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Abstract

Contrast is computed throughout the nervous system to encode changing inputs efficiently. The
retina encodes luminance and contrast over a wide range of visual conditions and so must adapt its
responses to maintain sensitivity and avoid saturation. Here we show how one type of adaptation
allows individual synapses to compute contrast and encode luminance in biphasic responses to
step changes in light levels. Light-evoked depletion of the readily releasable vesicle pool (RRP) at
rod bipolar cell (RBC) ribbon synapses in rat retina limits the dynamic range available to encode
transient but not sustained responses, thereby allowing the transient and sustained components of
release to compute temporal contrast and encode mean light levels, respectively. A release/
replenishment model shows that a single, homogeneous pool of synaptic vesicles is sufficient to
generate this behavior and reveals that the dominant mechanism shaping the biphasic contrast/
luminance response is the partial depletion of the RRP.

Introduction

Adaptation is a common computational tool used throughout the nervous system. Adaptive
processes often modulate the gain of synapses, enabling them to encode inputs over a range
that greatly exceeds their intrinsic output!. One strategy to avoid saturation is to respond
selectively to changes in input (i.e., contrast), a scheme proposed to guide gain control both
in the retina as well in cortical circuits?3. The rod pathway in the mammalian retina adapts
strongly to light stimuli, allowing it to encode both contrast and luminance across a range of
background levelsl4, but the underlying synaptic mechanisms remain poorly understood.

The gain of responses to luminance in the rod pathway is modulated over a range of
background light levels via adaptation at excitatory synapses between rod bipolar cells
(RBCs) and All amacrine cells (Alls)®. RBC synapses exhibit strong synaptic depression
and produce biphasic (transient and sustained) responses to sustained input®-12. A role for
synaptic depression fits well with reports that adaptation is an intrinsic feature of the RBC
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presynaptic terminal®13, but the specific depression mechanism underlying luminance
adaptation has not been identified. At the RBC synapse, depletion of the RRP is thought to
underlie biphasic responses’:8:14.15 and has been argued to be a mechanism of gain
modulation316 but it is unclear whether these two phenomena are mechanistically related.
Furthermore, a clear computational role for gain modulation has yet to be demonstrated at
this synapse.

To examine how the transient and sustained components of RBC signaling relay visual
information, we compared light-evoked responses in RBCs and All amacrine cells. We
found that synaptic release from RBC ribbon synapses adapts to step increases in luminance,
thereby generating a transient component in the All response that encodes contrast over a
range of background light levels. In addition, the sustained component of the All response
faithfully represents the RBC response and provides a reliable measure of luminance
regardless of stimulus history. To identify the synaptic mechanisms underlying this
adaptation, we recorded from synaptically coupled RBC-AlI pairs and evoked EPSCs in the
All with voltage steps in the RBC. We found that rapid, partial depletion of the RRP
underlies the transient component of the All excitatory postsynaptic current (EPSC) and
adaptation to increased stimuli; subsequent release from and replenishment to the partially
depleted RRP produces a sustained release rate that encodes the RBC luminance signal. A
simple model indicates that depletion and replenishment of a kinetically homogeneous
vesicle pool accounts for this behavior. These results show how tight regulation of RRP
occupancy enables RBC ribbon synapses to parse visual information into multiple streams.

Dual-component responses encode luminance and contrast

Previous work suggests that the RBC-AlI synapse is a key locus of adaptation in the rod
pathway®13. To examine adaptation at this glutamatergic synapse, we measured (in separate
experiments) light-evoked voltage responses from the RBC and EPSCs in the All (Fig. 1).
Inhibition was blocked (see methods) to facilitate comparison with subsequent paired RBC-
All recordings (described below). The light stimulus comprised a full-field, 2-3-s step from
darkness to a range of “background” levels (¢p = 0.14 —7.12 r* per rod per s), followed by a
2-s step to a greater “test” intensity (o). ¢t varied with ¢y so that the Weber contrast
between the two steps ((or — ¢p) / ¢p) varied roughly five-fold over the range of o,

