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Abstract

At very low light levels the sensitivity of the visual system is determined by the efficiency with which single

photons are captured, and the resulting signal transmitted from the rod photoreceptors through the retinal circuitry to
the ganglion cells and on to the brain. Although the tiny electrical signals due to single photons have been observed
in rod photoreceptors, little is known about how these signals are preserved during subsequent transmission to the
optic nerve. We find that the synaptic currents elicited by single photons in mouse rod bipolar cells have a peak
amplitude of 5—6 pA, and that about 20 rod photoreceptors converge upon each rod bipolar cell. The data indicates
that the first synapse, between rod photoreceptors and rod bipolar cells, signals a binary event: the detection, or not,
of a photon or photons in the connected rod photoreceptors. We present a simple model that demonstrates how a
threshold nonlinearity during synaptic transfer allows transmission of the single photon signal, while rejecting the
convergent neural noise from the 20 other rod photoreceptors feeding into this first synapse.
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Introduction apses, from the rods to the RBCs and from the RBCs to the All

. . . . e amacrine cells, resulting in a total convergence of more than 1000
Under scotopic conditions (starlight), visual sensitivity approaches 9 g

the limit imposed by the availability of photons. Humans report therOd s!gnals to a ganglion cell (Sterling et al., 1988; Strettoi et al,,

A . 2 1990; Tsukamoto et al., 2001). Such a large convergence allows
perception of light flashes resulting in the capture of less than ten . . )
photons in the retina (Hecht et al., 1942; Sakitt, 1972). Since sig-many single photon signals to be summed by higher-order neurons.

3 : ’ i ince each rod receives one photon or less per integration time

nals from many hundreds or thousands of rod photoreceptors (rod 0.2 s) at scotopic background levels, the signal convergence within

converge upon an individual optic nerve fiber, it is exceedingly . """ . .
. . . this circuit can account for much of the dynamic range of the in-
unlikely that a single rod will capture all these photons. Therefore

: : . . terneurons under scotopic conditions, which therefore impli tio-
the single photon signal must be transmitted reliably through th erneurons u de scotopicco d ons, which Ineretore Implies spatio
emporal integration over the entire scotopic range.

successive synaptic relays within the retina. In cats, a single photon Convergence also pools the background neural noise, and it has
elicits 2—3 extra spikes in the optic nerve fiber connected to a ret: '

inal ganglion cell (Barlow et al., 1971: Mastronarde, 1983). long been recognized that without some mechanism to suppress

Mammals possess a specialized “rod pathway” within the retin noise, the sparse single photon signals would become swamped by

which mediates vision under scotopic conditions (Famiglietti &%he conve.rgent n0|sel(Ba.yI0r et al:, 1984). One likely mechanism
for removing this noise is a nonlinear threshold at the synapse

Kolb, 1975; Dacheux & Raviola, 1986; Daw, et al., 1990). The rod between rods and the RBC (van Rossum & Smith, 1998 Field &
pathway comprises a chain of three neural elements connecting thF§ ' '

. . ) ieke, 2002). This present study had two goals: to resolve the
rods to the retinal ganglion cells. At the first synapse, the rods con- . . . . .
o . mplitude and time course of the single photon signal in the RBCs,
nect to a specialized second-order neuron, the rod bipolar ce

(Dacheux & Raviola, 1986; Wassle, et al., 1991). The rod bipolarand to examine possible mechanisms of noise suppression at the

cells (RBCs) connect to a specialized rod amacrine cell, the AIIrOd to RBC synapse.
amacrine cell (Strettoi et al., 1990; Chun, et al., 1993). Conver-
gence within this rod pathway is highest across these first two synMaterials and methods

Preparation and recording
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of the Australian National University. The animals were killed with equivalent flux of 500-nm wavelength photons. Unless other-
a lethal intraperitoneal injection of Nembutal (0.1 ml, 100/mg wise noted, a flash stimulus comprised a single frame, nomi-
and the eyes immediately enucleated and placed in oxygenatethlly of 13.3-ms duration (monitor refresh rate 75 Hz), and
Ames’ medium at room temperature. Retinas were isolated frontherefore intensity is given simply as photepsn—2-flash™.
dark-adapted Black6é mice, 4—6 weeks of age. Vertical slices offhe half-maximal saturation point in Fig. 1 was calculated to be
retina, about 200—40@um thick were prepared under infrared about 1.3 photongim 2-flash ™. Since only a small region of
(>850 nm) illumination, and maintained in a recording chamber,the monitor screen was imaged onto a rod outer segment, the
which was continuously perfused at a rate of 3/mmh with actual duration of the light flash at an outer segment was
oxygenated Ames medium (Sigma Chemical Co., St. Louis, MO).~2 ms, with an exponential decay of less than 1 ms. The
The temperature was controlled at°B5 Intracellular solutions  stimulus monitor intensity was approximately linearized using a
were aliqguoted and stored at20°C until ready for use, and look-up table. Residual errors were obviated by measuring the
contained (in mM) 110 Cs-Gluconate, 5 NaCl, 0.1 Mg@.1 intensity of each stimulus over the same screen area imaged
EGTA, 5 Na-HEPES, 5 ATP, and 5 GTP. The pH was adjusted withonto the preparation. We did not directly measure the spontane-
CsOH to 7.4. Na-ATP and Na-GTP were prepared as 100 mMous rate of single photon events, which could have been higher
stock solutions in water, stored at20°C, and added to the than encountereéh vivo due to stray light, including photons
intracellular solution on the day of the experiment. In someemitted from the “black” monitor screen.

