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Gap-Junctional Coupling of Mammalian Rod Photoreceptors
and Its Effect on Visual Detection

Peter H. Li, Jan Verweij, James H. Long, and Julie L. Schnapf

Departments of Ophthalmology and Physiology, University of California, San Francisco, California 94143

The presence of gap junctions between rods in mammalian retina suggests a role for rod-rod coupling in human vision. Rod coupling is
known to reduce response variability, but because junctional conductances are not known, the downstream effects on visual performance
are uncertain. Here we assessed rod coupling in guinea pig retina by measuring: (1) the variability in responses to dim flashes, (2)
Neurobiotin tracer coupling, and (3) junctional conductances. Results were consolidated into an electrical network model and a model of
human psychophysical detection. Guinea pig rods form tracer pools of 1 to ~20 rods, with junctional conductances averaging ~350 pS.
We calculate that coupling will reduce human dark-adapted sensitivity ~10% by impairing the noise filtering of the synapse between rods
and rod bipolar cells. However, coupling also mitigates synaptic saturation and is thus calculated to improve sensitivity when stimuli are
spatially restricted or are superimposed over background illumination.

Introduction

Gap junctions are direct intercellular channels that allow electri-
cal current and small molecules to pass between coupled cells.
Rod photoreceptors of cold-blooded vertebrates are electrically
coupled to one another (Fain, 1975; Zhang and Wu, 2005)
through gap junctions located between adjacent rod inner seg-
ments (Custer, 1973; Zhang and Wu, 2004). In mammals, rod-
rod gap junctions have been observed primarily in the outer
plexiform layer, between rod spherules and between spherules
and passing rod axons (Raviola and Gilula, 1973; Tsukamoto et
al., 2001). Apparent gap junctions have also been reported be-
tween rod inner segments in macaque and human retina (Uga et
al., 1970; Cohen, 1989).

In macaque retina, rod coupling was demonstrated by the
spread of Neurobiotin within discrete pools of neighboring rods
and by the reduction in rod response variability due to signal
averaging within the coupled network (Hornstein et al., 2005).
Although this effect of coupling on response variability in rods is
well established (Fain, 1975; Attwell et al., 1984), downstream
effects on visual performance are not well understood. Based on
electrical measurements of rod light responses in macaque retina,
Hornstein et al. (2005) calculated that rod-rod coupling elevates
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human psychophysical thresholds by as much as 62% for detec-
tion of diffuse stimuli, but also lowers thresholds for detection of
very small spots of light. However, lacking direct measurements
of junctional conductances between rods, those calculations re-
lied on the simplifying assumption that small local groups of rods
are coupled through infinite conductance.

Here we present results from guinea pig retina, including the
first direct measurements of rod-rod junctional conductance in a
mammalian retina. We incorporated these results into an electri-
cal circuit model of the rod network and reexamined the effects of
coupling on human visual detection, replacing the assumption of
“perfect” coupling (i.e., rods coupled via infinite conductance)
with our directly measured conductances. The updated model
clarifies the impact of rod coupling on the psychophysical trade-
offs governing mammalian night vision.

Materials and Methods

Retinal preparation. Recordings were made from rod photoreceptors in
isolated retinal preparations from 4- to 30-week-old pigmented guinea
pigs, Cavia porcellus, of either sex. Guinea pigs were housed and cared for
according to guidelines established by the National Institutes of Health.
All procedures were approved by the University of California San Fran-
cisco Committee on Animal Research, which has approved assurance
from the Office of Protection from Research Risks at the National Insti-
tutes of Health.

Guinea pigs were typically dark adapted for 1 h and all subsequent
procedures were performed in darkness with infrared imaging. Follow-
ing euthanasia and enucleation, the eye was hemisected anterior to the
ora serrata, the vitreous was removed, and the eyecup was placed in 36°C
bicarbonate-buffered Ames medium (Sigma) equilibrated with 95%
0,/5% CO,. If a guinea pig had not been dark adapted before euthanasia,
the eyecup was dark adapted for atleast 1 h before recording. A 6 X 6 mm
piece of retina was isolated and mounted photoreceptor side up in the
recording chamber on a coverslip coated with poly-L-lysine (2 mg/ml,
150-300 kDa, Sigma).

Photoreceptors were visualized with infrared differential interference
contrast (DIC) microscopy. To give recording electrodes clean access to
photoreceptor plasma membranes, the retina was incubated for 3-15
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min in Ames solution containing the following enzymes (in U/ml): 80
collagenase, 300 hyaluronidase, 500 deoxyribonuclease, and 0.2 chon-
droitin ABC lyase. The enzymes collagenase CLSPA, hyaluronidase
HSEP, and deoxyribonuclease I DPFF were obtained from Worthington
Biochemical. Chondroitin ABC lyase 190334 was obtained from ICN
Biochemicals. In some cases, the enzyme treatment was simplified to a
3-5 min incubation in 2500 U/ml Deoxyribonuclease 1 (Sigma). After
enzyme treatment, the retina was superfused with bicarbonate-buffered
Ames medium maintained at 36°C.

A single female macaque monkey, Macaca mulatta, was used for char-
acterizing voltage-dependent properties of primate rods. The retinal
preparation was made as described previously (Hornstein et al., 2005),
and subsequent methods were identical to those described below for
guinea pig.

Electrical recording and light stimulation. Rod membrane voltages and cur-
rents were recorded with patch electrodes (Schneeweis and Schnapf, 1995).
The standard electrode solution contained (in mm): 130 K-gluconate, 10
KCl, 4 MgCl,, 10 HEPES, 3 ATP-Na,, 1 GTP-Nay, titrated to pH 7.25 with
KOH. When loading cells with Neurobiotin or measuring junctional con-
ductance with paired recordings, rods were recorded in whole-cell mode;
otherwise, perforated patch recordings were made. For perforated record-
ings 0.12 mm amphotericin B (Sigma) was added to the standard electrode
solution.

Electrical signals were recorded with an Axopatch 1D amplifier (Mo-
lecular Devices). Signals were low-pass filtered by Bessel analog filters
with cutoff frequencies of 200 Hz for photovoltage recordings, and 2000
Hz for junctional conductance measurements. Signals were digitized at
1-5 kHz. Response latencies introduced by analog filtering were cor-
rected. Additional digital filtering of records shown in figures are as
indicated in figure legends. Signals were corrected for electrode junction
potential, series resistance, and membrane leak errors (van Rijen et al.,
1998).

Photoreceptors were stimulated with unpolarized, monochromatic
(10 nm half-width) light. Stimulus intensity was calibrated before each
experiment and was controlled by calibrated neutral density filters. Un-
less otherwise indicated, the wavelength of light was 500 nm and the flash
duration 10 ms. R* (mean number of photoisomerizations per rod) was
calculated as the product of the measured photon density and the rod
collecting area. Based on the dimensions and photopigment density of
guinea pig rods (Parry and Bowmaker, 2002; Yin et al., 2006), and 0.67
quantal efficiency (Dartnell, 1972), the collecting area was taken to be 1
wm? for 500 nm wavelength.

