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Direct Evidence for Daily Plasticity of Electrical Coupling
between Rod Photoreceptors in the Mammalian Retina

Nan Ge Jin' and Christophe P. Ribelayga'-23+
'Ruiz Department of Ophthalmology and Visual Science, and 2Graduate School of Biomedical Sciences, *Program in Neuroscience, Graduate School of
Biomedical Sciences, and “Neuroscience Research Center, The University of Texas Health Science Center at Houston, Houston, Texas 77030

Rod photoreceptors are electrically coupled through gap junctions. Coupling is a key determinant of their light response properties, but
whether rod electrical coupling is dynamically regulated remains elusive and controversial. Here, we have obtained direct measurements
of the conductance between adjacent rods in mouse retina and present evidence that rod electrical coupling strength is dependent on the
time of day, the lighting conditions, and the mouse strain. Specifically, we show in CBA/Ca mice that under circadian conditions, the rod
junctional conductance has a median value of 98 pS during the subjective day and of 493 pS during the subjective night. In C57BL/6 mice,
the median junctional conductance between dark-adapted rods is ~140 pS, regardless of the time in the circadian cycle. Adaptation to
bright light decreases the rod junctional conductance to ~0 pS, regardless of the time of day or the mouse strain. Together, these results
establish the high degree of plasticity of rod electrical coupling over the course of the day. Estimates of the rod coupling strength will
provide a foundation for further investigations of rod interactions and the role of rod coupling in the ability of the visual system to

anticipate, assimilate, and respond to the daily changes in ambient light intensity.
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Significance Statement

Many cells in the CNS communicate via gap junctions, or electrical synapses, the regulation of which remains largely unknown.
Here, we show that the strength of electrical coupling between rod photoreceptors of the retina is regulated by the time of day and
the lighting conditions. This mechanism may help us understand some key aspects of day and night vision as well as some visual

malfunctions.

Introduction

Electrical coupling between rod photoreceptors has been exten-
sively explored using both experimental and modeling ap-
proaches (Copenhagen and Owen, 1976; Lamb and Simon, 1976;
Schwartz, 1976; Detwiler et al., 1978; Werblin, 1978; Attwell and
Wilson, 1980; Attwell et al., 1984; Tessier-Lavigne and Attwell,
1988; Hornstein et al., 2005; Zhang and Wu, 2005; Li et al., 2012).
Coupling shapes the rod network properties and the light re-
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sponse of each rod (Attwell and Wilson, 1980; Attwell et al., 1984;
Tessier-Lavigne and Attwell, 1988; Hornstein et al., 2005; Li et al.,
2012). Estimates of the rod junctional conductance, a direct mea-
sure of the rod—rod coupling strength, range between 0 and >600
pS (Zhang and Wu, 2005; Li et al., 2012). A conductance of ~350
pS or higher is expected to impact human visual performance (Li
et al., 2012). Thus, rod function depends quantitatively on the
extent of electrical coupling (Zhang and Wu, 2005; Li et al.,
2012), but whether rod electrical coupling is regulated has long
remained a critical unanswered question.

A number of recent studies, including ours, that have used
derivative measures of photoreceptor coupling, such as the extent
of tracer coupling, globally support a regulation of rod coupling
by light and/or a circadian clock, such that coupling may be in-
creased in the dark or at night (Ribelayga et al., 2008; Katti et al.,
2013; Lietal, 2013; Jin et al., 2015; Zhang et al., 2015). However,
direct evidence that the rod junctional conductance is dynami-
cally regulated is still missing. In addition, the conclusions based
on this indirect evidence conflict with theoretical considerations
that have proposed that extensive rod coupling at night is ex-
pected to degrade the signal-to-noise ratio of single-photon
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events and thus be detrimental to visual performance near abso-
lute threshold (Taylor and Smith, 2004; Okawa and Sampath,
2007).