We made perforated-patch current-clamp recordings from RBCs to measure light-evoked
changes in RBC membrane potential (Vgrpgc). Light steps from darkness to different op
levels evoked depolarization from rest (Viest = —50.3 + 2.5 mV; n = 5) that increased with oy,
(Fig. 1a,c,e). Light-evoked depolarization persisted for the duration of the light step,
consistent with previously reported whole-cell voltage responses!’ and voltage-clamped
current recordings in which intracellular calcium buffering approximated endogenous
levels®18, Vg values following steps from oy, to ¢ were not different than those following
steps from darkness to the same intensity (Fig. 1e), indicating that Vrgc encodes absolute
light levels but not contrast. For ¢ values below 7 r* per rod per s, Vrgc followed a function
of light intensity (Vrgc(o)) that was well fit by the Hill equation and was similar in shape
(if not sensitivity) to that of photoreceptors!®-21. For log-linear intensity-response functions,
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changes in response are proportional to Weber contrast?2-24, and a similar relationship exists
over the middle range of the Hill function? (see supplementary equations and supplementary
Fig. 1). Accordingly, the arithmetic difference between Vrgc(or) and Vrgc(op)
corresponded to the Weber contrast between ¢ and ¢y (Fig. 1g). The observation that Vrgc
does not adapt over this stimulus range is consistent with previous work showing that
adaptation near visual threshold occurs downstream of the Vggc signal®.

To determine how adaptation at the RBC ribbon synapses shapes the visual information
conveyed to the All, we made whole-cell voltage-clamp recordings from postsynaptic Alls
and elicited EPSCs with the same light stimulation protocol described above. All EPSCs are
not shaped significantly by postsynaptic receptor saturation or desensitization and so
accurately reflect release from RBCs14:25, Light-evoked EPSCs in Alls comprised transient
and sustained components (Fig. 1b,d: see also?6:27). The sustained component, measured
during the last 0.5 s of either light step (see methods), varied with the absolute intensity of
the step regardless of the preceding background intensity (Fig. 1f), much like Vrgc (Fig.
1e). Interestingly, the charge transfer of the transient component (see methods) of the All
EPSC elicited by steps from ¢y to ¢y reliably reported the Weber contrast between ¢y, and ¢t
(Fig. 1h; r?2 of mean = 0.847, p<0.001; n=10 cells). These results were obtained at room
temperature (22°C); in other experiments at 35°C with inhibition intact, the transient and
sustained components of the All EPSC also encoded measures of contrast and luminance
(supplementary Fig. 2).

Contrast is computed by RBC ribbon synapses

Contrast signals in All EPSCs may reflect processing throughout the retinal circuitry28
and/or within the RBCs ribbon synapses. To distinguish these possibilities, we functionally
isolated RBC synapses with simultaneous whole-cell voltage-clamp recordings from
synaptically coupled RBCs and Alls (Fig. 2). EPSCs were evoked in the postsynaptic Alls
with depolarizing steps delivered to the presynaptic RBC. Inhibition was blocked, and
spontaneous release from ON bipolar cells was reduced with the group 111 mGIuR agonist .-
AP4 (10 pM)25. To approximate the light experiments described above, Vrgc Was stepped
to a range of “background” potentials (Vp = =50 mV to —30 mV) for 1 s, followed by a 1-s
step to a “test” potential (Vi = Vp + 10 mV). Although RBC Ca,, currents were relatively
sustained during the first voltage step, All EPSCs exhibited transient components across the
entire range of Vy, (Fig. 2a), similar to light-evoked EPSCs (Fig. 1e—f). This result is
consistent with previous reports that biphasic release from RBCs cannot be accounted for by
presynaptic Ca, channel inactivation or feedback inhibition1. During the first step (to V),
the amplitude of the transient component and the frequency of synaptic events during the
sustained component varied over the range of Vy, and closely followed the amplitude of the
Cay current (Fig. 2b,c; see also1929:30) |n striking analogy to the light-evoked EPSCs, the
sustained component of the response to V; reliably followed the magnitude of presynaptic
depolarization independently of the stimulus history (Fig. 2b). Moreover, the transient
component reliably encoded the difference in the sustained response to Vi and V}, (Fig. 2c),
analogous to the observation that the transient component of light-evoked EPSCs encoded
Weber contrast between ¢ values (Fig. 1h).
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RRP occupancy encodes luminance and helps compute contrast