Tracer coupling. The tracer coupling of rods and cones in macaque
retina was examined by including 12.4 mm Neurobiotin (Vector Labora-
tories) in the standard electrode solution, with a compensatory decrease
in K-gluconate to 127 mm. The tracer diffused into photoreceptors while
recording in whole-cell mode for 5-10 min.

Twenty to 90 min after tracer loading, the retina was placed in 4%
paraformaldehyde in sodium phosphate buffer (PB) (0.1 m) for 45-60
min. The retina was then rinsed in PB and incubated overnight in a 1:200
dilution of cyanine 3-conjugated streptavidin (Jackson ImmunoRe-
search) and 0.3% Triton X-100 in PB. Finally, the retina was rinsed in PB
and coverslipped with Vectashield (Vector Laboratories). Some retinas
were subsequently reprocessed to label cones with peanut agglutinin.
These retinas were rinsed in sodium PBS, and incubated overnight in a
1:50 dilution of fluorescein-conjugated peanut agglutinin (Vector Labo-
ratories), 0.05% BSA, and 0.3% Triton X-100 in PBS. The retinas were
then rinsed in PBS and re-coverslipped with Vectashield.

Cells were imaged with a Zeiss LSM 5 or LSM 700 confocal micro-
scope. The extent of Neurobiotin spread between cells was not noticeably
affected by variations in the time between Neurobiotin loading and fix-
ation. Cells were counted as Neurobiotin-positive if their fluorescence
intensity was atleast 20% higher than peak background fluorescence, and
the signal could be followed over a substantial portion of the cell’s radial
dimension. In practice, cell detection was straightforward as the cellular
fluorescence signal usually exceeded background fluorescence by a factor
of 10 or more.

Resistive network model. The pool of coupled rods was first modeled as
a resistive circuit network (see Figs. 4—6). Rods were modeled as a set of
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nodes aEA, with each node having a membrane resistance to ground R,,.
Gap junctions were modeled as resistances R, ,, = R,_,, between a
subset of geometrically neighboring nodes a and b. Phototransduction
was modeled as an independent current source 7, at each photoreceptor
node. The effects of membrane capacitance and voltage-activated con-
ductances are considered below (see Complex impedance model).

For a purely resistive network, the voltage V,, atany node a depends on
i, R, and any net current flow from coupled neighbors:

V,= Ra[ia + IzAGb%u(Vb - Va)]) (1)
he

where the gap junctional conductance G,_,, = 1/R,,_.,, is taken to be zero
for unconnected nodes. Equation 1 can be rearranged to:

Vll(G!l + EGb%a) - EVthﬁu = ia) (2)
bEA bEA

where G, = 1/R,. For the set of nodes A, Equation 2 defines a system of
simultaneous linear equations in V:

—

=i (3)

with the conductance matrix S given by:

G+ EGh-ﬂ = Gy = Gy
bEA
-G, G, + EG562 = G
S= bEA >
= Giom = Gy G, + EGh—w
bEA

(4)

and m = |A| the total number of nodes. The network voltages under any
combination of current inputs can then be calculated using the resistance
matrix Q =8

V=071 (5)

Solving for € given § is readily accomplished computationally for net-
work sizes up to thousands of nodes. In the resistance matrix {2, each
element v,,, represents the current-voltage transfer ratio from b to a.
This value gives the voltage generated at node a for a current of unitary
amplitude injected at node b.

Because S is symmetric, £ is also necessarily symmetric so that v, =
V|q- Thus, for any given pattern of network connectivity and set of mem-
brane resistances and junctional resistances, the network inherently has
the property that the voltage generated at a given a current injected at b is the
same as the voltage generated at b given equivalent current injected at a.

For the rod networks modeled here, it was assumed that membrane and
gap junctional resistances are uniform throughout the network, i.e, R, =R,
foralla€A,and R, = R,,_,, = R; for all aand b that are directly coupled.
In this case, it was useful to define, in addition to the current—voltage transfer
ratio v,;, a voltage-voltage transfer ratio w,,;,, which is equal to the voltage
generated at a by any current input at b, normalized by the voltage that would
have been generated at b if b were uncoupled:

Valb
Walp = = 6
alb Rm > ( )
where w, = wy,.
For uniform R, and R;, Equation 2 can be condensed to:

V.(B+ [B)) — Z Vi, = Rji, (7)

where B = Rj/R,,, B, is the set of all nodes directly connected to a,and B,
is the number of elements in the set. The connectivity of a network of m
rods was captured by an m-by-m symmetric matrix C with ones for
directly connected rod pairs, and zeros for all other pairs. Rods were not
considered connected to themselves. A normalized conductance matrix
Sc was then calculated from:
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Sc=D—-C, (8)

where S = R; S, and D is an m-by-m diagonal matrix with the values on
diagonal specified by (8 + |B,]).

The answer matrix W gives values of the voltage-voltage transfer ratios
W,;, between all pairs of rods within the network:

W =pBS:" (9)

Thus from the perspective of w, the behavior of the network depends only
on B and on the pattern of connectivity C between neighboring nodes.

To relate the network model to the measured variability in responses
to dim flashes, the peak current associated with a single photoisomeriza-
tion was defined as j and input current at each photoreceptor node was
calculated as jX, where X, the number of photoisomerizations, was Pois-
son distributed with an average value given by R*. Over many iterations,
the peak voltage at node a has expected value:

E(V,) = 1= jR* D v (10)
bEA
and variance:

Var(V,) = 0® = PR* 212, (11)
bEA

The coupling metric N, determined experimentally by fluctuation anal-
ysis, was predicted by the network model from:

2 2
(3] (3]
N = = . (12)

Thus, as with W, N depends only on 8 and C.

Tessier-Lavigne and Attwell (1988) derived a related quantity, N4,
defined as the network input resistance measured from node a, divided
by the uncoupled membrane resistance R,,,. In the present analysis this
quantity corresponds to 1/w,,. The precise relationship between N and
N4 depends on the network connectivity, although both quantities in-
crease with decreasing 3 and greater connectivity. In the present analysis,
any two rod networks with differing connectivities but identical N will
have an identical signal-to-noise ratio (SNR), while in the Tessier-
Lavigne and Attwell (1988) analysis, rod networks with differing connec-
tivity and identical N will generally have different SNRs.