To resolve this discrepancy, we sought to obtain estimates of
the junctional conductance between rods in a well controlled
lighting environment and well defined phase in the circadian
cycle. We developed a dual perforated patch-clamp technique in
mouse based on a technique we recently developed for single-cell
recording of mouse rods (Jin et al., 2015). Our direct measure-
ments of the rod junctional conductance demonstrate that rod
electrical coupling is regulated on a daily basis such that it is
maximal in the dark at night and minimal under bright light
adaptation. In addition, we have clarified the dependency of the
circadian component on the mouse strain. Thus, rod coupling is
dynamically regulated, and our estimation of the amplitude
of the regulation indicates that the daily modulation of rod elec-
trical coupling is likely to play a role in rod function and visual
performance.

Materials and Methods

Animals. The care and use of mice were in accordance with federal and
institutional guidelines and conducted with the approval of the Institu-
tional Animal Care and Use Committee (The University of Texas Health
Science Center Animal Welfare Committee). Two to 6-month-old adult
mice of either sex were housed in a 12 h light/dark cycle (lights on at 7:00
AM.) for at least 2 weeks before an experiment. We used mice of the
following strains: CBA/CaJ (no. 000654) and C57BL/6]J (no. 000664; The
Jackson Laboratories). Circadian conditions were created by keeping
the mice in the dark for up to 36 h, with dark adaptation starting at the
end of the light phase (7:00 P.M.). We refer to the subjective day (SD) as
the period between circadian time (CT)0 and CT12 that is, between 12
and 24 h after the beginning of dark adaptation (SD), and the subjective
night (SN) as the period between CT12 and CT24, that is 24 and 36 h after
the beginning of dark adaptation. Based on our previous study (Jin et al.,
2015), recordings were made between CT00 and CT06 during the sub-
jective day and between CT16 and CT22 during subjective night, thatis at
times when rod coupling is expected to be the weakest and the strongest,
respectively. Manipulation of the animals and retinal tissue during the
night or under circadian conditions was conducted under infrared light
with the help of infrared goggles.

Preparation of retinal slices. Dark-adapted mice were anesthetized with
a mixture of ketamine and xylazine (100/10 mg/kg, i.m.), decapitated,
and one eye was enucleated and rapidly placed in Ames’ medium with
glutamine buffered with 23 mm NaHCOj; (Sigma-Aldrich). The neural
retina was isolated under infrared illumination with dual-unit Prowler
Night Vision scopes (Meyers Electro Optics) and placed on a filter paper
(0.45 wm HAWP; Millipore). Retinal slices (250 wm) were cut with a
razor blade tissue chopper (Stoelting) and rotated in the recording cham-
ber to expose the retinal layers. Slices were perfused at 2 ml - min ~*
(turnover 1+ min ~') with bicarbonate-buffered Ames’ solution at 32°C
continuously gassed with 5% CO,/95% O, to maintain pH 7.4. Dark
adaptation of the retinal tissue was maintained during the slicing proce-
dure. Slices were perfused for 60 min in the dark or under light-adaptive
conditions where indicated, before the start of electrical recording.
Chemicals were purchased from Sigma-Aldrich or Fisher Scientific.

Patch-clamp recording of pairs of adjacent rods. Dual-electrode perfo-
rated patch-clamp recording of adjacent rods was adapted from the
single-electrode technique we previously described that uses B-escin as
the perforating agent (Jin etal., 2015). We found that B-escin is better for
stable long-term perforated patch-clamp recordings of mouse photore-
ceptors (Jin et al., 2015). Specifically, B-escin is able to perforate the
membrane much faster than amphotericin B (<10 vs >30 min; Saran-
topoulos et al., 2004; our unpublished observations) and perforation
with B-escin results in minimal access resistance values significantly
lower than those after amphotericin B (Sarantopoulos et al., 2004; our
unpublished observations). In addition, -escin has been shown to pre-
serve receptor-coupled cellular signal transduction mechanisms in
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smooth muscles (Iizuka et al., 1994; Akagi et al., 1999) and to minimize
current run down in neurons (Fan and Palade, 1998; Sarantopoulos et al.,
2004; Jin et al., 2015), making it a good alternative ionophore for perfo-
rated patch-clamp studies in neurons that can facilitate long-term re-
cordings. Despite having minimal effects on the intracellular medium
B-escin makes holes in the membrane that are large enough to let tracer
or dye molecules diffuse into the recorded cell (Fan and Palade, 1998; Jin
etal., 2015). Finally, B-escin does not precipitate and is stable for >12 h
in solution and is inexpensive compared with amphotericin B or other
ionophores. To minimize the dialysis of the recorded cell, we used an
intracellular pipette solution rather than a basic perforated patch-clamp
solution. The pipette solution contained the following (in mm): 10 KClI,
120 K-p-gluconate, 5 MgCl,, 5 Na,-ATP, and 1 Na,-GTP. The pH was
adjusted to 7.25 with KOH and osmolarity to 265 mOsm. Electrodes were
backfilled with 25 um B-escin (MP Biomedicals) with or without 0.5%
Lucifer yellow (Sigma-Aldrich) in standard electrode solution.

