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A Mammalian Retinal Ganglion Cell Implements a
Neuronal Computation That Maximizes the SNR of Its
Postsynaptic Currents

Jan Homann'? and Michael A. Freed?
Departments of 'Physics and Astronomy, and 2Neuroscience, University of Pennsylvania, Philadelphia, Pennsylvania 19104, and *Princeton Neuroscience

Institute, Princeton University, Princeton, New Jersey 08540

Neurons perform computations by integrating excitatory and inhibitory synaptic inputs. Yet, it is rarely understood what computation is
being performed, or how much excitation or inhibition this computation requires. Here we present evidence for a neuronal computation
that maximizes the signal-to-noise power ratio (SNR). We recorded from OFF delta retinal ganglion cells in the guinea pig retina and
monitored synaptic currents that were evoked by visual stimulation (flashing dark spots). These synaptic currents were mediated by a
decrease in an outward current from inhibitory synapses (disinhibition) combined with an increase in an inward current from excitatory
synapses. We found that the SNR of combined excitatory and disinhibitory currents was voltage sensitive, peaking at membrane poten-
tials near resting potential. At the membrane potential for maximal SNR, the amplitude of each current, either excitatory or disinhibitory,
was proportional to its SNR. Such proportionate scaling is the theoretically best strategy for combining excitatory and disinhibitory
currents to maximize the SNR of their combined current. Moreover, as spot size or contrast changed, the amplitudes of excitatory and
disinhibitory currents also changed but remained in proportion to their SNRs, indicating a dynamic rebalancing of excitatory and
inhibitory currents to maximize SNR.
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We present evidence that the balance of excitatory and disinhibitory inputs to a type of retinal ganglion cell maximizes the
signal-to-noise ratio power ratio (SNR) of its postsynaptic currents. This is significant because chemical synapses on a retinal
ganglion cell require the probabilistic release of transmitter. Consequently, when the same visual stimulus is presented repeatedly,
postsynaptic currents vary in amplitude. Thus, maximizing SNR may be a strategy for producing the most reliable signal possible
given the inherent unreliability of synaptic transmission. j

ignificance Statement

Introduction

At an isolated nerve cell terminal, vesicles fuse with the mem-
brane and release neurotransmitter at random times (Del Castillo
and Katz, 1954; Barrett and Stevens, 1972; Stevens, 1993). When
a terminal is wired into a neural circuit, the statistics of release can
be shaped by feedback processes, such as recurrent inhibition,
voltage-gated channels, and corelease of protons, but this shaping
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does not eliminate randomness (DeVries, 2001; Freed et al,,
2003). Accordingly, if the same signal is sent across a synapse over
many trials, the signal sets the mean rate of vesicular release, but
noise appears as trial-to-trial variability in this rate. This variabil-
ity makes a synapse a less reliable transmitter of the original sig-
nal. Such “synaptic noise” can cascade from one level of neuronal
processing to the next (Ala-Laurila et al., 2011; Freed and Liang,
2014). Therefore, at the systems level, synaptic noise may con-
tribute to the unreliability of neuronal computations that lead to
predictions, decisions, and motor control (Ernst and Banks,
2002; Gold and Shadlen, 2007; Medina and Lisberger, 2007;
Fetsch et al., 2011).

Almost all neurons combine currents from multiple presyn-
aptic terminals, and if these currents each had different amounts
of signal and noise, this would suggest that currents with greater
signal-to-noise ratio (SNR) should be giving greater weight. The
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Figure 1. Strategy for combining synaptic currents to maximize SNR, illustrated with syn-
thesized traces. A-C, Given two currents, one with a high SNRand another with alow SNR, there
are at least three possible strategies for combining them: adding the currents in equal propor-
tion, which reduces SNR (A); eliminating the low SNR current, which preserves SNR (B); and
scaling each current in proportion to its SNR, which is the best strategy because it maximizes
SNR(O).

rationale for such a strategy is illustrated in Figure 1, in which the
SNR is quantified as the square of the mean current divided by its
variance. Given that two currents have unequal SNR but equal
amplitude, it would be a poor strategy to simply add them, be-
cause the resulting current would have a lower SNR than one of
the currents. A slightly better strategy is to eliminate the current
with lower SNR, thus retaining the current with higher SNR. The
best strategy is to make the final amplitude of each current pro-
portional to its SNR, which results in a combined current whose
SNR is the sum of the two original SNRs. This strategy is known
in the field of telecommunications as maximal-ratio combining
(MRG; Brennan, 1959) where it is used, for example, to optimally
combine signals from multiple antennas that have different levels
of noise.

To test for this strategy, we recorded in the whole-cell mode
from ganglion cells in an in vitro preparation of the guinea pig
retina. We choose the OFF delta retinal ganglion cell because it is
conserved across mammals (Dacey, 1989; Rockhill et al., 2002;
Manookin et al., 2010) and because it generates a burst of spikes
by the combined action of two groups of synapses: excitatory
synapses release transmitter at an increased rate, thereby increas-
ing conductance to an inward current; and inhibitory synapses
release transmitter at a decreased rate, thereby decreasing con-
ductance to an outward current (disinhibition). Such combined
excitation/disinhibition to trigger spikes is a common motif
among neurons (“push-pull”; Belgum et al., 1987; Rudolph et al.,
2007; Manookin et al., 2008; Monier et al., 2008; Piwkowska et al.,
2008; Gabriel et al., 2011, 2012; Ausborn et al., 2012). In a push-
pull neuron, both excitatory and inhibitory synapses provide in-
ward currents, and if these inward currents occur concurrently,
they will sum to increase signal. The OFF delta cell has such a
concurrent push-pull synaptic input (Manookin et al., 2008,
2010), which suggested that it might successfully use a strategy to
maximize SNR.

Materials and Methods

Electrophysiology. All procedures conformed to National Institutes of
Health guidelines for animals in research and were reviewed by the Uni-
versity of Pennsylvania Committee for the Care and Use of Animals. An
adult male Hartley guinea pig (weight, 400—600 g; age, >8 weeks old)
was anesthetized with ketamine (133 mg/kg, i.m.), xylazine (13 mg/kg,
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im.), and pentobarbital (100 mg/kg, i.p.). An eye was removed, and the
animal was killed by overdose with pentobarbital (0.1 ml, i.c.). A piece of
retina ~1 cm? in size, attached to pigment epithelium, choroid, and
sclera, was taken from the dorsal visual streak, mounted in a chamber on
an upright microscope, and superfused with oxygenated Ames’ medium
(Sigma-Aldrich).