experiments, 0.05% Lucifer yellow was included in the intracel-

lular solution, and epifluorescence microscopy used to visualize . .

the morphology of the cell at the conclusion of the recordings./Analysis of variance

Whole-cell patch-clamp recordings of membrane currents were full protocol consisted of a series of 30 trials delivered at a rate
made from visually identified rod bipolar cells using an EPC-9 of 2 Hz at each of four intensities. A trial comprised a single frame
patch amplifier (HEKA Electronik, Lambrecht, Germany). The flash. The response amplitude in each trial was measured by
holding potential was set to-50 mV. Currents were filtered matched filtering, a method that efficiently extracts the amplitude
through a 4-pole Bessel filter at a half-power frequency of 2 kHz,of events with known waveform from a noisy signal. Our imple-
and sampled at 5 kHz. Further digital filtering was performedmentation was essentially as described previously (Baylor et al.,
during subsequent data analysis. Errors are quoted as standard79: Ashmore & Falk, 1980). All responses within the linear
deviations. range were averaged together, and this normalized response was
Rod bipolar cells were initially targeted as having an invertedysed as the filter impulse response, or template, for the single
pear-shaped soma located adjacent to the outer plexiform layephoton event. These filter templates were used to calculate the
with a single axon projecting straight down towards the innershape factor referred to in the text. At each intensity the amplitudes

plexiform layer. In early experiments, the identity was confirmed of each of the 30 flash responses, were estimated according to
by visual inspection of the Lucifer yellow filled cells at the the equation:

conclusion of the experiment. Subsequently, we relied upon the

observable anatomical features, the characteristic form of the light

responses, and the absolute light sensitivity. The anatomical fea- a = kfli_z(t)ri (t) dt, i=1,2...30,

tures obviated the possibility that we were recording from either

amacrine or horizontal cells. The sensitivity and form of the light _

responses distinguished between rod and cone bipolar cells. ~ WhereR(t), is the normalized filter template with peak amplitude
of 1,r;(t) is theith response, and the scaling fadter 1/ R(t)2?dt.

If the variance in the response amplitudes was dominated by
random photon capture in the connected rods, then the single
Full-field light stimuli generated on a Macintosh computer mon- Photon event amplitude can be calculated from the ratio of the
itor were imaged onto the preparation through the<A0.8NA slopes of the initial linear portions of the intensity—-response rela-
microscope objective. Neutral density filters were placed in thetions shown in Figs. 3A and 3B. Thus, this estimate of the single
light path to attenuate the light by 2 log units. Only the greenPhoton event amplitudey, is independent of the particular model
phosphor of the computer monitor was used for the stimulusused to account for the saturation in the variance observed at
The light intensity emitted by the green phosphor was measurefligher stimulus intensities.

at 10-nm intervals over the visible range, and was characterized All of the data were fit to the relevant equations using the
by a single monotonic peak at 540 nm with a width at half the Levenberg-Marquardt nonlinear least-squares algorithm as imple-
peak height of 75 nm. Light delivered to the rods through themented by the Igor analysis package (WaveMetrics, Lake Os-
microscope objective was measured at the preparation plane ¥{€go, OR).

lumengm? using a calibrated photometer (United Detector Tech-
nology, Hawthorne, CA). The stimulus intensity was then con-
verted to a power density (¥%?), assuming 683 IfW (Wyszecki

& Stiles, 1967). Accounting for the spectral emission of the Two models were constructed to account for the saturation of the
green phosphor, and the photometric filter transmission provariance of the RBC responses—the Poisson model and the Trans-
duced a corrected conversion factor of 683.82= 560 Im/W. mission model. Both models have a rod bipolar cell receiving input
The emission spectrum of the green phosphor was then corfrom N, identical rods. Each rod sums photons linearly, and makes
verted to photongn? The photon density available to stimulate a single, synaptic connection with the RBC. The signal detected by
the rods was determined from the overlap (multiplication) of thethe recording electrode represents the aggregate current from all of
rhodopsin sensitivity spectrum (Lamb, 1995), and the emissiorthe rod inputs. A critical feature of the models is a limitation on the
spectrum of the green phosphor. Light stimuli are quoted as th@umber,q, of single photon events that can be transmitted through

Light stimuli

Models of synaptic transmission
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each synapse. This property is handled differently in the twoused; a baseline noise distribution with standard deviatign

models. whenph = 0, and a single photon event amplitude distribution
In the Poisson model, synaptic transmission between a roavith standard deviationry when ph > 0 (Fig. 4). Glutamate

and a RBC is assumed to saturate when the number of photoractivates the postsynaptic mGIuR6 receptors according to the

captured by a rod is=qg. If q = 1, then the postsynaptic equation:

response saturates whether one, two, or more photons are cap-

tured by the rod. Such a synapse signals the occurrence or not gluth®

of a photon or photons, and we call this a binary synapse. If the

probability that photons are captured and transmitted by the rods

is Poisson distributed, then the mean current in the rod bipolar .
cell is given by, P wheremG represents the activated receptor &gé@ndhb are the

binding affinity and cooperativity, respectively. Receptor activa-
tion modulates a postsynaptic biochemical cascade, which ulti-
mately reduces the open probability, of postsynaptic cationic
channels. For simplicity, we assume that the biochemical cascade
is not saturated whemG — 1, and thus can be modeled according
to the equation:

(®)

ki + gluth®’