Arbitrarily large geometric networks of cells were used as approximate
representations of infinite networks. In practice, for a hexagonally con-
nected network with B = 2.7 (see Results) and 4 concentric layers of cells
(61 cells total), the calculated value of N did not increase significantly
(<0.1%) with additional layers. In addition, equation 15 from the work
by Lamb and Simon (1976) gives an analytic solution for the value w,,
for an infinite square network. Modeling moderate sized finite square
networks via the computational method described here closely approxi-
mated their results. For a square network with 8 = 2.7 and only 13 cells
total, the difference between our numerically computed w,, for central
node a and the value given by Lamb and Simon (1976) for an infinite
network was <0.5%. This difference decreases further as the modeled
finite network grows.

Complex impedance model. To account for frequency-dependent effects of
membrane capacitance and voltage-activated conductances, Equation 1 can
be rewritten in terms of the complex membrane impedance:

Vu = Zu[ia + EGh%a(Vh - Va)], (13)
bEA

where the impedance Z, depends on the frequency fof the input, and V, and
i, also become functions of frequency. We modeled rod voltage-activated
conductances as an inductance L, in series with a shunt resistance R;, (De-
twiler et al., 1980; Demontis et al., 1999). Placing the shunted inductance in
parallel with the membrane resistance, and adding a parallel membrane
capacitance C,, the rod membrane impedance is then given by:
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Ra
Zdf) = U X RIGL, + Riy) + 2R,C,

(14)

where z = 27 f\V/—1.

To characterize the frequency dependence of the current—voltage transfer
of the network, we rearranged Equation 13, as was done for Equations 1-4,
to arrive at the complex admittance matrix, Y( f). Solving for the inverse of Y
yields a function matrix, H(f), whose complex elements v,,(f) give the
magnitude and phase of the current—voltage transfer between nodes a and b.
The effects of network filtering on photoresponse as calculated from H were
further confirmed using circuit simulation software (GnuCAP, http://
www.gnucap.org/), with large hexagonal netlist inputs created generatively
via context-sensitive L-systems (Lindenmayer, 1968).

Psychophysical threshold detection model. Psychophysical detection
threshold was modeled as described previously (Hornstein et al., 2005),
but expanded to replace the simplified perfect coupling model with the
electrical network model described above. Following the treatment of
Baylor et al. (1979), the probability distribution of response amplitudes
in an isolated rod, p;(r), was modeled as Poisson distributed photon
capture with single photon response peak amplitudes of « = o, (mean *+
SD), overlaid with Gaussian distributed dark noise (SD = o):

£

B Ee’R»R"k 1 < 3 (r — ka)? )
PO = 2 e+ ko) SO\ T 2 4 ko))
(15)

The parameters « = 1 mV, o, = 0.4 mV, and o, = 0.4 mV, were chosen
according to the values estimated previously in primate rods (Hornstein et al.,
2005). To account for spontaneous thermal photopigment isomerizations, the
value of R* in light and dark conditions was incremented by T; I, where T; =
0.4 s is the integration time of the rod (Hornstein et al., 2005), and I, = 0.0063
R*/s is the dark rate of isomerization (Baylor et al., 1984b).

Equation 15 describes the expected distribution of responses in an
isolated rod, a. If a is coupled to its neighbors, the expected distribution
of amplitudes in a due to phototransduction in b is:

pn\b(r) :Pl(r/wa\b)' (16)

The total response distribution in a is obtained by convolving p,,|, across
every b€ B,.

Given that rods share signals, however, the response distributions
across rods are not statistically independent of one another. Conse-
quently, determining the voltage distribution for the output of the
summed rod network based on the distributions from individual rods
requires calculating the distribution of a sum of dependent random vari-
ables. For networks larger than a few rods, and given nonlinear synaptic
output (see below), a numerical solution is computationally intractable.
Therefore, the distributions of summed voltages for an entire coupled
network were obtained via Monte Carlo simulation, as follows.

Voltages for rods within a coupled network were simulated by first
generating photocurrent signals for each rod (Eq. 15), then linearly trans-
ferring signals between rods according to the network voltage-voltage
transfer ratios, w. The resulting simulated rod voltages were then passed
through two nonlinear stages representing the rod output synapse. The
first stage was a cutoff nonlinearity that selectively attenuated low-
amplitude noise while passing higher-amplitude signals (Field and Rieke,
2002). The cutoft nonlinearity was optimized for discriminating between
the dark condition and a diffuse light flash of intensity 0.001 R*. This
intensity reflects the threshold of human detection (Sharpe, 1990), de-
fined here as the minimal flash intensity above which a human observer
can correctly identify the flash versus no-flash presentation in =73% of
trials. The cutoff was calculated by applying the expected rod response
distributions in dark and light to equation 1 given by Field and Rieke
(2002), and fitting the result with a cumulative Gaussian distribution.

The second stage of the rod output synapse was a saturating nonlin-
earity, whereby the synaptic output was truncated for responses >2 mV
(Robson and Frishman, 1995; Berntson et al., 2004). At a flash intensity
of 0.001 R* photon delivery is very sparse and hence the likelihood of
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amplitudes >2 mV in individual rods is very small. Consequently the
effect of the saturating nonlinearity is negligible. However, for more
concentrated spots of light delivered to a subregion of the entire detec-
tion pool, or for contrast detection against background illumination, the
saturating nonlinearity can affect detection threshold (see Results).

Following the nonlinear transformations at the synapse, synaptic out-
puts were summed linearly across a pool of 10* rods to model input
summation of the theoretical detector (Graham and Bartlett, 1939). The
voltage distribution of this detector was computed by convolution of the
synaptic output distributions of each independent discrete pool of cou-
pled rods. Convolutions were calculated via frequency space multiplica-
tion and verified by selective Monte Carlo simulation.

Psychophysical detection was modeled as a two alternative forced choice
task: a subject presented with two epochs, one with a flash and one without,
must identify which epoch contained the flash. This task was modeled by
calculating the expected amplitude distribution of the detector for the flash
epoch, px(r), and for the dark epoch, p,,(r). Assuming that on each trial the
subject identifies the epoch with the larger amplitude as the flash epoch, the
fraction of trials in which the subject identifies the flash epoch correctly, F-,
is given by:

© r

Fo= jpp(r) fp,)(r’)dr’ dr. (17)

r=—o r=—o

Detection threshold was defined as the total number of photoisomeriza-
tions in the detection pool at which F. = 0.73.

The amplitude distributions of the detector were also used to calculate
the effects of coupling on signal detection in the presence of a back-
ground light. The calculations were based on the increment threshold
data measured in a human rod monochromat (Sharpe et al., 1992). We
assumed that 1 scotopic troland evokes 8.5 R*/s (Kraft et al., 1993). The
amplitude distributions were adjusted to include the additional photoi-
somerizations evoked by the background. For a background of intensity
I;, the mean number of additional photoisomerizations was taken as T; I ..
The effective number of photoisomerizations evoked by the 200 ms test flash
of intensity I, was taken as T I;, where T was calculated from the integral of
the convolution of the normalized flash response 7(#) with the time course of
the 200 ms flash s(f):

T = js(t)*r(t)dt, (18)

t=0

where
r(t) = K(te )", (19)

t, is the time to the peak of the response, and K = (e/#,,)". For monkey
rods, n = 2 and t, =220ms (Hornstein et al., 2005). The SNR was taken
as the mean of p(r) minus the mean of p,(r), divided by the SD of p(r).