A glass patch pipette (5-8 M()) was formed with a Sutter P-87 puller
(Sutter Instrument). For whole-cell recordings, the pipette was filled
with one of two solutions. Solution 1 contained the following (in mm):
128 CsOH, 110 gluconic acid, 6 NaCl, 3 MgCl,, 10 ascorbic acid, 2 ATP-
2Na, 0.5 GTP-2Na, 1 EGTA-6Na, 10 phosphocreatine di-Tris, 0.4 Lucifer
yellow-2K, and 2 QX314-Cl, pH 7.4, 288 mOsm kg ~'. With this pipette
solution and Ames’ medium, the measured liquid junction potential was
—12 mV, and the measured reversal potentials for inhibition (E;,,;,) and
excitation (E,,) were E; ; = —67.0 £ 0.4 mVand E,. = 0.9 £ 0.8 mV
(N = 8cells). Solution 2 contained the following (in mm): 135 CsOH, 142
gluconic acid, 7 NaOH, 10 HEPES, 4 EGTA-4Na, and 7 QX314-Cl. With
this pipette solution, the calculated liquid junction potential was —15
mV, and the calculated reversal potentials were E; ;, = =58 mV and E_,
=4 mV (Barry, 1994). To measure reversal potentials for synaptic con-
ductances, pipettes were filled with Ames’ solution, to which was added
the amino acid neurotransmitters glycine, GABA, or glutamate (100
mwM). The tip of the pipette was placed near the dendrites of the cell, as
confirmed by differential interference contrast (DIC) optics. To expel
“puffs” of neurotransmitter, we applied pulses of positive pressure (10
ms, 5 bar; Picospritzer III, Parker-Hannifin).

Recordings were acquired with a Multiclamp 700B patch-clamp am-
plifier and digitized at 10 kHz (Digidata 1440A, pClamp 10, Molecular
Devices; 4-pole Bessel filter, cutoff frequency = 4 kH). Access resistance
(R,) and membrane resistance (R,,,) were monitored periodically during
recordings with test pulses [membrane potential (V,,) = —58 mV, 10
mV, 10 ms; R, = 13 = 5 M{); R, = 32 = 5 M{)]. After recording,
holding voltages were corrected for the liquid junction potential and
for the voltage drop across R, Before measuring light-evoked cur-
rents, they were boxcar filtered to 40 Hz, but filtering to higher fre-
quencies produced the same results.

For whole-cell recording, we used a pipette holder that was designed to
stabilize the junction potential between silver that is silver-chloride
coated (Ag-AgCl) and pipette solution. When an Ag-AgCl electrode is
newly immersed in a pipette solution that approximates the low chloride
concentrations natural to neurons (5-15 mwm), the junction potential
between wire and solution drifts for <30 min then stabilizes (Kay, 1992;
Shao and Feldman, 2007). We limited drift to 2 mV by using a pipette
holder with two chambers that were filled with pipette solution and
connected by a narrow polyimide tube (inner diameter, 410 wm; outer
diameter, 520 wm; ALA Scientific Instruments). The first chamber held
the pipette, and the second held an Ag-AgCl pellet, which was thus insu-
lated from any changes in junction potential caused by removing and
inserting the pipette.

For perforated patch recordings, gramicidin was stored as a powder at
8°C. For each recording, gramicidin powder was freshly sonicated into
DMSO, which was sonicated into solution, then backfilled into the patch
pipette (2 wg/ml). A gigaseal was established between the pipette and cell
membrane, and the integration of gramicidin into the membrane was
monitored by measuring R,. It took 20—40 min before R, dropped to
<50 M{); at this point, recording began. We found that the cell main-
tained a stable resting potential during the course of the experiment,
indicating minimal intrusion of cesium through the perforated patch. To
confirm that the membrane patch was intact, we viewed the cell with
epifluorescent optics to make sure that it had excluded fluorescent Luci-
fer yellow that was in the pipette solution. We aborted the recording if the
cell stopped spiking at positive holding potentials, a sign that the pipette
solution, containing the Na-channel blocker QX-314, had entered the
cell and that the membrane patch was disrupted. We used a conventional
one-chamber holder but relied on the junction potential between Ag/
Ag-Cl and solution to stabilize by the time gramicidin was integrated into
the membrane and recording had begun. Accordingly, after the record-
ing, we removed the pipette from the cell, blew the pipette tip free of
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membrane, measured the voltage across the pi- A
pette, and subtracted this voltage from the
membrane potential.

Compartmental modeling of retinal gan-
glion cells and electrophysiology of neocortical
pyramidal neurons suggest that under whole-
cell voltage clamp, a significant portion of the
current that enters dendritic synapses is lost
before it reaches the site of the pipette at the
soma (Williams and Mitchell, 2008; Poleg-
Polsky and Diamond, 2011). A similar amount
of current loss occurs under current clamp (o
(Williams and Mitchell, 2008). This suggests
that whole-cell voltage clamp characterizes the
synaptic currents that reach the soma and the
site of spike initiation, the initial segment. We
did not observe spikelets that are the sign of
regenerative currents from dendrites (Oesch et
al., 2005).

Visual stimulus. A 1-inch-wide computer
monitor with a green phosphor (Lucivid MR1-
103; Microbrightfield) displayed a rectangular
raster which was focused through a 4X 0.1 nu-
merical aperture (NA) objective lens onto the
retina (3 X 4 mm, 600 X 800 pixels, 60 Hz
refresh rate). To increase the number of gray
levels, we used an active circuit that combined
two 8 bit outputs of a standard video card into
a single 12 bit video signal (Pelli and Zhang,
1991; Li et al., 2003). We used the third video
output to synchronize the visual stimulus and
the recording. Stimuli were programmed in MATLAB (MathWorks) us-
ing procedures provided by the Psychophysics Toolbox (Brainard, 1997).
The relationship between gun voltage and stimulus intensity was linear-
ized by alookup table. The intensity of the rectangular area, which served
as the background to a flashing spot, was equivalent to 27 nW mm ~* on
the retina, which, due to the overlap of stimulus and photoreceptor
spectra, caused the following isomerization rates (R*): 7 X 10* R*s ™' in
arod,2 X 10* R*s ' in an M cone, and 3 X 102 R* s 'in an S cone
(A = 500 nm, AL = 529 nm; rod outer segment, 16.2 X 3 um?; cone
outer segment, 8 X 3 /u,mz; Yin etal., 2006). At these photoisomerization
rates, the OFF delta cell has noncolor opponent responses that are
approximately equally divided between rods and M cone signals (Yin
et al., 2006). Also at these photoisomerization rates, rod signals
enter ganglion cells predominantly via cones and cone bipolar cells
(Manookin et al., 2008). Contrast was defined as (Intensity;mus —
Intensityy,ciground)/INteNSitYy,ground (Weber contrast).