I_m = Imax(1— e*Ld))’ 1

wherel o« IS the saturating response amplitude in ampédrésthe
flash intensity in photongsm~2, ande¢ is a light-intensity constant
with units of um?/photon. The range over which the bipolar cell
current saturates is determined by the effective photosensitivity of
the connected rods. Therefore the light-intensity constantep-

rese_nts the effective collecting area of the rogls n the slice PrePihere 0= p =1 andB is a biochemical gain factor similar to that
aration, and the mean photon capture rai¢, is equivalent to

photoisomerizations per rod (Bhiod). In Figs. 1, 3, and 4 we described by Shiells and Falk (1994). The resulting current in the

have converted flash intensities to equivalent/Rid, using the RBC is given by
collecting area derived from the fit of egn. (1) to the data in
Fig. 1B.
The variance in the mean response amplitude for the binary
synapse is given by,

p=1-BXmG, (6)

N,

Irec = _gopiiql (7

wherep; is the open probability from théth rod, iq is the single

02 = Imaxig(L— e7%)(e™?), (2)  photon amplitude, and\; is the number of rods. The response
of the bipolar cell was obtained by averaging 5000 trials at each
where ig is the single photon signal amplitude. For small  intensity. For each trial, the value fah [eqgn. (4)] in each of
e ' — 1, and rearranging eqns. (1) and (2) produces the N, rods connected to the RBC was drawn from a Poisson
distribution. When testing the effects of noise on the system, the
o2 = lnig. 3) amplitude of these events, as a fraction of the single photon

event amplitude, was made variable by the addition of Gaussian-
We can determind, from eqn. (3), by plotting the variance distributed noise as described above. The resulting current was

against the mean current, and finding the slope of the line. Sinc@dded to the response of the RBC [eqn. (7)]. The variance was
each rod could contribute at most a single photon signal to th&alculated from the trial-to-trial difference from the mean response.
bipolar cell, we can usé, and the saturating curreff,,,, to
obtain an estimate for the number of rods converging onto Results
bipolar cell asN, = Ina/iq. These estimates from physiological
methods compared very favorably with estimates derived fromThe flash intensity—response relation was determined for dark-
anatomical reconstructions. adapted rod bipolar cells in order to establish the intensity range
The Transmission model is used to examine the effects of @&ppropriate for the adaptation level of the preparation. Flashes,
threshold on noise suppression at the synapse. For this purpose, t@mprising a single video frame, elicited transient inward currents
parameter values were chosen such that a single photon in the rdd the RBCs (Figs. 1A & 1B solid symbols, 13 cells). The open
produced a saturating postsynaptic response, that is. the synapsesignbols in Fig. 1B were obtained in a separate series of experi-
binary. A photon in a rod reduced the normalized glutamatements in which the responses to 30 consecutive flashes were
concentration in the synaptic cleft according to the equation: ~ averaged (7 cells). We found that the amplitude of the peak
flash-evoked currents as a function of flash intensity was described
phha by a saturating exponential [eqn. (1), solid line Fig. 1B] over the
kQTphha’ (4)  entire intensity range tested. At low flash strengths, the limiting
slope of the intensity—response relation on the log-log plot was
unity, consistent with the expectation that doubling the intensity
should double the mean number of photons captured and thus
roduce a proportionate increase in the mean current amplitude.
inear scaling of responses at low intensity is also shown in
Fig. 2C. Intensity—response relations in mouse rod bipolar cells
have also been described by the equation,

glut=1-

where 0= glut = 1, phis a Poisson distributed random variable
describing the number of photons captured by the kydjeter-
mines how many photons are required to half-saturate the preE
synaptic output, andcha determines the cooperativity of the
process. In noise-free simulatiors) took integral values includ-
ing zero. TheS/N ratio of the single photon response in the rod
could be simulated by adding toh a value randomly selected
from a Gaussian distribution. Two Gaussian distributions were Ip = ImaxL/(L" + LY 5), 8
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Fig. 1. Estimation of the single photon amplitude from
analysis of the variance. A: Responses to single flashes
of increasing intensity in one cell. The vertical mark at
the top marks the flash time. Flash intensities were 0.1,
0.2, 0.5, 0.9, 1.4, 2.6, and 4.3 Riod. B: Absolute
amplitude of flash responses. The peak flash response is
plotted against stimulus intensity. In the individual cells,
the amplitude at each intensity was measured either
from single flashes (solid symbols, 13 cells), or as the
average of 30 flashes (open symbols, 6 cells). The
2 4 2 4 2 - :

0.1 1 10 responses in each cell have been normalized by a factor
Flash Intensity (Rh*/rod) equating the saturat!ng am_plltud_e to the average for the

group of cells. Similarly, intensity values have been

normalized by a factor equating the half-maximal inten-
C D sity with the mean for the group of cells. Each point

60 - ° represents the average of responses obtained over a
1 small range of intensities. Error bars for the amplitudes
/ and intensities are standard deviations. The solid line

40 T shows the prediction from eqgn. (1), withax = 126 pA
and¢ = 0.54 um%photon. The dotted line shows the
best fit of egn. (8) to the solid data points, with,, =
0.63 RH/rod andh = 1.54. C: Current responses in a
RBC elicited by a long light step. The arrows highlight
0 possible single-photon events. Light intensities were
—1 0.06, 0.20, 0.60 Riirod/sec. D. Variance versus mean
JZOPA 12 8 4 0 for 5 cells from records similar to those showrGnThe
0.5s fitted line has a slope= —4.02 pA, corresponding to a
Mean (pA) single-photon amplitude of5.95 pA (see Results).

