & Matthews, 1997; Heidelberger et al., 2002b; Kreft et al., 2003; Eisen et al.,
2004; Thoreson et al., 2004).

The regulation of endocytosis by calcium is complex. In some nerve terminals, the time course
of endocytosis may be prolonged or even inhibited by elevated cytosolic calcium and/or activity
(von Gersdorff & Matthews, 1994b; Hsu & Jackson, 1996; Wu & Betz, 1996; Rouze &
Schwartz, 1998; Neves & Lagnado, 1999; Sun & Wu, 2001; Artalejo et al., 2002; Wu, 2004),
despite the fact that Ca2+ may be important for initiating fast endocytosis (Neves et al.,
2001). In the mouse rod bipolar cell, both the time constant of membrane recovery and the
delay in the onset of recovery increased were correlated with the magnitude of the increase in
intraterminal Ca2+ (Figure 4). These results are not readily explained by saturation of the
endocytic machinery because there was no obvious relationship between the time constant of
recovery and the magnitude of the capacitance jump (data not shown). Rather, the results are
reminiscent of the effect of elevated bulk cytosolic calcium on membrane retrieval in goldfish
Mb1 bipolar cells, in which a delay in onset and a prolongation of the retrieval time course, as
measured by monitoring changes in membrane capacitance, were reported (von Gersdorff &
Matthews, 1994b; Heidelberger 2001). That these effects were not caused by concurrent
asynchronous release was demonstrated by Rouze and Schwartz (Rouze & Schwartz, 1998),
who used an optical approach to track vesicle cycling and found the activation of calcium entry
through voltage-gated calcium inhibited endocytosis in goldfish bipolar cells. Future studies,
wherein exocytosis and endocytosis can be independently monitored, will be required to
determine whether the calcium-dependent inhibition of recovery of membrane surface area in
the mouse rod bipolar cell is caused by a similar calcium dependent inhibition of endocytosis
or by a calcium-dependent increase in asynchronous release.

In summary, the combination of membrane capacitance measurements and measurements of
intraterminal calcium has allowed us to perform a detailed characterization of synaptic vesicle
dynamics in the mouse rod bipolar cell terminal. The kinetics of depletion and refilling of the
releasable pool are comparable to that observed at other ribbon-style synapses measured under
similar experimental conditions, including the goldfish Mb1 bipolar neuron. In addition,
although the estimated number of releasable vesicles per active zone is ≈ 50 -70 % smaller in
the mouse rod bipolar cell than that of the well-studied goldfish Mb1 bipolar cell (Sterling &
Matthews 2005; von Gersdorff et al., 1996), the predicted ratios between the amplitudes of the
rapidly-releasing pool and releasable pool are similar for the two neurons. Thus, several
important aspects of synaptic vesicle dynamics are quantitatively conserved from fish to
mammals. In both species, vesicles in the releasable pool are likely to contribute to a slower,
more sustained component of neurotransmitter release, while the subset of docked vesicles is
likely to contributed to a limited burst of release at light onset.