Imaging. To visualize ganglion cells for recording, the retina with at-
tached pigment and sclera was transilluminated with infrared (IR) light
and examined with DIC optics (IR-DIC, 800—840 nm, 60X water-
immersion lens, 0.9 NA). During recording, Lucifer Yellow diffused from
the pipette into the cell. After recording, and often while the patch pipette
was still attached, cells were photographed with a cooled CCD camera
(Hamamatsu), producing a stack of optical sections (20X water-
immersion lens, 0.5 NA). To measure the depth at which ganglion cell
dendrites stratified in the inner plexiform layer (IPL), a stack of ~10
optical sections was captured that combined IR-DIC images of somas at
both edges of the IPL and fluorescent dendrites within the IPL. To quan-
tify stratification, we counted the number of sections from the fluores-
cent dendrites to somas at either edge of the IPL. OFF alpha and OFF
delta cells were identified as those with dendritic trees >250 um in
diameter that ramified in the top (outer) half of the IPL, but the OFF
delta cell ramified closer to the top edge of the IPL than the OFF alpha
cell (Rockhill et al., 2002; Manookin et al., 2008; Freed and Liang, 2010).

Calculating the amplitudes of excitatory and disinhibitory currents. To
calculate the amplitude of the excitatory current at V, .. where SNR
peaked, we first measured the amplitude of the isolated excitatory
current while clamping to E; ;. At E,,;,, the excitatory current would
be isolated because the disinhibitory current would lack electrical force
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Experiments that demonstrate the voltage sensitivity of SNR. 4, A retina is superfused with oxygenated medium; a
patch electrode seals to a ganglion cell in whole-cell mode; a dark spot is projected onto the photoreceptor layer. B, The dark spot
is flashed repeatedly, evoking synaptic currents (three repeats are shown). The evoked current A/ is the current amplitude
during the presentation of the spot minus the current amplitude before the spot. , Signal, noise, and SNR plotted against V/,, for
anillustrative OFF delta ganglion cell. The colored dashed lines show the reversal potentials for disinhibitory and excitatory currents
(E;,p and £, ). The data points in panels from left to right are fit with Equations 1, 2, and 3, respectively (Materials and Methods;
=1mV, Agiyy = =235, Adey =715, OTaginh = 4NS, Tagexc = 105). All traces are from
aspot with 150 wm radius and —100% contrast.

and be nulled out. The excitatory current would experience a change in
electrical force as the membrane potential changes from E; ; to V, ... To
account for this change in electrical force, we multiplied the amplitude of
the isolated excitatory current by (E.. — V.. J)/(Eee — Einn)> Which
resulted in the amplitude of the excitatory current at V, ... The ampli-
tude of the disinhibitory current at V, , was calculated in similar
fashion: the isolated current was measured by clamping to E.,. and mul-
tiplied by (V... = Einn)/(Eexe — Einn)-

Equations for the voltage dependence of SNR. According to standard
equations, the mean amplitude of the combined excitatory and disinhibi-
tory currents is:

<AI> = (Vm - Einh)<Aginh> + (Vm - Eexc)<Agexc>) (1)
where <...> indicates averaging over stimulus repeats, and Ag;,, and
Ag... are stimulus-evoked changes in inhibitory and excitatory conduc-
tances, respectively (Taylor and Vaney, 2002; Manookin et al., 2008).

We modified the standard equations to produce an equation for the
variance of the combined currents:

O—'ZAI = (Vm - Einh)ZarZAg,inh + (\/m - Eexc)ZUZAg,exc) (2)
where O’ig)inh and olAg)m. are (noise) variances of inhibitory and excitatory

conductance changes, respectively. The SNR of the combined currents is
the ratio of the square of its mean to its variance:

SNR = ——. (3)
g

When Equation 3 is substituted with Equations 1 and 2 and is graphed
again as V,,,, it assumes a dome-shaped function with a single maximum
(Figs. 2C, 3 A, B; and see Fig. 5A).

Derivation of the MRC strategy from synaptic conductances. We found
the conditions under which SNR of the combined excitatory and disin-
hibitory currents reaches a maximum. We started with Equation 3 and
substituted Equations 1 and 2 for mean and variance. The resulting equa-
tion was simplified by writing the balance of electrical forces on excit-
atory and disinhibitory conductances:
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SNR peaks in a narrow range of membrane potentials across different stimulus configurations. These experiments used pipette solution 1 with £, = —67 mVand £,,. = TmV.4,SNR

as a function of V/, for different spot contrasts (from bottom to top: —20%, —40%, —60%, —100%; 150 wm radius; N = 32 cells). B, SNR as a function of V,, for different spot radii (25, 50, 150,
and 100 pem; —100% contrast; N = 28 cells). The largest radius (150 um) reduces SNR because it activates the receptive field surround, antagonizing signals from the receptive field center. ¢, D,
The membrane potentials at which maximal SNR occurs for different spot contrasts and radii. Error bars represent the SEMin this and subsequent figures. The SNRs of isolated excitatory and inhibitory
currents are indicated as green and red dots at the intercepts of the curves with the vertical dashed lines that indicate the reversal potentials £,,;, and £,

Vm - Einh
Finh = Eexc - Einh) (4)
which is complementary to e.,. = 1 — &,,,- We took the simplified

equation and found where its derivative with respect to &;,,/(— €.
equals zero. By this means, we found that the condition for maximal SNR

( €inh ) _ <Aginh> U'ZAg,cXc
peak <Agexc> oig,inh.