Amplitude (pA)

20 +

AN
AN
Variance (pAZ)

wherel, is the peak current. is the flash intensity) .. is the Flash stimuli, comprising a single video frame, were repeated
amplitude at saturatiori,y/, is the half-saturating flash intensity, at a rate of 2 Hz until 30 records had been captured at each of three
andh is the Hill coefficient (Field & Rieke, 2002). The parameters or four light intensities. The results presented here were obtained
for the best fit werd o = —132 = 2 pA, Ly, = 0.63 £ 0.02 from seven cells in which the recordings were stable enough to
Rh*/rod, andh = 1.54 + 0.05 (Fig. 1B, dotted line). While this complete the full experimental protocol. Single responses to the
equation fitted well at high intensities, it deviated significantly at lowest stimulus intensity were highly variable (Fig. 2A); however,
low intensities as it predicted a limiting slope equal ho To averaging together all responses at a given intensity revealed the
examine the mechanisms of single photon signal transfer in moréme course of the underlying signal (Fig. 2B). As a control, the
detail, we decided to obtain an estimate of the single photon signahtermediate stimulus intensity was presented during the first and
amplitude. last 30 stimuli. The close agreement in the amplitudes at the
Two protocols were employed to estimate the amplitude of thebeginning and the ending of the recording period indicates that
single photon signal in rod bipolar cells, both yielding similar neither run-down nor adaptation significantly affected the re-
results. An initial estimate was derived from analysis of the currensponses. A smooth curve is fitted to each averaged response over
variance elicited by long light steps (Fig. 1C). The arrows point tothe first 240 ms, according to the equations | ma{ (t/7)exp(—t/
events displaying the amplitude expected for single photon signals)]"~*. This equation has been used to provide an empirical
(~5-6 pA). At higher intensities, numerous events appear to haveescription of the flash response in mammalian rods, and describes
superimposed to produce a response with variance much highéne impulse response of anstage Poisson filter, with time con-
than the baseline variance. In five cells, the variance measurestant,7. In monkey and rat rods; ~ 200 ms, anch ~ 4—6 (Penn
during the light step is plotted against the mean current measurefl Hagins, 1972; Baylor et al., 1984). Recent measurements from
during the same time period (Fig. 1D). At these low intensities, themouse rods indicate that the time-to-peak of the single photon
variance—mean plot was approximately linear, and for each cellkesponse is-130 ms (Hetling & Pepperberg, 1999; Calvert, et al.,
the amplitude of the single photon signigl,was calculated &g = 2000, 2001), which is very similar to our observations in mouse
so?/lm (Ashmore & Falk, 1982), where? is the variancel,, is RBCs which displayed = 135+ 18 ms anch = 8 + 1. The fitted
the mean current, and is the average shape factor. The shapecurve in Fig. 2B declined more rapidly than the responset fer
factor was calculated by numerical integration of the single photon~240 ms. This was a common feature, and mirrors a similar
signal waveform (see below) to be 1.310.06 (n = 7). This phenomenon in the single photon responses of monkey rods (Bay-
yielded a single photon signal amplitude of 5:88.7 pA(n = 5). lor et al., 1984). In the next section, we analyze the variance of the
While these results provided an indication of the single photorflash responses, on the assumption that they arise from superposi-
amplitude, they did not reveal the time course of the events. Tdion of identical single photon signals. Superposition of the under-
verify our estimate of the single photon event amplitude, and tdying signals appears to be linear at low intensities, as is evident
extract the time course of the single photon events, we analyzeftom a comparison of responses normalized to the flash intensity
RBC responses to brief flashes of dim light. (Fig. 2C). In five neurons, the ratio of the normalized amplitudes
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Fig. 2. Flash responses from a mouse rod bipolar cell. A:
1OPA| Representative responses to single flashes at about 0.09
Rh*/rod, which for a convergence 620 rods produces
500ms ~1.8 RH/flash in the RBC. The superimposed lines
show the template for the matched filter, with an am-
plitude equal to the single photon event amplitude multi-
plied by the number above the record. B: Average
responses each to a series of 30 light flashes delivered at
2 Hz. Flash intensities delivered about 0.09, 0.24, and
0.9 RHK/rod. To control for run-down of the response,
the lowest and highest intensity stimuli were bracketed
by two repetitions of the intermediate intensity. The
amplitudes of the two middle traces were very similar
indicating that run-down was not significant. The solid
lines represent the best fit of an 8-stage Poisson filter
(7 = 160 ms) over the first 240 ms. C: The amplitudes
of the responses to the lowest and intermediate flash
intensities have been normalized to the flash intensity.
. . The similar amplitudes are consistent with linear sum-
Time (ms) Time (ms) mation of single photon events at low flash strengths.
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at low intensities and intermediate intensities was#1.0.2. The  agreement with the data over the full intensity range tested (solid
intensities differed by a factor of 3. line, Fig. 3A).

It was not possible to pick single photon signals from individ-  Because the maximum signal that each rod can contribute is
ual records with assurance. This was a limitation of the recordinggqual to the single photon signal amplitude, the maximum cur-
configuration, as it was difficult to maintain stable, low-noise rent in the rod bipolar cell is equal to the single photon signal
recordings from these small cells for long periods. Nonethelessamplitude multiplied by the number of convergent rods: ).
the waveform of the underlying signals could be readily discernedSincel . was measured from a saturating flash in each cell, we
from averaged records (Fig. 2B). We used this waveform as @ould estimateN, as the ratiol ma/iq. Although N, was variable
matched-filter template (see Methods) to estimate the amplitude acimongst the RBCs in the sample, on averbge= 23 + 8 (see
the single photon signal that would reproduce the mean and
variance observed for the data set. At low light intensities, the
mean and variance of the filter estimates increased approximately
linearly with light intensity (Figs. 3A & 3B), as was observed for
the long light steps (Fig. 1D). The ratio of the initial slopes in
Figs. 3A and 3B (shown by the straight lines) yielded a single