Finally, it is also important to note that the experiments reported here were performed at room
temperature, facilitating comparisons with previous studies of synaptic vesicle dynamics
performed in mammalian and non-mammalian bipolar cells. However, both membrane
retrieval and pool refilling rates have been reported to be temperature-sensitive (Pyott &
Rosenmund 2002; Kushmerick et al., 2006; Rendon & von Gersdorff 2007). Thus, it is
conceivable that at physiological temperature, both membrane recovery and pool refilling in
the mouse rod bipolar cell may be even faster than reported here. While these data on synaptic
vesicle dynamics do not a priori suggest an inherently more transient pattern of
neurotransmitter release from the mammalian rod bipolar cell relative to the goldfish Mb1
bipolar cell, resolution of the putative fast components of release and refilling is needed.
Additional presynaptic mechanisms, including the calcium- and activity-dependent
modulation of release, refilling and vesicle recycling, and the number and availability of reserve
vesicles, will further sculpt synaptic output and the transmission of visual information.
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Figure 1. An isolated rod bipolar cell contains ≈ 34 synaptic ribbons
Confocal fluorescence images of a freshly isolated mouse rod bipolar cell (A-C), a whole mount
retinal section (D-F) in the lower sublamina of the inner plexiform layer (IPL) and a retinal
vertical section (G-I) were double-labeled for CtBP2/ribeye (green, A, D,G) and PKC-α (red,
B, E, H). CtBP2/ribeye marks the synaptic ribbon, while PKC-α labels rod bipolar cells. CtBP2/
ribeye immunofluorescence (green) is prominent in the synaptic terminals of isolated rod
bipolar cells and in the IPL, the retinal layer in which the terminals of all bipolar cells reside.
The number of synaptic ribbons in a rod bipolar cell was determined from the number of CtBP2/
ribeye puncta that resided within the terminal cluster of an individual isolated PKC-α positive
bipolar cell (34 ± 4; n=10). Scale bars represent 10 μm.
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Figure 2. A 1 s depolarization is sufficient to deplete the entire releasable pool
(A) A typical example of high-resolution capacitance recording shows the increase in Cm
(middle traces) stimulated by a 1 s depolarization from -70 to 0 mV (upper trace). The first
dashed vertical line indicates the onset of the depolarization (middle and lower traces).
Beginning about 25 ms after the end of the depolarization (second dashed vertical line), changes
in Gm and Gs (lower traces), were not correlated with changes in Cm. (B) The corresponding
time-resolved capacitance (upper traces, circles) and calcium (bottom traces, triangles) records
for the same neuron shown in A. Arrow marks the onset of the depolarization. Calcium record
obtained selectively from synaptic terminal (Zhou et al., 2006). (C) The amplitude of release
increased with pulse duration until a plateau was reached at a pulse duration of ≈ 1 s. The time
course of vesicles depletion from this pool was best described by a single exponential function
(dashed curve) given by: Y = Y0 +Ae ( - x / τ1 ), where Y0 = 30.6 ± 0.8, A= -26.8 ± 2.0, and
τ1 = 0.417 ± 0.071). For (C) and (D), for a 100 ms depolarization: ΔCm = 9.6 ± 1.3fF, Δ
[Ca2+]i = 79 ± 14 nM; n = 14. For 500 ms: ΔCm = 21.6 ± 2.8 fF, Δ[Ca2+]i= 434 ± 71 nM; n =
14. For 1 s: ΔCm = 29.5 ± 1.2 fF,Δ[Ca2+]i = 449 ± 46 nM; n = 79. For 2 s: ΔCm = 29.8 ± 2.5
fF, Δ[Ca2+]i = 473 ± 22 nM; n = 10. For 5 s: ΔCm = 30.5 ± 4.9 fF, Δ[Ca2+]i = 877 ± 140 nM;
n = 8. Error bars represent SEM. (D) With increasing pulse duration, the magnitude of the rise
in intraterminal Ca2+ also increases. For each pulse duration, the average change in Cm is
plotted against the average rise in intraterminal Ca2+. The data suggest that either a 1 s voltage
from -70 to 0 mV or elevating intraterminal Ca2+ to about 450 nM is sufficient to deplete the
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entire releasable pool. The grey curve is fitted to the data using the equation Y = Y0
+Ae ( - (x-x0) / τ1), where Y0 = 32.3 ± 5.6, X0 = 79.4, A= -22.8 ± 6.5, and τ1 = 250 ± 169.
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Figure 3. Complete recovery from paired-pulse depression of the releasable pool requires ≈ 21
seconds
(A). Two 1 s depolarizations (-70 to 0 mV), separated by 5.2 s were given to an isolated mouse
rod bipolar cell (arrows). The upper trace (circles) shows the capacitance record and the lower
trace (triangles) show the spatially-averaged intraterminal Ca2+. (B). Two 1 s depolarizations
(-70 to 0 mV), separated by 12.1 s were given to an isolated mouse rod bipolar cell (arrows).
The upper trace (circles) shows the capacitance record and the lower trace (triangles) show the
spatially-averaged intraterminal Ca2+. (C) The second increase in intraterminal calcium as a
percentage of the first is plotted against the interpulse interval. The percentage of the second
calcium transient relative to the first hovered about 100%, indicating that intraterminal calcium
signaling was not depressed at the time of the second pulse. (D) The second capacitance
response as a percentage of the first is plotted against the interpulse interval. The time course
of refilling was described by a single exponential function (solid curve) given by the equation:
(Y = Y0 +A1e (- x/τ1), where Y0 = 97.3 ± 5.0, A1= -90.2 ± 6.3, τ1 = 6.8 ± 1.5). (Interpulse
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interval, number of cells: 1.12 s, n = 5; 1.8 s, n = 3; 2.02 s, n = 7; 3.2 s, n = 8; 5.2 s, n = 6; 7.2
s, n = 6; 12.1 s, n = 7; 17 s, n = 5; 22 s, n = 7; 32 s, n = 6). Error bars represent SEM.
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Figure 4. The time course and onset of membrane recovery is calcium-dependent
(A-B) Examples of secretory responses (upper traces, capacitance response, circles; lower
traces, calcium response, triangles) evoked by a 500 ms pulse from -70 to 0 mV. The vertical
dashed lines mark the end of the depolarization. The time constant of membrane recovery was
derived from the single exponential fit to the capacitance decay (superimposed curves with
indicated time constants). The inset in B shows the first ≈ 6 s of the capacitance record from
the end of the depolarization (first vertical dashed line) on an expanded time scale. The delay
in onset of membrane recovery was measured as the time between the first vertical line and
the second. The second dashed line marks the time point at which the exponential fit to the
falling phase intercepts the average magnitude of the capacitance response, given by the
horizontal line. Recovery of calcium transients to baseline were described by the following
double exponential functions (superimposed curves), Y = Y0 +A1e (-x/τ1) + A2e (-x/τ2), where
in Fig. 4A, Y0 =0.031 ± 0.003, A1 =0.47 ± 0.15, τ1 = 0.16 ± 0.06, A2 = 0.19 ± 0.03, τ2 =1.75
± 0.29. In Fig. 4B, Y0 = 0.018 ± 0.001, A1 = 0.66 ± 0.03, τ1 = 0.15 ± 0.01, A2 = 0.33 ± 0.02,
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τ2 =1.54 ± 0.11. Note that the neuron with the larger Ca2+ transient exhibited a slower time
course of Cm recovery. (C) The time constant of membrane recovery increased as a function
of the magnitude of the Ca2+ transient, Δ[Ca2+]i. The relationship is decreased by a line given
by: Y = a + bX, where a = 0.51 ± 0.86 and b =0.0099 ± 0.0013. The correlation of determination,
r2, = 0.71. The slope given by b is significantly different from zero (p<0.0001). (D) The delay
in the onset of membrane recovery is plotted against Δ[Ca2+]i. The delay became longer with
increasing Δ[Ca2+]i. This relationship can be described by a line given by the equation: Y = a
+ bX, where a = 0.39 ± 0.29, b = 0.0018 ± 0.00043. R2 = 0.41, and the slope b is significantly
different from zero (p= 0.0003).
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