Depletion of the RRP has been proposed as a primary mechanism of synaptic depression at
RBC synapses. Based on previous work’:8:14, we had expected the transient component of
the EPSC to reflect the complete depletion of the RRP, thereby strongly limiting subsequent
responses (but see 12:31), The data presented here (Fig. 2) suggest, however, that even partial
RRP depletion is sufficient to generate a transient response. For example, a voltage step to
Vp=-40 mV evoked a dual-component EPSC (middle All EPSC, Fig. 2a), and a subsequent
step to V= —-30 mV elicited another transient response, indicating that the RRP was at least
partially occupied during the sustained response to V. To explore this idea further, we
measured the size of the RRP at different “background” potentials (Fig. 3). In paired RBC-
All recordings, a 1-s voltage step in the RBC to a range of V, levels (=55 to —25 mV) was
followed by a 1-s step to V= =20 mV. Previous work has shown that a step to —20 mV
completely depletes the RRP and that miniature EPSCs sum linearly so that the charge
transfer of the transient component of the EPSC (Qiransient) reflects the size of the available
RRP4, Accordingly, steps from V}, = =25 mV to V; = =20 mV elicited no detectable
transient EPSC, indicating effective depletion of the RRP at =25 mV (Fig. 3a). VVoltage steps
to V; from intermediate V}, levels elicited transient responses with a range of Qransient
values that varied with Vy, (Fig. 3a,b), indicating that the occupancy of the RRP varies
continuously between nearly full and almost empty across the Vggc range subtended in
response to light stimulation (=50 mV to —25 mV; Fig. 1c).

Integrating release over time demonstrated that the rate of release after the transient response
remained nearly constant for the duration of the step (Fig. 3c). To test whether RRP
occupancy remains constant during sustained release, we measured the size of the RRP at
different times during sustained release at an intermediate potential. In paired RBC-AlI
recordings, the RBC was stepped from =70 mV to —40 mV, followed by a step to —20 mV at
varying intervals (0.05 to 2 seconds). Prior to recording each time series, the RBC was
stepped from =70 mV directly to —20 mV to obtain the size of the entire RRP (black traces,
Fig. 4). Stepping the RBC to —40 elicited a transient response corresponding to
approximately half the full RRP (Fig. 4b). The subsequent step to —20 mV evoked a
transient response corresponding to the remaining 50% of the RRP, regardless of the interval
between the two steps (Fig. 4b,c), indicating that RRP occupancy remains constant during
sustained depolarization.

The fact that release rate and RRP occupancy remain constant during sustained release
indicates that the release rate reflects a steady-state equilibrium between vesicle release and
replenishment. Therefore, Vgpge is reflected not only in the sustained rate of release, to
encode luminance, but also in the steady-state occupancy of the RRP. Because Qiransient IS
equal to the number of vesicles released during a change in steady-state RRP occupancy,
which is determined by Vrgc, and because differences in Vrpc approximate Weber contrast
(Fig. 1d), we conclude that depletion of the RRP represents the mechanism by which
contrast is encoded by the RBC ribbon synapse.

Our results suggest that the steady-state occupancy of the RRP should decrease as the
background light level (¢p,) increases. To test this prediction, we presented a full field, 2-3
second step from darkness to a range of background light levels (¢p = 0.14 =10.3 r* per rod
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per s) followed by a 2 second step to a high, fixed test intensity (¢t = 13.69 r* per rod per s;
Fig. 5). Perforated-patch and whole-cell recordings were made (in separate experiments)
from RBCs (Fig. 5a,c,e) and Alls (Fig. 5b,d,f), respectively. Steps to ¢y elicited a range of
depolarizations in RBCs; VRpc in response to ¢ reached the same maximal level
independently of V, (Fig. 5e). The transient component of the All EPSC elicited by ¢; was
smaller with increasing ¢y, such that the sum of the transient responses to ¢p and ¢ was
constant over the entire range (Fig. 5f), analogous to results from paired recordings (Fig.
3b). While the transient response reliably encoded Vrgc(o)-Vrec(op) (Fig. 5f), this
difference did not correspond to Weber contrast because here ¢ exceeded the RBC response
range (Fig. 1e).