Table 1. Summary of the variance-mean anal§sis

photon amplitude of 5.5 pA. cel Imex (PA) 'a (PA) N

The data in Fig. 3 shows that as the light intensity increases the  1a —-75 —5.48 14
variance of the responses appears to saturate earlier than the mean 2a —94 —7.19 13
response. A model that incorporates basic elements of the synaptic 22 :Eg :‘7‘-5‘1‘ g;
arrangement can explain this observation (see Methods for details 5, 144 _361 40
of the model). Anatomical reconstructions from electron micro- 6a ~103 —4.26 24
graphs indicate that a single RBC in mouse retina receives input 7a —-180 -6.22 29
from ~22 rods (Tsukamoto et al., 2001). At scotopic backgrounds, 1P —-110 -6.1 18
when the rods receive only one or zero photons per integration ég _}ége :g; ig
time, the rods act as linear photon counters (Baylor et al., 1984). 4 941 _33 29
Our data shows that at low intensities the RBC sums the synaptic 5b -173 -7.1 25
inputs linearly. The critical feature of the model, which accounts  pean —121 _56 23
for the saturation in the observed variance, is the proposal thata o 36 1.2 8

single photon signal saturates the synapse (Rao-Mirotznik, et al.,

1995; van Rossum & Smith, 1998). Using the single photon SlgnaliMatched filter analysis was performed on cells with the ‘a’ suffix, while

amplitude,iq = 5.6 pA (Table 1), the measured variance as aihe variance-mean analysis was applied to the ‘b’ cells. Both sets of results
function of light intensity predicted from eqn. (2) is in good have been pooled in the average and standard deviations.
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Fig. 3. Estimation of the single photon event ampli-
tude. The varianceA) and meanB) of the responses,
calculated as described in the Methods, are plotted
against the stimulus intensity (open data points). The
C amplitudes in each cell have been normalized by a
factor equating the saturating amplitude to the average
for the group of cells. The variance was scaled by the
square of the factor. Intensity values have been nor-
malized by a factor equating the half-maximal inten-
sity with the mean for the group of cells. The black
symbols show the average of the open symbols, each
over a small range of intensities. Error bars are stan-
dard deviations. The dotted lines show the expectation
for a linear increase in the variance and mean, with a
single photon amplitude of 5.6 pA (see Table 1). The
1 solid line shows the predictions for the Binary Poisson
T model, generated using the average values,of
) 5.6 PA, Imax = 126 pA and$ = 0.54 um?/photon for
-40 00 n the group of cells. In each cell, the average baseline
+ ’ 1 variance recorded in the absence of stimulation has
1 0 5 been subtracted from the variance measurements. C:
: Amplitude histogram of 210 responses in seven cells
at the lowest intensity in each cell. The average stim-
ulus intensity was~0.05 RH/rod (lowest open sym-
0.0 05 1.0 bolin Fig. 1B). The solid symbols show the prediction
. from a Poisson relation, assuming a convergence of 22
Flash Intensity (Rh*/rod) rods onto the RBC.

200

100

Variance (pA2)

@
Probability

Mean Current (pA)

+ Normalized i,

Table 1), in very good agreement with the anatomical conver-The prediction from a noise-free simulation using this model, with
gence of rods onto RBCs observed in mouse retina (TsukamotB = 1.05,ha = 2, andhb = 4, k,, k, = 0.5, was indistinguishable
et al., 2001). The convergence of rods onto the RBCs can alstxom the binary Poisson model (Fig. 4A). As might be expected for
be estimated from the slope of the line in Fig. 3B if the single such a large number of parameters, they were not uniquely con-
photon signal amplitude is known. Using the single photonstrained by the data. However, it was clear that synaptic transmis-
amplitude above, the convergence is calculated to-B& rods  sion needed to have a high gain for single photons, meaning that
onto each rod hipolar. This calculated number of convergenthe sum othaandhb needed to be roughly six or more. This high
rods was consistent with the amplitude distribution of the re-gain produced a binary synapse that saturated during single photon
sponses. We useig to normalize the individual response ampli- transmission, effectively identical to the assumption of the binary
tudes from all the cells at the lowest intensity, and generated &oisson model. Although the intensity—response relation could be
probability distribution for the flash response amplitudes in thefit with haandhb = 1, this produced a multiphoton synapse with
RBC (Fig. 3C). The histogram was constructed from 210 re-the result that for a giveh,ax andN; the predicted variance was
sponses in seven cells. The mean intensity for the group wasuch too low. Thus, the intensity dependence of the variance-to-
~0.05 RHK/rod. As expected the distribution is skewed, with mean ratio suggests binary transmission at this synapse.
peaks corresponding approximately to integral multiplesi,of Our second goal was to investigate possible mechanisms of
The solid points above the histogram show the Poisson predicroise suppression at the RBC synapse. Direct evidence for noise
tion for a mean capture rate 22 rods X 0.05 Rh/rod ~ 1 suppression in the mouse retina is shown in Fig. 2A. The ratio
Rh*/RBC/stimulus. Imax/1s predicts an apparent convergence of 27 for this cell. Taking
The results suggest that each rod to RBC synapse is binarg S/N ratio for rod single photon events of 3—4 (Schneeweis &
signaling detection of a photon by the rod, and that these signalSchnapf, 2000; Field & Rieke, 2002), if the RBC summed linearly,
are summed linearly at the RBC soma. While the binary Poissothe noise would increase by a factor of about 5 and even the two
model is accurate, it does not give much insight into synapticphoton events should have remained buried in the noise. Alterna-
mechanisms. Moreover, it assumes that synaptic transmission tsvely, our results would imply a linear convergence of less than
noise free. To investigate the effects of neural noise on synaptithree rods to be consistent with t§éN ratio of 1.8 observed in this
transmission, we developed an alternative model that would breaRBC. The /N ratio was evaluated as/iq in five cells and
the transmission into smaller steps, more amenable to simulatioaveraged 2.4 0.6. Thus, the observation of single photon events
and analysis. requires a nonlinearity during transmission to account for the data.
The Transmission model is described in the Methods, and in  The effects of noise for a linear model are shown in Figs. 4B—
addition to¢, iq, andN,, it included five additional parameters. 4C. During simulations, noise was added to the rod signals (dark
Two describe the release of glutamate from the rod photoreceptorsontinuous noise standard deviatior. = iq * 0.27, photon event
[ean. (4)]. Two more describe binding and cooperativity for acti- amplitude standard deviatian, = iy * 0.33) in line with theS/N
vation of the postsynaptic mGIuR6 receptors [egn. (5)]. A fifth ratio of single photon signals observed in mouse rods (Field &
represents the biochemical gain that links mGIuR6 receptor actiRieke, 2002). The convergent noise dominated the response at low
vation with modulation of the postsynaptic channels [eqn. (6)].intensities producing a much larger mean current compared with
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A C the rod-to-rod-bipolar convergence measured anatomically (Tsuka-
moto et al., 2001), and our physiological estimate predicted from
the ratio of the saturating response to the single photon amplitude.