Results

Spectral sensitivity of guinea pig rods

Dark-adapted guinea pig rods were targeted for electrical record-
ing based on their smaller inner segment diameters relative to
cones (Yin et al., 2006). Rod identification was further confirmed
by measuring spectral sensitivity in 9 cells (Fig. 1). Sensitivity at
430, 500, 570, and 660 nm was calculated as the inverse of the
intensity evoking a half-saturating response. The mean spectral
sensitivities were fit with a standard photopigment nomogram
(Baylor et al., 1987), with corrections for photopigment self-
screening calculated from reported transverse optical density
(Parry and Bowmaker, 2002) and rod dimensions (Yin et al., 2006).
The best-fit nomogram for the average spectral sensitivity function
peaked at 496 nm, in agreement with previous estimates from mi-
crospectrophotometry (Jacobs and Deegan, 1994) and from electri-
cal recordings in downstream retinal neurons (Yin et al., 2006).
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Figure 1. Guinea pig rod spectral sensitivity. Points plot the mean sensitivity of 9 rods for
430, 500, 570, and 660 nm wavelength stimuli. SDs are smaller than symbol diameters. The
curve is equation 6 from Baylor et al. (1987) after correction for photopigment self-screening,
with A, = 496 nm.
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Fluctuation analysis

Electrical coupling reduces variability in response amplitudes by
averaging the membrane potential across neighboring rods (Fain,
1975; Hornstein et al., 2005). To study the effects of coupling on
response variability we recorded rod voltage in perforated patch
mode and measured responses to brief, full-field flashes at a series
of intensities evoking ~1-6 R* (mean number of photoisomer-
izations per rod). The large response variability in some rods
indicated weak or no coupling (Fig. 2 A), while the small variabil-
ity in other rods was consistent with strong coupling (Fig. 2B).

To quantify the signal averaging effect of coupling, we com-
puted the ensemble mean and variance for 50100 repetitions at
each flash intensity (Fig. 2C,E). Both the peak amplitude of the
mean () and peak amplitude of the variance (o%) were propor-
tional to R* (Fig. 2D,F), as expected if photon responses
summed linearly and amplitude variability was dominated by
quantal fluctuations in the number of photoisomerizations. The
average single photon response amplitude, calculated from the
value of wat R* = 1, was 0.61 = 0.16 mV (mean * SD, 14 rods).
The waveform of the photon response could be described by
Equation 19 with n = 3 and ¢, = 180 ms.

Response variability depends on the number of rods coupled,
as well as on the ratio of gap junctional conductance to rod mem-
brane conductance. As a metric to quantify the degree of coupling
we calculated N, the number of “perfectly” coupled rods (G; = )
that would lower response variability to the observed value. N was
calculated from the mean and variance via: N = k,*/k,, where
k, = w/R* and k, = ¢*/R*. For uncoupled rods (N = 1), k,* = k,.
The values for k, and k, were obtained from the slopes of the lines
passing through the origin that best fit the functions w versus R*
and o? versus R* (Fig. 2D, F).

The measured variability in some rods (Fig. 2A and Oin D, F)
was consistent with the absence of electrical coupling (k,* ~ k,),
while in other rods (Fig. 2B and V in D, F), the observed reduc-
tion in variability (k,* >> k,) was consistent with signal averaging
within a coupled network. In 14 rods, the coupling metric N
ranged from 0.7 to 11.6, averaging 4.8 = 4.5 (Fig. 2G).

Tracer coupling

We determined the number of rods physically coupled to one
another by recording from individual rods with whole-cell elec-
trodes containing the tracer Neurobiotin and counting the rods
subsequently labeled. Occasionally tracer pools also contained
cones, as identified by peanut agglutinin binding and by the ab-
sence of a narrowing of the cell diameter between the inner seg-
ment and cell body (data not shown). Of 37 rod injections, only 5
showed tracer coupling to cones, and these pools were not in-
cluded in the subsequent analysis.
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Figure 2.  Coupling reduces the variability of dim flash responses. 4, B, Rod voltage re-
sponses recorded in two rods to a series of dim flashes evoking ~1R*. Tick marks indicate flash
timing. Bandwidth, DC=5 Hz. C, E, Response mean (C) and variance (E) of rod in A to 50-100
flashes evoking 1.5, 2.8,and 5.5 R*. D, F, Peak amplitude of the mean () and variance (o%) as
a function of R*, measured from rod A (O) and B (V). The lines near the data points are the
best-fit linear functions passing through the origin. From the slopes of the lines, N was calcu-
lated as 0.9 (O) and 10.2 (V). G, Histogram of N from 14 rods.

Of the remaining 32 rod injections, 8 (25%) showed no tracer
coupling (Fig. 3A) while 24 (75%) were coupled to one or more
neighboring rods (Fig. 3B). The total number of rods in a tracer-
coupled pool ranged from 1 to 21, averaging 4.0 * 4.7 (Fig. 3C).
Many rod pairs had multiple apparent sites of contact, including
rod spherules, axons, cell bodies, and inner segments. Some rods
appeared to be laterally separated by several micrometers from all
the other rods in the pool at one plane within the photoreceptor
layer (Fig. 3B), but were found to be in close apposition at a
different plane. For most injections the labeling was restricted to
a small clearly demarcated cluster of rods. However, in 2 injec-
tions labeling intensity decreased with distance from the injected
rod until it was no longer detectable. Thus while rods generally
appeared to be coupled in discrete pools, a continuous network of
rods could not be ruled out in some instances.

Gap junctional conductance

To measure gap junctional conductance, we made whole-cell
voltage-clamp recordings from pairs of neighboring rods. While
holding one rod at a constant voltage, changes in that rod’s mem-
brane current were measured in response to voltage pulses ap-
plied to one of its neighbors (Fig. 4A). Changes in membrane
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Figure 3.  Rod tracer coupling. 4, B, Combined confocal fluorescence and DICimages of the
outer nuclear layer after single rod injections with Neurobiotin (green). Scale bar, 10 m. 4,
Rod is not tracer coupled to neighbors. B, Four tracer-coupled rods. C, Histogram of tracer-
coupled pool sizes for 32 Neurobiotin-filled rods.