Contrast can be computed by one homogenous vesicle pool

Our experimental results indicate that different phases of release from RBC synapses encode
different features of the visual world. Release at other central synapses also exhibits multiple
components (see32), perhaps because vesicles express multiple isoforms of molecules (e.g.,
synaptotagmin) that contribute to release with different kinetics33-34, or because vesicles
experience different calcium signals3®:36, Some mechanisms causing release heterogeneity
have been shown to operate at ribbon synapses 231, To examine whether the biphasic release
observed here requires multiple, kinetically distinct vesicle pools within the RRP, we
constructed a simple release model (Fig. 6). At Vggc = —70 mV, a 55 release site RRP14
was occupied by a homogeneous pool of vesicles with identical release characteristics.
Vesicle release probability varied with Vggc according to measured values of release rate
and pool size (see methods). Following release, vacant release sites (also identical) were
refilled with a probability that varied with Vggc so that steady state RRP occupancy
matched our experimental results (Fig. 3b; see methods). Vesicle release and replenishment
during a time step (0.1 ms) was determined randomly for each site according to the release
and replenishment probability determined by Vrgc. To simulate EPSC recordings, each
release event was represented by a characteristic mEPSC waveform that was added at the
appropriate time to the simulated EPSC (see methods).

When driven by the Vrgc waveforms used in the paired recording experiments, the model
produced EPSCs that reproduced several key features of the experimental data (Fig. 6a,b).
Specifically: release was transient for sub-maximal voltage steps; both release components
increased over a range of presynaptic voltages (Fig. 6d,e); the sustained release rate did not
depend on stimulus history (Fig. 6d), making it a reliable readout of Vrpgc; the transient
response to a fixed step reliably encoded the difference between the sustained response to V;
and Vy, (Fig. 6e); and the transient response to a fixed V; step decreased with increasing Vi,
(Fig. 6b,g). Changes in RRP occupancy occurred during the transient component of the
EPSC; Quransient reflected the difference in steady-state occupancy levels and sustained
release corresponded to a non-zero steady state level of RRP occupancy (Fig. 6¢,f).

In the model (and in the paired recordings), transient responses were particularly apparent
because abrupt changes in Vrpc elicited rapid increases in release probability and high
release rates before RRP occupancy reached steady-state at new, lower levels. To test
whether slower, light-evoked signals in RBCs also generate transient and sustained release

Nat Neurosci. Author manuscript; available in PMC 2012 June 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Oesch and Diamond

Page 6

in simulated All EPSCs, we drove the model with the light-evoked voltage waveforms
recorded in RBCs (Figs. 1 and 7). Here, the model again reproduced key features of the
experimental data (Fig. 7). In particular, the simulated sustained component encoded
luminance (Fig. 7c) and the transient response reliably reported the Weber contrast between
¢p and oy (Fig. 7d). While these results do not preclude the existence of multiple vesicle
pools, the model achieved biphasic release and contrast computation with a single,
homogeneous RRP.

Discussion

Here we report that RBC ribbon synapses respond to increased luminance with two phases
of release, each encoding a distinct feature of the stimulus. The transient component,
reflecting the rapid, partial depletion of the RRP, encodes Weber contrast between two light
levels; the sustained component, reflecting steady-state release from a partially filled RRP,
encodes absolute luminance. Recordings between synaptically coupled RBC-AII cell pairs
confirmed that contrast is computed intrinsically by RBC synapses. Specifically, the steady-
state release rate and RRP occupancy represent log-linear functions of luminance; contrast is
encoded in the transient response that occurs when the RRP occupancy decreases in
response to increased luminance. The quantal content of the transient response reflects the
reduction in the available RRP between the two luminance levels; due to the log-linear
relationship between RRP occupancy and luminance (Fig. 5f), this difference corresponds to
Weber contrast (supplementary equations). A simple release model suggested that such
biphasic signaling may be achieved with a single, homogeneous vesicle pool. This work
establishes RRP depletion as a synaptic mechanism of adaptation that enables RBC ribbon
synapses to compute Weber contrast, and transmit multiple types of visual information.

Adaptation in visual signaling

The most salient features in our visual world are best represented by contrast3’.
Accordingly, contrast signals originate in the retina and are utilized throughout the visual
pathway?. Calculating contrast requires neural adaptation to background luminance?, but,
although the properties of visual adaptation have been well-studied, the specific synaptic
mechanisms that compute contrast in the retina had not been identified’4.