As noted above, single photon transmission implies the exis-
tence of a nonlinear mechanism that suppresses the convergent
neural noise, and we explored such a mechanism first outlined by
Shiells and Falk (1994). The postulated nonlinearity arises because
: the open probability of the mGluR6-operated channels cannot be

00 05 1.0 less than zero. The biochemical gaBi the model) ensures that
B Flash Intensity (Rh*/rod) all channels remain closed, even during moderate reductions in the
MGIuR6 receptor activation caused by voltage noise within the
) connected rod terminal. However, when the glutamate concentra-
ey tion falls to a low enough level the number of open channels is
S very steeply dependent on the change in concentration, due to the
o high cooperativity of receptor activation. Thus, the postsynaptic
machinery acts as a nonlinear molecular switch, suppressing noise,
but turning on suddenly when an event exceeds the threshold.

A recent study by Field and Rieke (2002) also examined
transmission at the rod to RBC synapse in the mouse retina, and
argued for a high threshold during synaptic transfer that resulted in

Flash Intensity (Rh*/rod) Photons the loss of 75% of the smaller single photon events. Since only the
largest events were transmitted, the trial-to-trial variance at low
Fig. 4. Predictions from the Trans_mission model. A: Absolute amplituc}e of mean response levels was larger than expected for a Poisson
flash responses replotted from Fig. L. The top panel S.howsacompa”.so.n ﬁrocess. The present results differed. At low light levels the
the Binary Poisson model (dotted line) and the noise-free Transmission _ . . ;
model (solid line). The parameters wdde= 1.05,ha = 2 andhb = 4, k,, Varlfince é.ind m.e.an lncreasgd as expected for a Poisson process, but
ko = 0.5, withig = 5.6 pA and the\, = 22. B: The noise-free Transmission at higher intensities the variance was Iowerlthan expected becayse
model prediction fromA (solid line) is compared with the prediction the Synapse saturated. A second notable difference was that Field
obtained with noise adde(@, = 0.33,04 = 0.27, dotted line). The dashed and Rieke (2002) observed a supralinear increase in the amplitude
line shows the effect of increasiryto 4 in the Transmission model. The Of the response at intensities just below the half-saturating inten-
other parameters were unchanged except that the rod collectingdarea, sity. The present results were more linear. One possibility that
had to be increased by 15% to compensate for the loss of low-amplitudevould explain the differences is that the RBCs are working at
events as illustrated ib. C: Corresponding predictions of the variance for different adaptation levels in the two studies. Field and Rieke
the T_ransmission model with par_amet_ers asBin_D: RBC response as a  (2002) recorded a half-saturating intensity of 2.8/Rad, about
functlon_ofthe photon eyent amplitude in the r_19|se-f_ree caseB\/m_.OS 4-fold higher than obtained in the present stuey0(7 RH/rod,
(dotted line), and the noise-suppressed condition Bith4 (dashed line). . . . .
The solid line shows the distribution of the baseline noise, with a standarr}JSIng .essentilally the samg rOd. Cgllectmg area). T.he half-saturating
deviation of 0.27 iq (Field & Rieke, 2002). intensity estimated here is similar _to that obtalne_d for the PII
component of the electroretinogram in mouse (Saszik et al., 2002).
We argue below that the threshold should be higher in a more
light-adapted situation.