We took advantage of the fact that the SNR of a conductance is
SNR = (Ag)*/o}, and substituted this into Equation 5 to get

( €inh ) _ <Agexc> SNlainh
T Eexc peak B <Aginh> SNchc.

Next, to find the current amplitudes that maximize SNR, we made use of
the fact that

(5)

T Eexc

(6)

<A1inh>_ Einh <Aginh>

Blo) ~ —eun (Agod) 7
and rewrote Equation 6 as
<AIinh> _ SNRinh 8
Alo) ., " SNR. ®

According to Equation 8, SNR is maximized when the excitatory and
disinhibitory currents have amplitudes that are in proportion to their
SNRs, which is the MRC strategy (Brennan, 1959). The MRC strategy is
usually described as a weighting factor that is multiplied by each
input, where the weighting factor is the signal divided by noise vari-
ance, but we measured the result of this weighting, and so we express
the strategy in terms of the final amplitudes of excitatory and

disinhibitory currents. To provide a tractable metric for the balance of
currents that varied from 0 to 1, Equation 8 was rewritten as Equa-
tions 21 and 22 in Results.

Finally, to derive the maximal SNR for the combined currents, we
substituted Equation 5 into Equation 3 to derive Equation 9:

SNR,.x = SNR;,, + SNR,. (9)

Equation 9 is identical to the equation for maximal SNR derived from the
MRC strategy (Brennan, 1959).

Equations 1 through 9 assume voltage-independent conductances
and negligible noise correlations as supported experimentally. Plots
of signal against membrane potential, which are equivalent to cur-
rent—voltage (I-V) plots, were substantially linear, which would not
occur with significant voltage-dependent conductances (Fig. 2C; also
see Figs. 5A, 6B, D). Changing the pipette solution causes maximal
SNR to occur at a different membrane potential and at the same
balance of electrical forces (g;,;,; see Fig. 5), which would not occur if
maximal SNR depended substantially on voltage-dependent conduc-
tances. Significant noise correlations between excitatory and disin-
hibitory currents would increase noise in their combined currents
above the value given by Equation 2, which would decrease maximal
SNR below the value predicted by Equation 9 (Cafaro and Rieke, 2010).
Yet the OFF delta cell approximated the theoretically predicted value
(Fig. 4C,D), which would not occur if noise correlations contributed
significantly to the integration of synaptic conductances by the OFF delta
cell.

A functional relationship between release rates at excitatory and
inhibitory synapses that maximizes SNR. Here we derive input—output
functions of excitatory and inhibitory synapses that will implement the
MRC strategy. At a synapse, the release of a vesicle causes a quantal
current in the postsynaptic cell, which is an instantaneous rise to maxi-
mal amplitude p followed by a slow exponential decay with time constant
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7. Quanta occur at times that follow Poisson 3 experimental MRC
statistics, and quantal currents sum linearly to
form a synaptic current ({(I); Freed, 2000; Freed A 084 ¥ L0.2 B ¢s3- L 0.2
and Liang, 2010). We can normalize the
stimulus-evoked change in quantal rate as &+ 1, 0.7 -0.3 0.7+ } -0.3
where a is the change in quantal rate caused by = ) = o
the stimulus and # is the baseline rate before -GE 0.6 I _0'4335 -QE 0.6 B 0'435
the stimulus (see Fig. 7B, C). Therefore, the 0.5+ I 3 1.0.5 0.5 i 0.5
mean stimulus-evoked current is (] {
0.4 0.6 0.4 ~0.6
(I) = anpr. (10) I I : : :
Bv the standard “ for shot noi 0 -50 -100 0 50 100 150
y the standard equations for shot noise contrast (% spot radius (um
(Dodge et al., 1968; Katz and Miledi, 1972; (%) P (H )
Wong and Knight, 1980), the baseline variance ® . ° ST
of the current before the visual stimulus is excitatory disinhibitory 4
Uﬁaseline = 1/2 ”p27> (11) c 8_ _2 D
and the variance of the current during the time — 6 7 10 -3 —
the visual stimulus is 42 4 g 2 ) Z
Ol =120+ . (12) E g £ 5 .
2 50 &0 L1 e
Baseline variance (Eq. 11) and the variance < < < <
during presentation of the stimulus (Eq. 12) 0 ; —0 0 ; ; 0
sum to equal the stimulus-evoked variance, 0 -50 -100 0 50 100150
which is therefore as follows: contrast (%) spot radius (um)
o’ =1/2 (2 + a)np’t. (13) ¥ experimental MRC
Equation 8 for the optimization strategy can be E 120— F 120
rewritten as 1004 1004 I
ot L) 80— ) 80— 1
= . (14)
O (LD & 60 & 60—
& 404 7 Z ]
Equations 10 and 13, when written for excit- 40+
atory and inhibitory synapses and substituted 20— 3 20 -
into Equation 14, give 0 = 0 -
-1 1 T
0 -50 -100 0 50 100 150

Qinh _ pinh(2 + CKinh)
Qexe P exc(2 + aexc).

(15)
To simplify Equation 15, an inhibitory vesicle ~ Figure 4.
causes a greater conductance than an excit-
atory one, but at resting potential its driving
force is less, with the result that inhibitory and
excitatory quantal currents are of approxi-
mately equal size but of opposite polarity: p; ./
Pexe = —1 (Tianetal., 1998). Thus, simplifying
Equation 15 and solving it for «;,,;, gives

aCXC
1+«

(16)

Uiy =
Photoreceptors send the same signal x to OFF and ON bipolar cells,
which control release at excitatory and inhibitory synapses on the
OFF delta cell (see Fig. 7A). The signal at the AIl amacrine cell is
inverted with respect to the ON bipolar, which sets a condition on
vesicular released:

O‘inh(x) = aexc(_x)' (17)
Because vesicular release cannot go below zero, this implies that, for both
inhibitory and excitatory synapses, a € [-1, «]. Substituting Condition
17 into Equation 16 gives the functional equation

exe(X)

T+ o) (18)

- anC(_x) =

A solution to the functional Equation 18 is

contrast (%)

spot radius (um)