Both psychophysics and in vitro physiology have demonstrated that luminance adaptation
occurs in the inner retina®4. Luminance adaptation in the rod pathway occurs at the synapse
between the RBC and All®, and synapse-specific depression occurs presynaptic to the All in
responses at the visual threshold!3. Taken together, these studies suggest that luminance
adaptation occurs through a mechanism of synaptic depression intrinsic to the RBC ribbon
synapse. Our results confirm this hypothesis, identify the synaptic mechanism underlying
this adaptation, and show that it computes the value of Weber contrast in the stimulus. Our
results do not exclude roles for other types of adaptation in the inner retina2. A slow
component in the light-evoked All EPSC (figures 1,5), not evident in the paired recordings
(Figs. 2 and 3) may reflect a slow adaptation mechanism previously described38.
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Vesicle release and replenishment at RBC ribbon synapses

RBC ribbon synapses encode luminance and contrast in two, Kinetically distinct phases of
release (Fig. 1). Biphasic release in response to constant input has been observed in
RBCs810.12 gng elsewherel:32:39-43 and is often thought to reflect a kinetically diverse
RRP. Kinetic heterogeneity may be attributed to different calcium sensors in the vesicle
membrane33:3444_ or release kinetics of otherwise identical vesicles may vary with their
position relative to calcium channels®31:35.36:45,46

Our results demonstrate that transient release, and RRP occupancy, is graded over a range of
VRrec. This allows the transient component of release to vary according to the difference in
VRBe, @ computation that would not be possible if the dynamic range of RRP occupancy
were not matched to the physiological range of Vrgc. Our model demonstrated that, for
experimentally observed release and replenishment rates, a single kinetically homogeneous
RRP can achieve biphasic release and maintain partial steady-state RRP occupancy during
sustained responses. A similar model and interpretation has been proposed to account for
synchronous and asynchronous release in the cochlear nucleus with a single, homogeneous
RRP40, Experimental evidence suggests that vesicles in RBC terminals experience a range
of calcium signals®31, so our model likely oversimplifies RRP dynamics. Heterogeneous
release characteristics are not required to generate transient and sustained release at this
synapse (Fig. 6), and specific roles for this additional complexity remain unknown.

Experimental work suggests that the rate of vesicle replenishment at many synapses may
depend on presynaptic calcium (reviewed by#7). To model vesicle release and replenishment
at different Vrpc values, we estimated release and replenishment probabilities during
steady-state release (see methods); the replenishment probability at each empty release site
was essentially constant across the physiological range of Vrgc (supplementary Fig. 3).
While the overall replenishment rate clearly varies with Vggc, in our model this reflected
changes in the number of empty release sites and did not require replenishment probability
to be calcium-dependent.

Alls may parse visual information to distinct targets

RBC synapses may encode luminance and contrast to enable Alls to transmit distinct visual
information to different postsynaptic targets. For example, the All may convey sustained
luminance information through its electrical synapses to ON cone bipolar cells, thereby
relaying the RBC signal to its cone pathway counterpart. In this scenario, the ON cone
bipolar cell, which normally receives photopic luminance information from cones, could
make the same contrast calculation at night that it does during the day. At the same time, the
All may relay the transient signal through inhibitory, glycinergic synapses to OFF ganglion
cells that encode contrast. Alls also contact OFF cone bipolar cells via glycinergic synapses
and may tailor these outputs to the specific needs of different OFF cone bipolar cell
subtypes. Na, conductances, which accelerate the rising phase of All depolarizations*8, may
help direct luminance and contrast signals to their appropriate targets.
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Methods