B °

(@)

# observations
o N A OO

0 200 400 600
Gj (pS)

Figure 4. Rod-rod gap-junctional conductance. A, Changes in junctional current in a
voltage-clamped rod in response to voltage steps applied to a neighboring rod. Bandwidth,
DC-100 Hz. B, Peak junctional current /, versus junctional voltage V/, for the rod pair in A
averaged from 25 to 50 ms after onset of the voltage step. The slope of the best-fitting line gives
ajunctional conductance G, of 572 pS. C, Histogram of G, from 22 rod pairs. Measurements were
corrected for series resistance. D, Schematic of indirect current path between two voltage-
clamped rods, 1and 2, viarod 3. E, Rod 4 provides an additional indirect path. F, In a hexagonal
network, a maximum of two indirect paths with single intervening rods are possible.
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currents were linear with voltage (Fig. 4 B), reflecting the ohmic
behavior of the gap junctions for brief voltage pulses. The slope of
the current-voltage relationship gives the junctional conduc-
tance G;. As expected for junctions between homologous cell
types, conductance was symmetric; G; was independent of which
rod in the pair was the driver and which the follower.

Not all rod pairs showed measurable coupling conductances;
in 11 of 22 paired rod recordings G; was below the resolvable limit
given measurement noise. The remaining 11 rod pairs had junc-
tional conductances ranging from 195 to 580 pS, with an average
of 386 = 112 pS (Fig. 4C).

This estimate of G; assumed that the only current path be-
tween rods was via a gap junction directly between the re-
corded rods. However, current could also flow via indirect
paths through intervening mutually coupled rods and thus in-
crease the apparent junctional conductance. For a pair of re-
corded rods connected directly to one another and also
connected indirectly via one intervening rod (Fig. 4 D) the frac-
tion of the total measured current due to the indirect path would
be (3 + B) ™' (see Materials and Methods). In guinea pig, with
B = 2.7 (see Guinea pig rod network model), the indirect current
would be 18% of the measured current. For a pair of coupled rods
that are also connected via two indirect paths (Fig. 4E), the pro-
portion of indirect current would increase to (2 + 5/2) ~', or
30% of the measured current. If we assume hexagonal rod pack-
ing (Fig. 5A), there can be at most two such indirect paths with
single intervening rods (Fig. 4F). In an infinite fully connected
hexagonal network, there are an infinite number of indirect cur-
rent paths with varying numbers of intervening rods. However,
the proliferation of current paths to ground makes each indirect
path more leaky such that the overall proportion of indirect cur-
rent is never greater than (2 + /2) ™', In practice, given the
modest connectivity observed in tracer-coupling pools, the frac-
tion of indirect current is expected to be small for most of the
pairs from which we recorded. Rods may also be connected via
intervening cones. However, the rod-evoked light responses re-
corded in dark-adapted cones in primate retina (Hornstein et al.,
2005) and guinea pig retina (data not shown) are an order of
magnitude smaller than those measured directly in rods. Conse-
quently, network analysis indicates that any signaling from rod to
rod via intervening cones is negligible.

Given that our recording electrodes were on the rod inner
segments while gap junctions between rods are reported as far
away as the rod synaptic spherule (Raviola and Gilula, 1973; Tsu-
kamoto et al., 2001), the electrotonic distance between the inner
segment and spherule might reduce the apparent junctional con-
ductance. Smith et al. (1986) estimated ~15% voltage loss across
the axon connecting the inner segment and spherule in cat rods.
Adjusting for species differences in axon diameter and length, we
calculate the voltage loss in guinea pig rods to be ~12%. Hence
junctional conductance estimates could be underestimated by as
much as 24%. However, to the extent that gap junctions are pres-
ent between rod inner segments (Uga et al., 1970; Cohen, 1989),
the electrotonic distance errors in G; could be negligible. Overall,
errors in the estimated junctional conductance due to incomplete
space clamping or indirect current flow between rod pairs are
expected to be small and opposing.

Guinea pig rod network model

A resistive circuit model of the rod network was constructed to
consolidate the measurements of fluctuation analysis, junctional
conductance, and tracer coupling, and to enable further psycho-
physical modeling. For the purposes of modeling, rod-cone cou-
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Figure5. Hexagonal network modeling. 4, DIC photomicrograph of the inner segment layer
illustrating the roughly hexagonal packing of the guinea pig rod mosaic. Scale bar, 10 m. B,
Schematic of a resistive rod network model: a field of hexagonally packed rods grouped into
several discrete coupled networks with varying connectivities. R, is rod membrane resistance;
R;is gap junctional resistance. €, Network model with complex impedance. €, is membrane
capacitance; electrical equivalent of voltage-dependent conductances represented by an induc-
tance L and shunt resistance R,. D, Average change in membrane potential in a guinea pig rod in
response to a 1 pA current injection. Smooth curve gives the expected waveform of the voltage
response of an isolated rod (equation 2 from Baylor et al., 1984a); best-fitting model parame-
ters were R, = 1.65 G€), R, = 3.50 GL2, L = 450 MH, and C,, = 5 pF. Average of 100
responses. V, —35mV. Timing of the 300 ms current pulse indicated by the bar below the

rest

voltage trace. Bandwidth, D(—500 Hz.

pling was ignored under the assumption that it would contribute
negligibly to rod network behavior.

A roughly hexagonal packing pattern of rods was observed
in the inner and outer segment layers (Fig. 5A). Since gap-
junctional coupling requires close membrane apposition, and
rods do not send processes to distant targets (Raviola and Gilula,
1973; Kolb, 1977), the model assumed that each rod could make
direct gap junctional connections with at most six nearest neigh-
bors. Rods were modeled as nodes with membrane resistances to
ground (R,,) and current sources representing phototransduc-
tion. Some nodes were connected laterally through junctional
resistances (R;) to represent coupling (Fig. 5B).

The model assumed a value for R,, of 1.5 G() based on the
instantaneous input resistances measured in our whole-cell re-
cordings. Since input resistance is reduced by rod coupling, R,,
was based on our highest measured input resistances. For com-
parison, R,, was estimated as 2.5 G() for guinea pig rods in bright
light (Demontis et al., 1999). It was assumed that the average
measured G; of 386 pS was slightly overestimated due to indirect
coupling through other rods (Fig. 4 D—F). Hence the assumed
value of R; where R; = 1/Gj, was rounded up to 3 GQ).

For a resistive network of a given connectivity, the signal
averaging behavior of the network depends only on the ratio 8 =
Rj/R,,. For guinea pig, with the resistances determined above, 8 =
2. Equations 9 and 12 were used to calculate signal transfer ratios
and to predict the degree of signal averaging as quantified by N.
For an infinite network of coupled rods with full hexagonal con-
nectivity, the model predicts a value of N = 9.1. By restricting the
connectivity of the model to just two surrounding layers of rods
(19 rods total), the predicted N for the central rod was reduced by
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only 10%. Thus, with B = 2, signal averaging is effectively re-
stricted to only the first few layers of surrounding neighbors, even
for an infinite pool of connected rods.