The balance of excitatory and disinhibitory currents closely approximates the MRC strategy. 4, B, The ampli-
tudes of inhibitory and excitatory currents that maximize SNR (black data points == SEM) match the values stipulated by the
MRCstrategy (blue-gray areas). Here the currents are normalized to provide two complementary metrics, a,,, and a,, that
vary from 0 to 1 (Eq. 21). C, D, Both the Ag,, and the Ag;,, change with contrast and spot radius. Note the axes for
disinhibitory (left) and excitatory conductances (right) have different scaling; the disinhibitory conductance is always
larger than the excitatory one. E, F, The experimental values for maximal SNR of the combined excitatory and disinhibitory
currents are close to their MRC values. In all panels, the MRC values have a range because they are derived from experi-
mental measurements that vary from cell to cell.

aexc(x) = eXP(x) -1 (193)
Substituting Equation 18 back into Condition 17 gives
®inn(x) = exp(—x) — 1. (19b)

Therefore, the synapses will implement the optimization strategy if their
quantal rates, normalized to their baseline rate, are exponential functions
of the signal x in the photoreceptor, such that the functions for excitatory
and inhibitory synapses are identical if they are flipped over the ordinate
(see Fig. 7D).

Finally, to understand how the neural circuit presynaptic to the OFF
delta cell implements the optimization strategy, we needed an equation
for the SNR of a current as a function of the stimulus-evoked changes
in vesicle release rate n (see Fig. 7E). From Equations 10 and 13, and
because SNR = (I)*/c?, the normalized SNR of the stimulus-evoked
current is

2

SNR o

2nr 2+ a) (20)
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Results

SNR is maximal in a narrow range of hyperpolarized
membrane potentials across different

stimulus configurations

While viewing the inner surface of the guinea pig retina micro-
scopically, we selected large (15-25 wm diameter) ganglion cell
somas and recorded currents in the whole-cell mode (Fig. 2A).
We flashed a dark spot on a gray background that was projected
onto the photoreceptor layer of the retina (radius, 50—150 wm;
contrast, —20% to —100%). We selected ganglion cells that re-
sponded to the onset of the dark spot with an inward current that
reversed near the Nernst potential for the chloride ion, which
indicated a large disinhibitory synaptic conductance. These char-
acteristics, combined with dendritic morphology and stratifica-
tion, identified retinal ganglion cells of the OFF delta type
(Materials and Methods; Liang and Freed, 2010; Manookin et al.,
2010; Stafford et al., 2014). Previous studies (Manookin et al.,
20105 Stafford et al., 2014) of guinea pig OFF delta cells show
nonlinear I-V relationships for small dark spots of high contrast
(radius, 100 wm; contrast, >25%), evidence of voltage-
dependent NMDA conductances. Yet in our experiments, which
used spots in a range of sizes and contrasts, the I-V relationship
was linear, possibly because our experimental conditions were
different, including a higher mean intensity of visual stimula-
tion (Materials and Methods).

We tested a general prediction of the MRC strategy that the
SNR of the combined inputs will vary as the amplitudes of excit-
atory and disinhibitory currents vary. The amplitude of a current
is the product of a conductance and an electrical force established
by the membrane potential. Therefore, by adjusting the mem-
brane potential, which sets the balance of electrical forces that are
applied to excitatory and disinhibitory conductances, we could
adjust the balance of excitatory and inhibitory currents. We
clamped the membrane potential to 20 to 40 different potentials
(—80to 0 mV; Fig. 2B). For each membrane potential, we flashed
the dark spot 90 times (100 ms every 500 ms). Signal <AI> was
calculated by subtracting the baseline current before the stim-
ulus from the current during the stimulus and then by averag-
ing this evoked current over stimulus repeats. Noise (o,;) was
calculated as the SD of the evoked current over stimulus re-
peats and SNR as the ratio (AI)*/o};. We plotted SNR against
V. and found a dome-shaped curve with single maximum,
whose location, when averaged across all cells, spot sizes, and
contrasts, was V,, = —53.1 £ 0.9 mV (N = 62 cells, SEM
except where noted; Fig. 2C). Remarkably, different spot sizes
and contrasts maximized the SNR close to the same potential
(Fig. 3; see Discussion).

The amplitudes of excitatory and disinhibitory currents
closely approximate the MRC strategy

We tested a specific prediction of the MRC strategy that setting
the amplitude of each current in proportion to its SNR will max-
imize the SNR of the combined currents. To test for this, we
normalized the amplitude of excitatory and disinhibitory cur-
rents to values that ranged from 0 to 1:

A = (AL ((ALy,) + (ALy)) and

Aexe = <AIexc>/(<AIinh> + <A1exc>)' (21)

In this normalized form, the strategy of making each current
proportional to its SNR is expressed as
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ainh,MRC = SNRinh/(SNRinh + SNRexc) and

anC,MRC = SNRexc/(SNRinh + SNRexc)° (22)

We calculated the amplitudes of excitatory and disinhibitory
currents at the membrane potential where SNR peaked and
substituted these amplitudes into Equation 21 to derive the ex-
perimental values for a;,;, and a,,. (Materials and Methods, Cal-
culating the amplitudes of excitatory and disinhibitory currents).
We measured the SNRs of isolated excitatory and inhibitory cur-
rents that were recorded by clamping to E;;, or E,, respectively,
and substituted these SNRs into Equation 22 to derive the MRC
values of a;,,, and a,.. The result was that, as spot contrast or
radius increased, there was a consistently good match between
experimental and MRC values of a;,,;, and a,,. (Fig. 4A,B). The
balance of currents was not constant but changed with the stim-
ulus: a;,;, was >0.5 for low contrast or radius, indicating that the
disinhibitory current was larger than the excitatory current, but
as contrast or radius increased, the a;,,, value approached 0.5,
indicating that disinhibitory and excitatory currents became
more similar in amplitude. A previous study of the OFF delta cell
showed that the balance of disinhibitory and excitatory currents
changes with contrast (Manookin etal., 2008,2010), to which we
add that this balance follows the MRC strategy.

To see whether the rebalancing of excitatory and disinhibitory
currents required adjustments in synaptic conductances, we re-
corded isolated excitatory or disinhibitory currents while clamp-
ing at V,, = E,,, or E_., respectively. We then divided the
amplitude of the recorded currents by the electrical forces im-
posed by V,, to derive the light-evoked excitatory and disinhibi-
tory conductances. The excitatory conductance was always
smaller than the disinhibitory conductance (Fig. 4C,D). As spot
contrast increased, both conductances increased monotonically.
As spot radius increased, the excitatory conductance increased
monotonically, but the disinhibitory conductance increased then
decreased. Therefore, as stimulus contrast or radius changes,
SNR is maximized by a variety of excitatory and disinhibitory
conductance values.