The preparation and electrode tips were visualized with infrared
(>900 nm) differential interference contrast (DIC) microscopy. Two
independent micromanipulators (MP285; Sutter Instruments) were
used to concomitantly position the two electrodes under visual control.
Each electrode was connected to a different amplifier: a 3900A amplifier
(Dagan Corporation) or a 200B amplifier (Molecular Devices). Record-
ings were obtained with using Clampex 10.2 software and digitized with
aDigidata 1322A interface (Molecular Devices). Signals were filtered at 1
kHz with a four-pole Bessel filter and sampled at 1 kHz. The two elec-
trodes were fashioned from borosilicate glass capillaries (outer diameter
1.2 mm; inner diameter 0.69 mm; Sutter Instruments) and were identical
and contained the same solution. The tip resistance measured in the bath
was 10—15 M(). The liquid junction potential (~15 mV) was not cor-
rected. The seal resistance ranged from 1 to 20 G(). We used positive
pressure to give electrode tips clean access to photoreceptor membrane.
Following perforation, which typically developed within 10 min, the se-
ries resistance was 15-30 M().

Full-field light stimulation was provided by a 175 W xenon arc lamp
(Sutter Instruments). Calibrated neutral density filters and narrow-band
interference filters were used to control light density and stimulus wave-
length, respectively. Photoreceptors were stimulated with unpolarized
monochromatic (500 nm, 10 nm half-width) light, and the duration of
the stimulus was 20 ms. The intensity of the unattenuated stimulus at 500
nmwas 1.62 X 10 "2W+cm ~ 2 or 8.23 X 10° photons * wm ~ 2 flash '
Following perforation, the identity of the clamped cell was confirmed
using a single flash of intensity 8.23—82.3 photons - um 2 - flash .
When required, light adaptation of the retina was achieved by flashing
light (8.23 X 10 photons - um ~ >+ flash ~'; 20 ms flashes at 0.2—2 Hz) for
at least 15 min before recording. The retina was not stimulated during
recording of the rod junctional conductance but resumed immediately
after. This procedure allowed us to test the effects of the immediate past
history of the adaptation state of the retina while eliminating the acute
effects of light on membrane conductance during the recordings and
minimizing bleaching of the rod photopigment.

To measure electrical conductance between mouse rods, we obtained
paired perforated patch-clamp recordings directly from the soma of ad-
jacent rods. The voltage of one rod (slave) was held constant (V,, = —35
mV), and changes in membrane current were measured in response to
voltage steps (50 ms, 10 mV increments from —50 to +50 mV) applied to
the other rod (driver). A value of the current was taken from the average
of the values recorded between 20 and 30 ms after the beginning of the
step. This protocol minimized the influence of voltage-gated channels on
the measurements. In particular, holding the driver cell at 0 mV mini-
mized the dark current and activation of the voltage-gated potassium and
calcium channels. In addition, we restricted the voltage steps to between
—50 and +50 mV to minimize the activation of the hyperpolarization-
activated current (I,), which opens at potentials negative to —60 mV (Cia
et al., 2005; our unpublished observations). Finally, using brief voltage
steps minimized the contribution of calcium-activated chloride channels
that develop with a time constant of activation >>50 ms (Cia et al., 2005).
A similar approach has been used by others in the field (Zhang and Wu,
2005; Li et al., 2012). The near-perfect linearity of the current—voltage
relationship we obtained indicates that the contribution of the voltage-
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Figure 1.
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Identification and patch-clamping of rod photoreceptors in the living mouse retinal slice. 4, B, A view of the outer portion of a mouse retinal slice fixed in paraformaldehyde, reacted