Slice and Recording Procedures

All animal procedures were conducted in accordance with NIH guidelines, as approved by
the National Institute of Neurological Disorders and Stroke Animal Care and Use
Committee. Acute slices (200 um thick) were prepared from retina isolated from Sprague-
Dawley rats (p18—p22) as previously described!®. Retinas were isolated and all subsequent
procedures and recordings were performed in Ames media equilibrated with 95% O,/5%
COs». For light response experiments, rats were dark-adapted for 2—3 hours and dissection
and all subsequent procedures were performed in darkness or under IR illumination (840
nm). For paired recording experiments animals were housed and dissected under ambient
laboratory lighting. To ensure that differences light adaptation state would not confound the
comparison between paired recordings and light-evoked responses, we performed a subset
of paired recording experiments in retinal slices that were dark-adapted as in the light
response experiments. No difference was observed between the two conditions
(supplementary Fig. 4) and so both paired recordings from both light and dark adapted pairs
were pooled (Fig. 2). In all experiments sodium channels and inhibitory transmission was
blocked during recording with the addition of 0.5 pM TTX (Ascent Scientific), 10 uM
SR-95531 (Ascent Scientific), 3 UM strychnine (Sigma), and 50 uM TPMPA (Tocris) to the
recording solution. For paired recording experiments the mGIuR6 selective agonist (L-AP4
10 um; Tocris) was added to the recording solution to simulate darkness (i.e, sustained
glutamate release from rods) and hyperpolarize RBCs. RBCs and Alls were targeted
visually using IR (840 nM) DIC video microscopy. Whole-cell voltage-clamp and
perforated patch current-clamp recordings were made with pipettes (4-6 M) filled with
solution containing (in mM) 90 CsCH3SOy4, 20 TEA-CI, 10 HEPES, 10 EGTA, 10
phosphocreatine disodium salt hydrate, 4 Mg-ATP, 0.4 Na-GTP. For perforated-patch
current-clamp recordings, KCH3SO,4 was substituted for CsSCH3SO4 and ~1.0 mg/ml
solubilized Amphotericine B (sigma) was added to the recording solution. Pipette tips were
filled with Amphotericine-free solution. Recordings were obtained using an axopatch 700B
amplifier (Molecular Devices), low-pass filtered at 4 kHZ (Bessel) and digitized at 20-50
kHz with an Instrutech 1TC-18 A/D board (HEKA Elektronik) controlled by custom
acquisition software written in IgorPro (WaveMetrics). Some traces were down-sampled or
down-sampled and filtered for display. Data was digitally filtered using a binomial
smoothing algorithm (IgorPro) to approximate a Gaussian filter with a characteristic cutoff
frequency (denoted in the figure legends).

Light Stimulation

Light stimuli were generated with a 528-nm LED and directed through a 1.0 NA 40 X
water-immersion objective (Zeiss) to uniformly illuminate the 0.45 mm-diameter field of
view. LED intensity was attenuated with neutral density filters and further controlled by
pulse width modulation of the LED (10 ms duty cycle) using a custom-built constant current
power supply controlled through the ITC-18 by the acquisition software. Photon flux was
measured at the focal plane of the microscope objective using a DR-2000 radiometer
(Gamma Scientific) and was converted to photoisomerizations (r*)/rod assuming a
collecting area of 0.5 um“°. In both light stimulation and paired recording experiments,
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stimuli were presented at 15 second intervals. Except where noted, all experiments were
performed at room temperature (~22°C).

Data Analysis

To measure sustained release during light responses, we averaged the current response over
the last 0.5 seconds of the light step relative to the baseline preceding the first light-step. For
paired recordings we measured the rate of sustained EPSCS by identifying individual EPSC
events using custom miniature analysis over the last 0.9 seconds of the voltage step. This
yielded similar results to measuring average current amplitude or integrated current over the
same time window. To examine transient release components for either light-evoked or
paired recordings, we integrated release over the transient component and corrected for the
baseline immediately preceding the transient response. For comparison all we have
normalized all transient and sustained responses to the maximal response.

Computer simulations

To model synaptic release at the RBC we generated a Monte Carlo type computer
simulation where vesicles were randomly released or replenished to a “RRP” according to
release and replenishment probabilities we measured from our data. We first estimated the
size of the RRP in our paired recording experiments by measuring the charge transfer of the
transient response to a voltage step from =70 mV to —20 mV. Dividing the charge transfer of
the EPSC by that of the average miniature EPSC waveform yielded an average full RRP
value of approximately 55 vesicles, in close agreement with previous estimates19:25,
Multiplying the total RRP size by the measured fractional RRP occupancy (Fig. 3) allowed
us to generate a function relating the number of vesicles or empty sites in the RRP to Vgpgc.
To obtain release and replenishment rates for Vygc, we reasoned that if the RRP size does
not change then release and replenishment rate must be at a steady-state equilibrium so and
the rates of release and replenishment must be equal. We measured rate of vesicle release
from the EPSC count as well as the slope of the integrated release during steady-state
release; both measurements yielded similar results. To obtain the release probability we
divided the release-rate at Vrgc by the number of vesicles in the pool at Vrgc. Similarly,
we divided the replenishment rate by the number of empty release sites (RRPygta1-
RRPoccupancy) to obtain the probability of replenishment. We then fit the data points with
Hill equations from =70 to 0 mV, to interpolate Vrgc between our data points. Because past
work has shown that the rate of replenishment is very low when the RBC is held at
hyperpolarized potentialsl4, we constrained the base of the Hill fit at =70 Vggc to fit with
this observation (supplementary Fig. 3). Responses were simulated over discrete time steps
(0.1 ms). At each time point, the release or replenishment of each release site was
determined individually by comparing a number from a random number generator to the
release and replenishment probabilities at Vrpc(t). If a vesicle was to be released, a
characteristic mEPSC waveform was added to the current trace at that time step; the number
of vesicles and empty sites in the RRP was updated at the end of each time step.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
RBC synaptic release encodes both contrast and luminance. (a) Perforated-patch current-