The SNR of combined excitation and disinhibition
approaches its theoretically maximal value

The result of implementing the MRC strategy should be a com-
bined current whose maximum SNR is equal to the sum of the
SNRs of the individual currents (Brennan, 1959):

SNR,.x = SNR;,;, + SNR,.. 9)

To test for this result, we located the maximum in plots of SNR
against V,,, and took this as the experimental value of SNR. We
measured the SNRs of isolated excitatory and inhibitory currents,
respectively, then substituted into Equation 9 to calculate the
MRC value of SNR. Experimental and MRC values of SNR
changed with spot size and contrast, but they tracked one another
closely, although sometimes the experimental value was slightly
below the MRC value (Fig. 4E, F).

SNR depends on the electrical forces on excitatory and
disinhibitory conductances

To explain the voltage dependence of SNR, we took standard
equations for the contribution of synaptic conductances to syn-
aptic currents and modified them to include the variance of the
conductances over stimulus repeats. These equations fit signal,
noise, and SNR when plotted against membrane potential (Eqgs.
1, 2, and 3, respectively; Materials and Methods; Figs. 2C, 3A, B,
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5A). From these equations, we deter-
mined the conditions for maximal SNR, A

and they were identical to the MRC strat- 0
egy: when each current is in proportion to «-100
its SNR, the combined currents will reach Q-

a maximal SNR that is equal to the sum -200
of the individual SNRs (Materials and 2300

Methods).
According to these equations, the
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potential, electrical forces would be differ-
ent, and SNR no longer maximal at this
same membrane potential. Instead,
maximal SNR should occur at the same
balance of forces on excitation and disin-
hibition, because this would provide the
same balance of currents. Therefore, max-
imal SNR should depend on the balance
of electrical forces, not on the membrane
potential per se.

To test this prediction, we developed a metric g, for the
balance of electrical forces (Materials and Methods):

Figure 5.

Vm - Eiuh
Einh = Eexc - Einh' (4)
For the pipette solution used in the experiments described so far
(solution 1), the reversal potential for the excitatory current was
Eexe = 0.9 mV, and the reversal potential for the disinhibitory
current was E; ; = —67 mV (Materials and Methods). For a spot
of 100 wm radius and —100% contrast, SNR peaked at a mem-
brane potential of =56 = 1 mV (N = 7 cells) which, when entered
into Equation 4, set the balance of electrical forces to g;,, =
0.18 £ 0.02.

When we presented the same stimulus, but used pipette solu-
tion 2 that set up different ionic gradients and therefore different
reversal potentials (E,;, = —58 mV, E.,. = 4 mV), the maximal
SNR was located at a distinctly different membrane potential
(—45 £ 1mV,N = 8cellsvs —56 = 1 mV; Wilcoxon signed rank
test that does not assume normal distribution, two-tailed, p =
0.00002). Yet, as predicted, maximal SNR required a similar bal-
ance of electrical forces (&;,, = 0.21 = 0.06 vs 0.18 = 0.02;
mean * SD, p = 0.43; Fig. 5).

The balance of electrical forces on excitation and inhibition
that maximizes SNR occurs close to the resting potential

We asked whether the balance of electrical forces that maximizes
the SNR of postsynaptic currents is obtained at the membrane
potentials over which the neuron normally operates. Membrane
potential varies during visual stimulation, but potentials that
trigger spikes are within 10 mV depolarized from the resting
potential V., (Liangand Freed, 2012). Therefore, we determined
the balance of electrical forces set by V... To make this determi-

rest®

Changing pipette solution changes the membrane potential at which SNR peaks but not the balance of electrical
forces on excitatory and disinhibitory conductances. 4, Signal, noise, and SNR for an illustrative ganglion cell that was filled with
pipette solution 2, which set £;,, to —58 mV and £,

to 4 mV. The data points in panels from left to right are fit with Equations 1,

exc

2,and 3, respectively (Eq. 3: £, = —56mV, £y, = 4mV, Ag,, = =505, Age, = 205, O pg iy = 0.6NS, 050 = 0.215).
B, SNR as a function of ¥/, for pipette solutions Tand 2 (V = 7 and 8 cells, respectively). SNR was maximal at statistically different
membrane potentials for the two pipette solutions (asterisk). C, The horizontal axis shows the balance of forces on excitatory and
disinhibition conductances (e;,,) that produced maximum SNR. Each data point represents a cell. The balance of force for maximal
SNR was similar for the two pipette solutions. All data shown here are for a dark spot of 100 r.m radius and —100% contrast.

nation under conditions that were close to physiologically nor-
mal, we changed the mode of voltage clamping to perforated
patch because this mode minimally alters ionic gradients. We
projected a gray background, and measured the reversal potential
of passive synaptic currents to obtain the resting potential
(Viest = —62 = 1 mV, N = 10 cells). We puffed the neurotrans-
mitter glutamate or glycine to obtain reversal potentials for the
excitatory and disinhibitory currents, respectively (E;,;, = —76 =
I mV,N = 10cells; E,,. = —1 £ 0.5 mV, N = 9 cells; Fig. 6A-E).
Entering these measures into Equation 4 resulted in a balance of
electrical forces at the resting potential of &;,;, = 0.19 * 0.01. For
the 62 cells recorded in whole-cell mode, we used Equation 4 to
convert the membrane potential at which the SNR peaked into a
balance of electrical forces, which resulted in g,;, = 0.18 = 0.01.
Thus, the balance of electrical forces in perforated patch mode
was close to the balance at which SNR peaked in whole-cell mode
(&nn = 0.19 £ 0.01 vs 0.18 = 0.01; Fig. 6F). This result suggests
that the OFF delta ganglion cell rests near potentials that set up
electrical forces that maximize SNR (Discussion).