Effects of capacitance on guinea pig rod network model

The inclusion of membrane capacitance into the network model
had a negligible effect. In whole-cell recordings, rod membrane
capacitance ranged from 5 to 10 pF (data not shown). Taking C, =
C,, = 10 pF forall 4, and assuming R,, = 1.5 GQl and R; = 3 G(},
we calculated the transfer matrix H for f = 0-10 kHz.

While capacitative filtering is expected to draw out the re-
sponse time course and hence reduce the peak amplitude of the
voltage responses in coupled cells, the magnitude of this effect
was found to be negligible, reducing the peak amplitude of the
signal transfer by <0.5%. Capacitance altered the times to the
peak of the response in coupled cells as well, but this effect was
also negligible.

Effects of voltage-activated conductances on guinea pig rod
network model

Light-evoked hyperpolarization in guinea pig rods evokes
changes in voltage-dependent conductances, resulting in mem-
brane depolarization (Demontis et al., 1999). These conductance
changes are expected to reduce the spread of photon signals
within the rod network in a frequency-dependent manner (De-
twiler et al., 1980). For small perturbations in membrane poten-
tial, this effect can be modeled by adding a shunted inductance in
parallel with R,, (Fig. 5C) (Detwiler et al., 1980). In turtle and
guinea pig rods recorded at room temperature (Detwiler et al.,
1980; Demontis et al., 1999) the observed changes in membrane
potential evoked by injecting small steps in current were consis-
tent with an equivalent inductance L of 1-2 GH in series with a
shunting resistance R; of 0.6—4.0 G(). The voltage transfer was
thus band-passed (Eq. 14), with a peak at ~1-2.5 Hz.

At mammalian body temperature however, we expect faster
channel activation and a shift in the band-pass of signal transfer
to higher frequencies (Demontis et al., 1999). We measured these
effects in 8 guinea pig rods recorded at 35°C by applyinga —1 mV
voltage pulse from a holding potential of —50 mV, or by injecting
a 1 pA hyperpolarizing current pulse (Fig. 5D). We observed
voltage-activated conductances consistent with a modeled induc-
tance of ~250 MH in series with a shunt resistance of ~2.5 G().
The voltage transfer under these conditions peaks at ~8 Hz, sig-
nificantly faster than the dynamics of the guinea pig photocur-
rent, which has 95% of its power below 5 Hz. Consequently the
voltage-activated conductances quickly counteract the rod pho-
toresponse, reducing rod-rod transfer by an additional 15% com-
pared with the transfer in a purely resistive network. This
reduction in signal transfer is equivalent to an increase in 8 from
2to ~2.7.

The filtering of the network is computed to have only a small
effect on the time course of transferred signals, reducing the time-
to-peak of the photovoltage in the neighboring cell by ~3%, and
reducing the integration time by ~7%. While the effects on time
course accumulate as the signal gets transferred from one rod to
the next, the cumulative effect is small because signal spread is
effectively restricted to only the first two layers of surrounding
neighbors. As was shown above for the purely resistive network,
by restricting the connectivity of the hexagonal model to just two
surrounding layers of rods, the predicted N for the central rod
was reduced by only 5% compared with that of an infinite hex-
agonal network. Thus, with 8 = 2.7, the temporal changes across

Lietal. « Mammalian Rod Coupling and Visual Detection

the network are modest. These results were confirmed using a
circuit simulator.

Taking voltage-activated conductances into account reduces
the calculated value of N expected in a fully connected hexagonal
network by 25%, from 9.1 to 6.8. This is the maximal expected
value; with less than full connectivity (Fig. 5B), N would be <6.8.
However, the values of N derived experimentally from responses
to dim flashes (Fig. 2G) were observed to be as large as 11.6,
suggesting that at least in some cases the coupling conductance or
connectivity might be greater than that modeled here, or else that the
counteracting effects of voltage-activated conductances were less.
Although the packing of inner segments is roughly hexagonal (Fig.
5A), rods typically also have points of contact with additional neigh-
bors in the nuclear layer (Hornstein et al., 2005, their Fig. 9B,C).
Changing the hexagonal connectivity model to a square model in
which each rod contacts 8 neighbors increases the calculated N from
6.8 t0 9.9 for B = 2.7. The discrepancy between the maximal mod-
eled versus observed values may further reflect the difficulty of pre-
cisely estimating N from fluctuation measurements when N is large
and the amplitude of the light-evoked variance is small compared
with the baseline fluctuations in variance.

Note that while the predicted value of N is highly sensitive to
the value assumed for @B, the signal transfer ratio w is only ~60%
as sensitive, and the psychophysical effects considered below are
even less sensitive.

Primate rod network model

In macaque monkey, rods form tracer-coupled pools of 1-10
rods and exhibit signal averaging of N = 1-5.9 (Hornstein et al.,
2005). Although junctional conductances have not been mea-
sured directly in primate rods, we asked whether an R; of 3 G{) as
measured in guinea pig would be consistent with the tracer cou-
pling and signal averaging found in primate. TakingR,, = 1.2 GQ)
in primate rods (Schneeweis and Schnapf, 1995) and R;=3 GQ
gives 3 = 2.5.

Assuming from the tracer coupling data a maximal pool size
of 10 rods, a hexagonal network was constructed with 1 central
rod connected directly to an inner layer of 6 rods, and indirectly
to 3 additional rods in a second layer. The predicted N = 5.6 was
close to the maximum value of N = 5.9 measured in primate rod
recordings. Thus the tracer coupling and signal averaging ob-
served in primate rods are consistent with a model in which each
rod connects to between zero and six neighbors with a junctional
resistance of 3 G().

Because the value of R,, = 1.2 G() in primate rods was derived
by taking the ratio of the peak photon response amplitude of the
photovoltage to the photocurrent (Schneeweis and Schnapf,
1995), any effects of voltage-dependent conductances on 3 were
already accounted for. To ascertain whether voltage-dependent
conductances play a role in shaping photon responses in primate,
we measured membrane current in response to —1 mV pulses in
6 rods in macaque monkey at 35°C (Fig. 6 A). Results were very
similar to those in guinea pig except that the peak frequency was
shifted to 6 Hz. Changes in the response kinetics were calculated
to be small, reducing the time-to-peak in the neighboring rod
relative to the central rod by ~8%, and reducing the integration
time by ~6%. These temporal effects were ignored in the mod-
eling described below.