clamp recordings from a single RBC show voltage responses to steps in ¢ for full-field light
stimulation. The schematic shows the light intensity of the step to ¢, and to ¢;. The
grayscale of the schematic trace corresponds to the grayscale in the response traces below.
(b) Whole-cell voltage-clamp recordings from a single All in response to the same light
stimulation protocol used in (a). (c) Average * so (gray shading) light-evoked voltage
responses in 5 RBCs. Traces were down-sampled to 1kHz resolution before averaging. (d)
Average (+ s, gray shading) light-evoked EPSCs in 10 Alls. Traces were down sampled to
0.1 kHz and smoothed with a 12 Hz cutoff Gaussian filter before averaging. (e) Average
responses in RBCs (+ so; n = 5 cells) to ¢y, (black) and oy (gray) plotted against ¢. (f)
Average current responses in Alls (z SD; n = 10 cells) measured over the last 0.1 s of ¢y,
(black) and or (gray), plotted against ¢. (g) Subtraction of Vy(¢p) from Vi(er) in RBCs
plotted against oy (light gray). The contrast between ¢y and ¢, scaled to match the
subtraction, is shown for comparison (black). (h) Integrated current (average + so; n = 10
cells) measured over the transient component of All responses to ¢y (black) and ¢ (light
gray), plotted against ¢. Gray line shows the contrast step size between ¢y, and ¢; plotted
against oy, scaled to match Q(¢y). Solid dark gray lines in e, f and h are Hill equation fits to
the data.
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Fig. 2.

C(g)]ntrast is computed at the RBC synapse. (a) Individual current recordings from
synaptically coupled RBC-AII pairs show typical RBC Ca, currents and All EPSCs, evoked
by stepping Vgrpc to a background potential (V) for 1 s followed by a 1 s test step (V) that
was 10 mV more depolarized than the background step. The grayscale of the schematic trace
corresponds to the grayscale in the response traces below. Calcium currents in the RBC were
measured using a p/4 subtraction protocol, down-sampled to 1kHz resolution and filtered
using a 60 Hz cutoff Gaussian filter. (b) Rate (average + so) of EPSCs measured over the last
0.5 s of the step for V}, (black) and V; (light gray). (c) Integrated current (average + so; N =
15 cells) measured over the transient component of the response to Vy, (black) and V; (light
gray), plotted against Vrgc. Dark gray line shows the subtraction between the rate(V;) and
rate(Vp). Solid black lines in b and ¢ are the Hill equation fits to the data.
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Fig. 3.

RIgP continuously varies with Vggc. (a) Individual current recordings show typical All
EPSCs evoked by stepping Vrpc to a background potential for 1 s followed by a 1 s test
step to —20 mV. (b) Average integrated current (£ so; n = 10 cells) measured over the
transient component of the response to V}, (black) and V; (light gray), plotted against ¢. The
arithmetic sums of the transient responses to V, and V; are plotted in dark gray. (c)
Integrated current traces corresponding to the current traces shown in panel a during Vy, and
a portion of V4.
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Fig. 4.