A proposed circuit mechanism for scaling synaptic currents
in proportion to their SNRs

We considered how the retinal circuitry presynaptic to a ganglion
cell might implement the optimization strategy by controlling the
mean release rate at both excitatory and inhibitory synapses (Fig.
7A). We represented vesicular release rate at excitatory and in-
hibitory synapses by mathematical functions and then derived
the functional relationship between release rate at these two syn-
apses that would maximize the SNR of the combined synaptic
currents despite changes in release rate at both synapses (Materi-
als and Methods). In this circuit, OFF and ON bipolar cells sense
glutamate released by the same cone synapse, but this glutamate
has opposite effects on their membrane potentials—implementing
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Figure 6. The resting potential of the OFF delta cell sets up electrical forces on excitatory and disinhibitory conductances that are close to those that maximize SNR. A, Puffing glycine evoked an
initial current due to chloride anions (Cl ) and a delayed current due to bicarbonate anions (HC0; ~ ; Cordero-Erausquin et al., 2005; Price et al., 2009). Theinitial C| ~ current was measured at the
time indicated by the dashed line. B, /=V plot of (I —. The membrane potential that zeroed out the current s £;,,.. €, I-V/ plot without transmitter to determine V... D, I~V plot of glutamate currents
to determine £, E, Summary of perforated patch results: the absolute values of £;,,, and V., varied from cell to cell (£, = —76.0 = 1.0mV,N = 10; V., = —615 = 1.2mV, N =10; £, =
—0.7 £ 0.4mV, N = 9), but the electrical forces on excitation and disinhibition depend on voltage differences, which were more consistent (symbols connected by lines). F, The horizontal axis
shows the balance of electrical forces on excitatory and disinhibitory conductances (g;,,,). The red dots representindividual cells that were recorded in whole-cell mode and show the balance of forces
that maximizes SNR (SNR,..,,, from Fig. 3). The blue dots represent individual cells that were recorded in perforated patch mode and show the balance set by the resting potential (V. calculated
from the data in E). The balance of forces that maximizes SNR is close to the balance set by the resting potential.
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Figure 7.  Retinal circuitry controls vesicular release at excitatory and inhibitory synapses on the OFF delta cell to maximize the SNR of their combined synaptic currents [ON bipolar cell (ON BP);
OFF bipolar cell (OFF BP), All amacrine cell (All)]. A, The circuit that transmits signal x from photoreceptors to the OFF delta cell. The signal is transmitted along the inhibitory pathway (cone — ON
BP <> All — OFF delta cell, red neurons) which includes two sign-inverting synapses (©); ON BP <= Allis an electrical coupling). The same signal is transmitted through the excitatory pathway
(cone — OFF BP — OFF delta cell, blue-green), which includes two sign-conserving synapses (). Both excitatory and inhibitory pathways transmit noninverted versions of the signal x to the OFF
delta cell. B, The transfer function of the excitatory synapse (OFF BP — OFF delta cell). A dark spot depolarizes the OFF bipolar cell (positive), which increases vesicle rate from baseline n,, by amount
Oy * Neye- € The transfer function for the inhibitory synapse (All — OFF delta cell). A dark spot hyperpolarizes the All amacrine cell (negative), which decreases vesicle rate from the baseline i,
by amount o, * M- D, 0tey and oy, are exponential functions of the same signal x and the functions are identical except for being reflected over the ordinate (Eqs. 19a and 19b; Materials and
Methods). E, The gray area represents all values of SNR that could be obtained by combined excitatory and disinhibitory synaptic currents in the OFF delta cell. The combined currents in the OFF delta
cell reach the maximally attainable SNR which is the sum of the SNRs of the individual excitatory and disinhibitory currents (Eq. 20; Materials and Methods).
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both sign-conserving and sign-inverting transmission at the
same synapse. Crucial to this circuit is the AIl amacrine cell,
which carries “crossover” inhibition from the ON pathway to the
OFF pathway (Xin and Bloomfield, 1999; Renteria et al., 2006;
Liang and Freed, 2010). Due to this synaptic configuration, the
same sign-conserved signal reaches the OFF delta cell through
excitatory and inhibitory synapses but is conveyed by opposing
transient changes in vesicular release rate.

We normalized the changes in vesicular rate so that the stim-
ulus increases vesicular release at the excitatory synapse from a
baseline rate (#.,.) by the amount o, * 1. The stimulus de-
creases the rate at the inhibitory synapse from a baseline rate
(1) by the amount oy, * 1,y (Fig. 7 B, C). The timing of vesic-
ular release was based on evidence that as stimulus contrast in-
creases, mean current increases in proportion to its variance, a
signature of Poisson statistics (Freed, 2005). Given this mathe-
matical characterization of vesicular release, we demonstrated
that if SNR is to remain maximized as release rates «,,. and «;,;,
change, then a,. and «;,, must have a unique functional rela-
tionship (Eq. 18 in Materials and Methods). One solution to this
functional relationship is that both «.,. and «a;,,, are exponential
functions of the same signal x caused by the visual stimulus,
identical except for being reflected over the ordinate (Fig. 7D).
Exponentials are consistent with synaptic signal processing and
with the kinetics of calcium channels required for vesicular re-
lease (Llinas et al., 1981; Keen and Hudspeth, 2006). The result is
that the SNR of the synaptic currents in the OFF delta cell reaches
its maximum value (Fig. 7E).

The circuit described by these equations has “hard-wired”
parameters, which cannot have arbitrary values but must be con-
strained if the functional relationship between synaptic release at
excitatory and inhibitory synapses is to implement the MRC
strategy. We offer our derivation as a demonstration that it is
possible to harmonize the considerable amount that is known
about the structure/function of this circuit with the MRC strat-
egy. Yet, the hard-wired nature of the circuit naturally raises
the question of how, if the circuit worked this way, would its
parameters be “tuned up” so that they have the correct values
to implement MRC. Circuit wiring could be genetically or
developmentally determined. Alternatively, the circuit may not
be hard wired as we described it, but instead its parameters may
adapt to each stimulus configuration. For example, the circuit
parameters could be adjusted through a feedback loop whose
input is the variance of neuronal signals and that reduces this
variance by adjusting circuit parameters. Such adaptation would
require time to sample the signal and estimate variance, perhaps
on the order of seconds, but to determine maximal SNR took
long enough (>15 min) that it was not possible for us to assess
whether the MRC strategy was implemented with a delay.