. ) . Very large convergence of rod signals onto ganglion cells
the n0|se-free model (Fig. 4B). Incrgango 4 prpduced a.sharp improves sensitivity (Copenhagen et al. 1990), but also accumu-
threshold in the RBC_response (F|g._4D), which effectively re- lates their noise (Sterling et al., 1988; van Rossum & Smith, 1998),
moved much of the noise and reestablished the agreement betwewp]ich necessitates a noise removal mechanism, envisaged as a
model and data in Fig. 4B. nonlinear threshold. The rod’s major noise sources, “continuous
dark noise,” due to the transduction mechanism, and “thermal
events,” due to spontaneous thermal isomerization of rhodopsin,
have temporal characteristics identical to single photon events so
Our results suggest that under dark-adapted conditions the gain #itey cannot be reduced by temporal filtering (Baylor et al., 1984;
the first synapse can be high enough to saturate transmission wh&ieke & Baylor, 1996). Both these noise sources will generate dark
the connected rod captures one photon (Rao et al.,, 1994; Ra@vents when they exceed threshold in the absence of a photon, and
Mirotznik et al., 1995; van Rossum & Smith, 1998). This meanstherefore are indistinguishable from photon events in later visual
that RBCs can function as single photon detectors, and that eadtages. However, much of the continuous dark noise is low am-
synaptic connection provides a binary signal—the occurrence, oplitude and can be greatly reduced by an amplitude threshold.
not, of a photoisomerization within the connected rod. Our modelSynaptic convergence increases the thermal isomerization rate
envisages that signals are generated independently at each dendritiom about 0.006 Rifs in each rod (Baylor et al., 1984) to about
contact and then are summed linearly by the RBC. This model i$ Rh*/s in a ganglion cell (Sterling et al., 1988), or about one event
supported by four observations. The mean amplitude of the averagser ganglion cell per rod integration time. This rate is close to the
responses at low intensities is a linear function of the light intensitydark-event rate in ganglion cells (Barlow et al., 1971; Mastro-
There is very little change in the time course of RBC flash re-narde, 1983), implying that the false positive rate due to the
sponses over much of the dynamic range, consistent with lineatontinuous dark noise cannot be much greater.
summation of the dendritic inputs. The variance saturates as ex- The modeling presented in Fig. 5 shows predictions appro-
pected for a binary synapse. There is excellent agreement betwegniate for theS/N ratio of single photon events in mouse rods
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—— Thermal dark events 2003) such a reduction would be counter-productive because it

—+— Continuous noise dark events would reduce theS/N ratio of the signal in ganglion cells or

—2— Missed photon events higher centers. In light of these considerations, we would argue
5 that a lower threshold is more appropriate. Since the dark event

rate, both continuous and thermal, limits ganglion cell sensitivity
at visual threshold (Levick et al., 1983; Mastronarde, 1983),
there would be little advantage in lowering the false positive
rate much below the thermal rate. This implies that a nonlinear
threshold around 0.85 would be appropriate, since the thermal
event rate masks the false positives generated by continuous
noise, while the false negative rate is a relatively modest 50%
(Fig. 5).

As noted above, later stages of synaptic convergence add noise,
which also requires a mechanism for its removal (Sterling et al.,
1988; Smith & Vardi, 1995). We propose that each synaptic stage
suppresses only that noise due the immediate convergence (20:1

Events/Integration-time (x1 0'3 )

| .
0 0 6I : '0 8I y g"J'E;JZ for Rod —» RBC, or 25:1 for RBC— All), thus preserving the
) : ) ) single photonS/N at each stage, and leaving the task of discrim-
Non-linear Threshold inating visual events from the thermal background to later synaptic

stages, either at the ganglion cells or higher centers. This notion

Fig. 5. Detection limits imposed by continuous dark noise and thermalwould be consistent with a lower threshold at the first synapse, and
events. Thermal dark events exceeded continuous noise dark events by a

factor of 2 for thresholds greater than 0.8%,. For higher thresholds, the WItN the expectation that the statistics of photon capture by the
false positive rate drops precipitously and the false negative rate increasé3BCS should be closer to Poisson, as we have found. However, at

linearly. Simulations with the Transmission model were performed usinghigher background light levels with more incident photons, the
different values ofB to adjust the level of the nonlinear threshold, as a threshold at the first synapse could be raised. The higher threshold
fraction of the single photon event amplitude. The output from the modelwould increase the fraction of missed photons resulting in a
was passed through a detection threshold, set to half the amplitude aduced sensitivity with a concomitant shift in the intensity—
the single photon event. Positive events (real and dark events) exceeded thesponse relation. The higher threshold would also favor transmis-
threshold, while negative events did not. The standard deviation of thgjgn of a multi-photon event in a rod, which is more likely to
baseline noise in the rodsr] was set to 0.2% iq, and the standard exceed the threshold than a single photon event. Such early

deviation of the photon event amplitude,), was set to 0.33 i (Field & . . . .
Rieke, 2002). The light intensity, set to simulate the thermal isomerizationCOInCIderlce detection would be a very effective mechanism to