Previous modeling of the effect of rod coupling on signal de-
tection in primates (Hornstein et al., 2005) was based on fluctu-
ation analysis and the simplifying assumption of perfect coupling
between connected rods. Since the average N calculated from
fluctuation analysis was 2.3 rods, the model had assumed a net-
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A B

Figure 6.  Primate rod network model. A, Average change in membrane current in a ma-
caque rod in response to a pulse in holding potential from —50 mV to — 51 mV. The response
of anisolated rod is expected to decay exponentially; from the best-fitting exponential function
(smooth curve) the calculated model parameters were R, = 1.67 G(), R, = 1.15G(, and L =
101 MH. Average of 100 responses. Timing of the 300 ms voltage pulse indicated by the bar
below the current trace. Capacitive transients were reduced by filtering; bandwidth, DC-100
Hz. B, Schematic of the two-rod network with perfect coupling (Hornstein et al., 2005). Voltage
transfer ratios relative to rod 1are wyj; = wy|, = 0.5. C, Schematic of the four-rod network
usedin psychophysical modeling; voltage transfer ratios relative torod Tare wy ; = 0.624, wy ,
= 0154, wyj; = 0.154, w, ), = 0.068.

work consisting of pairs of rods coupled via R; = 0 (i.e., N = 2,
Fig. 6 B). Here we enhanced the model by replacing perfect cou-
pling with the more realistic junctional resistance of 3 G€). While
the pattern of rod connectivity was found to be quite variable, for
simplicity we assumed a uniform pattern of coupled rods whose
network properties reflected the average behavior measured ex-
perimentally. Assuming a repeated arrangement of four rods
linked in a ring (Fig. 6C) with 8 = 2.5, the model predicts N =
2.3, precisely the average value found experimentally in primate.
Compared with the previous two-rod model, the four-rod resis-
tive network is also a better match for the primate tracer data,
where the average tracer-coupled pool size was 3.4 rods.

Human psychophysical model

Our rod-rod coupling measurements were incorporated into a
psychophysical model to evaluate how coupling affects visual
performance. For a given intensity and spatial pattern of retinal
illumination, this model computed (1) the Poisson statistics of
photon capture and resulting phototransduction in individual
rods, (2) the spread of signal and noise across the rod network for
a given coupling connectivity, (3) the signal and noise in rod-
bipolar cells after accounting for nonlinearities at the rod output
synapse, and (4) psychophysical detection performance, assum-
ing that detection depends on dark/light comparison by a detec-
tor stage that linearly sums the output of bipolar cells, with input
from a total of 10,000 rods (see Materials and Methods).

We found that a uniformly illuminated pool of 10,000
uncoupled rods yields a detection threshold of 9.7 photoi-
somerizations over the entire pool, closely matching earlier
modeling (Hornstein et al., 2005) and the psychophysically
measured threshold of 10 photoisomerizations (Sharpe,
1990). Under the perfect coupling assumption, where the de-
tection pool was divided into 5000 pairs of coupled rods with
R; = 0 (Fig. 6 B), detection threshold increased by 62% (Horn-
stein et al., 2005). This elevation in threshold can be attributed
to less effective noise filtering at the rod-bipolar cell synapse of
coupled rods (Field and Rieke, 2002). However, assuming in-
stead a detection pool divided into 2500 discrete four-rod
networks with realistic junctional resistance (Fig. 6C), the de-
tection threshold for uniform illumination is calculated to be
11.0 photoisomerizations, just 13% greater than the threshold
for uncoupled rods. Thus although the perfect and resistive
coupling models were set to have equivalent SNRs within their
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respective rod pools (i.e., N = 2), the resistive model per-
formed significantly better in the psychophysical detection
task. Replacing perfect coupling with realistic physiological
junctional resistances mitigates most of coupling’s putative
detrimental effects by allowing the noise filtering nonlinearity
of the rod synapse to function more effectively.

As the diameter of the model stimulus decreases so as to illu-
minate less than the full 10,000 rods in the detector pool, perfor-
mance improves for resistively coupled networks relative to the
uncoupled network (Fig. 7A). This improvement reflects the ben-
efit of rod coupling in mitigating synaptic saturation as stimulus
size decreases and photon density increases. For stimulus diam-
eters < 0.11°, performance of the coupled network surpasses the
performance of the uncoupled network. The smallest retinal im-
age practically achievable, i.e., the retinal image resulting from a
point source of light, is limited by the optics of the eye. This
point-spread function, which varies with pupil size, was calcu-
lated as the Fourier transform of the modulation transfer func-
tion of the human eye (Artal and Navarro, 1994; Guirao et al.,
1999). The transform is valid at the large pupil diameters (6—8
mm) typical for dark-adapted eyes (Spring and Stiles, 1948). For
computational tractability, the light intensity was set to zero
when the number of photons delivered per rod dropped to
<0.05% of the total number of photons in the stimulus. For a 6
mm pupil diameter, the calculated detection threshold for a point
source was found to be 30% lower in the coupled rod network
compared with uncoupled rods; for an 8 mm pupil it was 17%
lower (Fig. 7A, arrows). Thus at absolute threshold, electrical
coupling is expected to have beneficial effects for detection of
small stimuli, offsetting the modest detrimental effects expected
for large stimuli.

The extension of the dynamic range of the rod to rod bipolar
synapse due to coupling is also expected to be beneficial for con-
trast detection against background illumination. As background
intensity increases, the intensity of a just detectable test flash also
increases, resulting in increasing synaptic saturation. Using the
psychophysically derived incremental threshold data from a hu-
man rod monochromat (Sharpe et al., 1992), we calculated the
SNR at the detector for stimuli that uniformly illuminated the
detection pool (Fig. 7B). The calculation was limited to back-
grounds < 3 R*/s, the range over which rods and rod bipolar cells
maintain their dark sensitivity (Baylor et al., 1984b; Kraft et al.,
1993; Dunn et al., 2006). The SNR of the coupled network sur-
passed that of the uncoupled network at background light inten-
sities >0.17 R*/s, and exceeded it by 14% at the highestlight levels
modeled. Thus the benefits of coupling on incremental sensitivity
also roughly balance the detrimental effects for detection at ab-
solute threshold.

Discussion

Strength of rod coupling

We report here the first measurements of rod-rod junctional
conductance in mammals. Our network model demonstrates
that this conductance is roughly consistent with the signal aver-
aging observed in guinea pigs as well as that in primates (Horn-
stein et al., 2005), suggesting that a conductance of this order
could be a general feature of mammalian retinas.

The conductance of ~350 pS between guinea pig rods is at
the low end of reported gap junction conductances. For com-
parison, guinea pig cardiac cells, whose strong coupling is
critical for synchronization of heart rhythms, can have junc-
tional conductances approaching 4 uS (Kameyama, 1983), 4
orders of magnitude greater than reported here. With 8 ~ 0.1,
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the cardiac network behaves much like a A
perfectly coupled syncytium. Even in 1
retina, some gap junctions, such as those h
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between fish horizontal cells, have con-
ductances 2-3 orders of magnitude
greater than those found here (Qian et
al., 1993; Lu and McMahon, 1996).
However, as shown by our circuit anal-
ysis, the relatively high membrane resis-
tance of rods means that significant
signal transfer occurs even with cou-
pling conductances of only 350 pS. Fur-

thermore, our psychophysical modeling
indicates that stronger coupling would
be undesirable for detection of dim
stimuli. The bias toward weaker cou-
pling seems to be a general feature of
photoreceptor networks (Table 1).