RIgP occupancy is constant during sustained release. (a) VVoltage protocol used to measure
RRP occupancy over time. Step from =70 to —20 is shown in dark gray, step to —40 mV is
shown in black, and steps to =20 mV from —40 mV at varying intervals are shown in light
gray. (b) Individual current recordings from synaptically coupled RBC-AlI pairs showing
typical All EPSCs in response to Vrpc Voltage steps described in panel a. Shades of current
traces correspond to colors shown above. (c) Average integrated current (+ so; n = 7 cells)
measured over the transient component of the response, plotted as a percentage of charge
transfer in response to the =70 to —20 mV step. Open symbols show the arithmetic sum of
the transient responses to the —=70 to —40 and —40 to —20 mV responses. Deviation from of
the —20 mV response during the shortest time interval reflects an over-subtraction of the
baseline from the preceding transient response.
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Fig. 5.

RIgP occupancy encodes luminance. (a) Perforated-patch current-clamp recordings from a
single RBC show voltage responses to steps in ¢ for full-field light stimulation. Schematic
shows the light intensity of each step corresponding to the voltage traces shown below. (b)
Whole-cell voltage-clamp recordings from a single All amacrine cell in response to the
same light stimulation protocol used in (a). (c) Average (z so, gray shading) light responses
in 5 RBCs. Traces were down sampled to 1kHz resolution before averaging. (d) Average (+
so, gray shading) light-evoked EPSCs in 10 Alls. Traces were down sampled to 0.1kHz and
smoothed with a 12 Hz cutoff Gaussian filter before averaging. (€) Average voltage
responses (z so; n =5 cells) to ¢y and oy plotted against ¢. Solid black line is the Hill
equation fitto Vrgc(op). (f) Average integrated current (£ so; n = 10 cells) measured over
the transient component of the response to ¢y, (black) and o (light gray), plotted against ¢
Solid black and light gray lines represent the Hill equation fits to Q:(¢p) and Qi(¢y),
respectively. Dark gray symbols indicate the sum (average + so; h = 10 cells) of transient
responses to ¢y and . Dark gray line shows the arithmetic difference between Vggc(or)

and Vrec(9p)-
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Fig. 6.

S)?naptic simulations suggest that a homogeneous RRP is sufficient to encode a measure of
contrast and luminance. (a) Schematic of the voltage protocol used in the paired recordings
in figure 2. Simulated traces below show the “current” output from the model (see methods)
for a single trial with an RRP size of 55 vesicles. (b) As in (a), but with the voltage protocol
used in the paired recordings in figure 3. (c) RRP occupancy vs. time for the simulations in
(@). (d) The sustained rate of simulated vesicle release measured in (a) over the last 0.5 s of
the step to Vy, (black) and V; (gray) vs. Vrgc. Solid line shows the Hill equation fit to the
simulated data points. (e) Integral of the “current” during the transient component of the
responses in (a) to V, (black) and V; (light gray). Dark gray line shows the subtraction
between the rate(V;) and rate(Vy,). Solid black line shows the Hill equation fit to the
measurements of Q(Vp). (f) RRP occupancy vs. time for the simulations in (b). (g) Integral
of the “current” during the transient component of the responses in (b) to V}, (black) and V;
(light gray) vs. simulated Vggc. Solid lines shows the Hill equation fit to the measurements
for Q(Vy) (black) and Q(Vy) (light gray). Dark gray symbols show the sum of the transient
responses to Vy, and V;. The data in panels c—g reflect an average of 40 trials for an RRP size
of 55 vesicles.

Nat Neurosci. Author manuscript; available in PMC 2012 June 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Oesch and Diamond Page 19

amplitude

Fig. 7.

Tr?e synaptic release model can encode luminance and compute contrast from light-evoked
RBC waveforms (a) Schematic of the light intensity steps used in the light stimulation
protocol used in figure 1. Each RBC voltage response measured in the experiment in figure
1 was used as the voltage input to the model with an RRP size of 2400, and the average of
these five modeled “current” outputs are shown. (b) Average RRP occupancy from the five
light-evoked Vrpc runs. (c) Amplitude of simulated EPSCs measured over the last 0.1 s of
op (black) and o (light gray) vs. f. Solid line is the Hill equation fit to the data. (d)
Integrated current measured over the transient component of the response to ¢y, (black) and
ot (light gray), vs. ¢. Dark gray line shows the scaled contrast step size between ¢, and ¢y,
vs. ¢r. Solid black lines are the Hill equation fit to the data. (e) and (f) reproduce panels from
figure 1c and h for comparison between experimental and simulation results.
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