Discussion

By voltage clamping the OFF delta retinal ganglion cell in the
whole-cell mode, we found that the SNR of combined excitatory
and disinhibitory currents is voltage dependent. We also found
that the integration of excitatory and disinhibitory currents fol-
lows the MRC strategy: the experimental balance of amplitudes
(a;n) approximates the MRC-specified balance of amplitudes
(Fig. 4 A, B), and maximal SNR approximates its MRC value (Fig.
4C,D). We are not aware of any report where the excitatory/
disinhibitory balance of a neuron is related directly to a strategy
for maximizing SNR and recommend that other neurons with
push-pull synaptic inputs be examined experimentally to see
whether they also follow such a strategy.

Homann and Freed e A Retinal Ganglion Cell Maximizes SNR

To fit the voltage dependence of SNR, we took the standard
equations for the contribution of synaptic conductances to syn-
aptic currents and modified these equations to include noise (Eq.
3 in Materials and Methods). From these modified equations, we
derived the MRC strategy, thereby providing an explanation of
how this strategy could be implemented. According to this expla-
nation, as the membrane depolarizes from E;, to E.., the elec-
trical force on the excitatory conductance decreases and the
electrical force on the inhibitory conductance increases. Eventu-
ally, as the membrane depolarizes, a balance of electrical forces is
attained that sets the amplitudes of excitatory and disinhibitory
currents so that they are proportional to their individual SNRs,
and this balance of electrical forces maximizes the SNR of the
combined excitatory and disinhibitory currents. Consistent with
this explanation, keeping the stimulus the same, but changing the
reversal potentials for excitation and disinhibition, alters the
membrane potential at which SNR peaks, but retains the balance
of electrical forces that maximizes SNR (Fig. 5). This result is
expected if synaptic conductances and the balance of electrical
forces determine current amplitude, not the membrane potential
per se.

According to this explanation, mean excitatory and disinhibi-
tory conductances and their SNRs are approximately constant—
for a given stimulus configuration—and the resulting currents
are mixed together in different proportions as the membrane
potential changes to give a plot of SNR against V.. As the stimu-
lus changes, so do the conductances and their SNRs (Fig. 4C,D),
and, accordingly, each stimulus produces a slightly different plot
of SNR against V,,, (Fig. 2A, B). Yet for all these plots, SNR peaks
in a narrow range of membrane potentials that are approximately
one-fifth of the distance between E, ;, and E,,, and closer to E,,.
This range of potentials sets a balance of electrical forces that is
close to the balance established by the resting potential of the
neuron in perforated patch mode, which suggests that the OFF
delta cell, with its ionic conductances relatively intact, rests near
potentials that maximize the SNR of synaptic currents. Future
experiments may determine more exactly whether SNR peaks at
the resting potential or, more depolarized, peaks at the spike
threshold. We speculate that SNR peaking over a narrow range of
potentials is an example of how different aspects of neuronal
design work together and are congruent. The membrane poten-
tials over which a ganglion cell operates is constrained to a narrow
range by a complement of voltage-gated channels that, along with
the time derivative of membrane potential, sets spike threshold
(Fohlmeister and Miller, 1997). The resting potential must re-
main close enough to spike threshold that synaptic currents can
modulate the firing rate. Synaptic conductances change as the
stimulus changes but are restricted to values that, when subjected
to the balance of electrical forces set by the membrane potential,
maximize SNR.

We have shown that in the OFF delta retinal ganglion cell,
excitation and disinhibition combine to increase SNR to a value
that approaches the sum of their SNRs (the MRC value). Yet
many neurons fire spikes when excitatory synapses release trans-
mitter at an increased rate, increasing conductance to an inward
current (excitation), and when inhibitory synapses release trans-
mitter at an increased rate, increasing conductance to an outward
current (inhibition). Inward and outward currents antagonize
one another, reducing signal, but both currents contribute noise.
Therefore, the combination of excitation and inhibition is most
likely to decrease SNR. Indeed, in preliminary experiments, we
flashed a bright spot and recorded from the ON alpha cell of the
guinea pig retina, which fires spikes to excitation coupled to in-
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hibition (Manookin et al., 2010), and found that within the op-
erating range of voltages, SNR was reduced below its MRC value.
Many neurons fire spikes to a combination of excitation and
inhibition, which implies that the MRC strategy is unlikely to be
ubiquitous among neurons.

The measure of SNR we used is a measure of the reproducibil-
ity of amplitude, which is not the only quality of neuronal signal-
ing that can be measured or maximized. Indeed, neurons that fire
spikes to a combination of excitation and inhibition have been
shown to improve the reproducibility of timing. For example, the
ON-OFF directionally selective ganglion cell of the mammalian
retina has presynaptic circuitry that precisely regulates the rela-
tive timing of excitation and inhibition, and thereby increases the
reliability with which a spike pattern is reproduced (Cafaro and
Rieke, 2010). Thus, OFF delta and ON-OFF ganglion cells may
exemplify two strategies to improve the reproducibility of sig-
naling: excitation coupled with disinhibition to improve am-
plitude; and excitation coupled with inhibition to improve
timing.

The MRC strategy may yet be demonstrated in neurons that,
as the OFF delta cell does, couples excitation with disinhibition in
a push-pull fashion to fire spikes. Examples of such neurons can
be found in disparate neuronal systems: simple cells in rat pri-
mary visual cortex responding to moving gratings; directionally
selective cells in fish optic tectum responding to moving bars; and
motor neurons in fish spinal cord responding to swimming mo-
tor patterns (Monier et al., 2008; Gabriel et al., 2011, 2012; Aus-
born et al., 2012). Even for neurons that receive complicated
temporal patterns of excitation and inhibition, a momentary ex-
citation—disinhibition can be the most effective pattern for gen-
erating spikes (Rudolph et al., 2007). Yet, to implement MRC as
the OFF delta cell does, requires a presynaptic circuit ensuring
that excitation and disinhibition carry the same signal and that
the amplitudes of both inputs remain proportional to SNR as the
stimulus changes. The retina offers a better opportunity for ex-
ploring the mechanism for MRC than most other neural systems,
because its circuitry is better characterized, but similar circuits
may be found in other neural systems.

Notes

Supplemental material for this article is available at http://goo.gl/yuawm?7. A
graph and its legend that illustrate the voltage sensitivity of SNR from
synaptic currents recorded from the ON alpha retinal ganglion cell.
This material has not been peer reviewed.
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