The relatively weak coupling of mam-
malian rods is also roughly consistent with
their junctional anatomy. The surface ar-
eas for gap junctions in mammalian rods,
~0.01 um? (Uga et al., 1970; Raviola and
Gilula, 1973; Cohen, 1989; Tsukamoto et
al., 2001), are some of the smallest re-
ported. The open probability, single channel conductance, and
other properties of gap junction channels depend on the molec-
ular subunits constituting the junctions. In cold-blooded verte-
brates the rod-rod junction appears to be composed of connexin
35/36 (Zhang and Wu, 2004). Assuming that mammalian rod-
rod gap junctions are also composed of connexin 35/36, with
open probability of ~0.8 and single channel conductance of ~15
pS (Srinivas et al., 1999; Teubner et al., 2000), and with channel
density of 1000—-5000 um ~> (Owen, 1985), the expected G;
would range from 120 to 600 pS, consistent with the range of our
measured values. In mammals however, the connexin compris-
ing rod-rod gap junctions has not been determined. Cx35/36 has
been localized to contacts between mammalian rods and cones,
but it may reside only on the cone side of these junctions (Lee et
al., 2003; Dang et al., 2004). A direct test of the role of Cx36 in
rod-rod coupling, e.g., a comparison of coupling in wild-type
versus Cx36 knock-out mice (Deans et al., 2002), has not been
attained.

Figure7.

Psychophysical significance of coupling

Our model shows that, for stimuli larger than 0.11° in diameter,
rod-rod coupling is expected to reduce absolute sensitivity of
human vision by up to 13%. However, the model also suggests
that, by mitigating saturation of the rod synapse, coupling is ben-
eficial for contrast detection as well as detection of small concen-
trated stimuli. Furthermore, as background intensities increase
to ~1R*/s and beyond, pupil size will decrease (Spring and Stiles,
1948), thus decreasing the minimal diameter of an optically re-
solvable stimulus and allowing the benefits of coupling to extend
to detection of even smaller stimuli.

Here we assumed that rod synaptic nonlinearities do not vary
with background light levels over the range of intensities mod-
eled. But the nonlinearities optimized for separating signals from
noise at absolute threshold are not optimal at brighter lights
(Field and Rieke, 2002). Is the synapse altered during light adap-
tation so as to optimize for contrast sensitivity (Packer et al.,
2010)? An inhibitory feedback pathway from horizontal cells to
rods has been described in mouse retina (Babai and Thoreson,
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Coupling effects on human visual detection. A, Dark-adapted detection threshold for coupled rod network T, relative
to uncoupled rod network T, as a function of stimulus diameter on the retina. Points plot model calculations with 8 = 2.5. For
small pupil sizes, the stimuli are all optically realizable, but for the larger pupils of dark-adapted eyes, stimuli <<~0.06° diameter
are significantly broadened by the optical point spread function of the eye. Arrows indicate the threshold ratios calculated for a
point source stimulus after accounting for optical blur of an eye with a 6 or 8 mm pupil. B, Signal-to-noise ratio of coupled rod
network SNR relative to uncoupled rod network SNR; as a function of background light intensity, with 8 = 2.5. lllumination in
Bis uniform across the detector pool. SNRs were modeled based on the psychophysical threshold data of a rod monochromat given
by Sharpe et al. (1992). The curves in A and B are empirical functions fitted to the data points.

Table 1. Photoreceptor junctional conductances G;

Cell type Mean G; (pS) References

Guinea pig rods 386 This study

Primate cones 631 Hornstein et al. (2004)
Ground squirrel cones 317 DeVries et al. (2002)
Ground squirrel cones 217 Li and DeVries (2004)
Salamander rods 500 Zhang and Wu (2005)

2009) that could in principle subserve this function. Empirical
estimates of both the high- and low-amplitude cutoffs of the rod
synapse show considerable spread (Robson and Frishman, 1995;
Field and Rieke, 2002; Berntson et al., 2004; Robson et al., 2004),
suggesting that these synaptic nonlinearities might indeed be
adaptable. However, studies that have specifically investigated
reoptimization of the rod-bipolar cell synapse have not found
evidence for it (Sampath and Rieke, 2004; Okawa et al., 2010).

Light adaptation may also modulate gap junction channels
themselves by altering single channel conductance, channel open
probability, or the number of channels at the junction. Indeed,
light and dopamine have been found to modulate tracer coupling
and signal averaging across rod-cone gap junctions in several
species (Yang and Wu, 1989; Krizaj et al., 1998; Ribelayga et al.,
2008; Li et al., 2009). In contrast, however, rod-rod tracer cou-
pling in salamander was not modulated by dopamine even
though rod-cone coupling was modulated by dopamine in the
same retina (Krizaj et al., 1998). Furthermore, in studies where
current flow across cone-cone and rod-rod gap junctions was
measured directly, neither light nor pharmacology was found to
modulate junctional conductance (Attwell et al., 1985; DeVries et
al., 2002; Li and DeVries, 2004). Thus, adaptation of rod-rod
coupling has not been demonstrated.

While our model was designed to ascertain the effects of cou-
pling on visual threshold, it remains possible that coupling serves
other purposes such as conduction of metabolites (Goldberg et
al., 1999), intercellular adhesion (Elias et al., 2007), or visual
detection in brighter light (Tessier-Lavigne and Attwell, 1988).
From this perspective it remains critical that, for the junctional
conductances found here, coupling is expected to cause only a
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modest detriment to visual performance at absolute threshold.
Previously it has been proposed (Smith et al., 1986) that under
scotopic conditions mammalian rods must decouple to avoid the
detrimental impacts of coupling on absolute detection threshold.
The current results show that with a realistic junctional conduc-
tance the detriment to absolute detection threshold is only mod-
est, while for detection of small stimuli coupling can instead be
beneficial.

Lateral coupling among roughly homogeneous networks of
neurons, as demonstrated here for the mammalian rod system, is
acommon feature of neural circuitry (Hormuzdi et al., 2004; S6hl
etal., 2005). The ultimate task of the rod system is to detect sparse
signals among a convergent network of noisy sensors. An impor-
tant insight is that, because rod signals converge downstream, the
critical effect of coupling is not the observed signal averaging
within the rod network itself, but rather the interaction between
coupling and the synaptic nonlinearities that lie between the rod
network and downstream convergence. The trade-off between
less reliable encoding of weak signals and the relief of saturation
at higher levels of activation may be a more general feature of
coupling in neural circuits.
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