rate in monkey, generated 0.00126"Rbd/integration time (Baylor et al., abrogate_the background s!gne_ll represented by thermal aqd yncor-
1984), using an integration time of 0.2 s for the single photon event in rods'€lated visual events. In this high-threshold state, the statistics of
photon capture by the system during very dim flashes would
depart strongly from the Poisson expectation, contrary to our
findings.
(Field & Rieke, 2002), and the thermal isomerization rate esti- The scotopic rod pathway is known to adapt over a range of at
mated in monkey rods (0.00126 Riod/rod integration time, least 3 log units (Sakmann et al., 1969; Sieving et al., 1986; Smith
Baylor et al., 1984). The false positive rate due to dark contin-et al., 1986; Robson & Frishman, 1995), and it is conceivable that
uous noise is a strong function of the nonlinear threshold. Fordaptation at the rod to RBC synapse might be achieved by adjust-
low thresholds €0.8 single photon signal amplitudes), the false ment of the nonlinear threshold (van Rossum & Smith, 1998). A
positive rate swamps the thermal event rate, with a corresponddossible mechanism is suggested by the properties of the type B
ingly low false negative rate<(20%). Field and Rieke (2002) horizontal cell axon terminals (HBAT) which exists in most mam-
showed that although a synaptic threshold set at about 1.2 timewsals, and which contact several hundred to several thousand rods
the single photon response amplitude rejected 75% of the singléWVéassle et al., 1978; Peichl & Gonzalez-Soriano, 1994). If these
photon signals, it obviated the effects of continuous noise in thehorizontal cells are similar to others in providing negative feedback
rod array and increased tI8N ratio in the RBC by a factor of to photoreceptors, an increase in background would tend to depo-
several hundred. As long as subsequent synaptic connections diarize rods, which would increase a rod’s release of neurotransmit-
not introduce additional noise, the ganglion cells could use theer, essentially producing a higher threshold for the single photon
RBC output as a near optimal readout of the rod array. How-signal in the RBC (van Rossum & Smith, 1998). The slow kinetics
ever, in starlight, most single photon events in the rod arrayand broad spatial extent of the HBAT would provide a continuous
result not from real photons, but from random thermal isomeri-estimate of the time-averaged output from all rods across an area
zations, indistinguishable from real photon events and transeomparable in size to the receptive field of a ganglion cell. More-
mitted equally well. Although a threshold set at 1.2 times theover, it would adjust the threshold in response to any noise source,
single photon response amplitude would dramatically reduce th&hether it is background light, thermal isomerizations, or contin-
dark events due to dark continuous noise, it could not increaseious dark noise. Such a HBAT feedback mechanism would gener-
visual performance much because real photon events would stiite a nonlinear surround for the rod, because feedback of the surround
be masked by the much higher rate of thermal dark eventsto rods would be transmitted forward through the rod RBC synapse
Further, such a high threshold would reduce detection of therthreshold. Consistent with this, ganglion cells at low scotopic back-
mal and real photon events by2-fold, without affecting their  grounds have aweak nonlinear “hidden” surround (Wiesel & Hubel,
ratio. Since later synaptic convergence stages add noise (SmittB66; Enroth-Cugell & Lennie, 1975; Barlow & Levick, 1976; Ka-
& Vardi, 1995; Hartveit, 1999; Freed, 2000; Singer & Diamond, plan et al., 1979).
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The Transmission model suggests that vesicle release from rod convergence, and signaoise. Journal of General Physiologgs,
terminals is almost completely suppressed during a single photon 717-732.

. . . h ACHEUX, R. & RAvIoLA, E. (1986). The rod pathway in the rabbit retina:
signal. However, a single photon hyperpolarizes a mammalian ro A depolarizing bipolar and amacrine cellournal of Neurosciencs,

by about 1 mV, less than one-tenth of the full dynamic range 331345,
(Schneeweis & Schnapf, 1995), suggesting that rod signals may beaw, N., Jensen, R. & BRUNKEN, W. (1990). Rod pathways in mamma-
“clipped” during transmission to RBCs. Signal clipping has been  lian retinae Trends in Neurosciencel3, 110-115.

documented during transmission from photoreceptors to horizontdfNtOTH-CUGELL, C. & LENNIE, P. (1975). The control of retinal ganglion
cells in salamander, where only a small fraction of the dynamic cell discharge by receptive field surroundsirnal of Physiolog247
: y Yy 551-578.

range of the photoreceptors is transmitted to the postsynaptic ceflsmicLiert, E.V.J. & Kors, H. (1975). A bistratified amacrine cell and
(Attwell et al., 1987; Belgum & Copenhagen, 1988). How such  synaptic circuitry in the inner plexiform layer of the retinBrain

clipping occurs is still unknown. In mammalian photoreceptors, atF ResGeaDrc(;B}i 293_}33?3602) Nonlinear signal transfer from mouse rods
; . . IELD, G.D. 1IEKE, F. . | | u
potentials close to the dark resting potential, voltage changes the to bipolar cells and implications for visual sensitivitileuron 34,

open probability of calcium channels e-fold for every 6 mV atthe  773_735.
steepest point (Taylor & Morgans, 1998). Even if glutamate re-Freep, M.A. (2000). Rate of quantal excitation to a retinal ganglion cell
lease depended on the third or fourth power of the presynaptic €voked by sensory inpudournal of Neurophysiolog§3, 2956—-2966.

Ca2* concentration, it seems unlikely that the voltage-dependenchRT‘l’lm’ F;j (1999 Redﬁ’lmcal ﬁynaptic i”teraCticl’”? betweeﬂ rodlbipolar
. ’ . ) cells and amacrine cells in the rat retidaurnal of Neurophysiolo

of the calcium channels can account for the putative suppression of 81, 2923-2936. physiology

vesicle release during a photon event. However, the calCiunMecHr, S., SCHLAER, S. & PIRENNE, M. (1942). Energy, quanta and vision.

channels were characterized in cone photoreceptors, and it is Journal of General Physiolog95, 819-840. o

possible that the channels in rods are different (Morgans, 1999)1ETLING, JR. & PEpPERBERG, D.R. (1999). Sensitivity and kinetics of

. . . . mouse rod flash responses determined in vivo from paired-flash elec-
Calcium channels have not been characterized in mammalian rods, troretinogramsJournal of Physiologys16 (Pt 2), 593—609.

and it is tempting to suggest that they might have greater voltag apran, E., Marcus, S. & So, Y.T. (1979). Effects of dark adaptation on
sensitivity. spatial and temporal properties of receptive fields in cat lateral genic-
ulate nucleusJournal of Physiology294, 561-580.
Lawms, T.D. (1995). Photoreceptor spectral sensitivities: Common shape in
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