with an antibody against cone arrestin (green), and visualized under a confocal microscope. DAPI staining (blue) of the nuclei is shown in A and omitted in B for clarity. Note the position of the cone
somas in the outermost part of the ONL (arrows) and that of the cone pedicles at the bottom of the ONL and in the OPL (arrowheads). Dashed lines delimit the area where rod somas were targeted
for recording. 0S, Outer segments; IS, inner segments. C, DICimage of the outer portion of a mouse retinal slice and of the recording electrodes placed on adjacent rod somas under infrared (900
nm) illumination, in the experimental setup. D, Visualization of a pair of rod somas (s1and s2) simultaneously patch-clamped and filled with Lucifer yellow through the two recoding pipettes (e1
and e2). E, F, Simultaneous voltage-clamp recording from a pair of neighboring mouse rods. Shown are junctional currents (/,) during a series of steps in transjunctional voltage (V;; £) and plot of
1, as a function of V/; (F). The transjunctional conductance (Gj) is estimated from the slope of the linear regression curve that fits the experimental data. This recording was obtained during the

subjective night in a CBA/Ca mouse retina. Scale bars: A-C, 25 pm; D, 20 m.

gated conductances to our measurements was minimal. We checked the
linearity of the current—voltage relationship for each recorded pair.

The head stages of our two amplifiers have different resistances (1 G{2
for the Dagan 3900A vs 50 G{) for the Axoclamp 200B). We used the
3900A to control the driver rod and the 200B to measure the transjunc-
tional current in the slave rod. Because of this limitation, we could not
directly test the bidirectionality of the transjunctional current by revers-
ing the roles of the driver and the slave cells. However, previous work in
salamander (Zhang and Wu, 2005) and guinea pig (Li et al., 2012) rods
have clearly demonstrated that rod electrical coupling is bidirectional
and symmetrical. In addition, if the transjunctional current were to flow
preferentially from one cell to the other, for each experimental condition,
the distribution of the rod junctional conductance estimates should have
been bimodal and this is not what we observed.

In response to voltage steps in the driver cell, we recorded a small
ohmic current in the circuit that was not transjunctional and had a max-
imum amplitude of 5 pA in response to a 50 mV step (—5 pA in response
toa —50 mV step). This current was independent of the position of the
recording electrodes (eg, identical whether the electrodes were 2, 5, or 10
rods apart) and insensitive to the gap junction antagonist meclofenamic
acid (Pan et al., 2007; Jin et al., 2015), and was subtracted from the
recordings. Our noise-limited detection threshold was thus ~100 pS,
which is comparable in amplitude to what has been reported by others in
the field (for instance, ~40 pS; Hornstein et al., 2004).

Immunohistochemistry. Immunohistochemistry of cone arrestin was
done as previously described (Liu et al., 2012). The primary antibody was
a polyclonal rabbit anti-mouse cone arrestin antibody (Millipore
Ab15282; 1/500).

Data analysis. Statistical analyses were performed with Clampfit 10.2
(Molecular Devices) and OriginPro 8.5.1 (OriginLab).

Results

We recorded the junctional conductance from >100 pairs of
adjacent rods in mouse retinal slices. Specifically, we performed
simultaneous perforated patch-clamp recording of pairs of adja-

cent rod somas in living slices of the mouse retina (Fig. 1). Rods
represent ~97% of all somas in the mouse outer nuclear layer
(ONL) (Jeon et al., 1998). Conversely, cones represent only ~3%
of all somas in the ONL, but they are typically located in the
outermost layers of the ONL, where they comprise ~40% of all
somas (Jeon et al., 1998). Also, cone pedicles are located in the
innermost rows of the ONL and in the outer plexiform layer
(OPL) (Fig. 1A, B). We therefore targeted somas in the middle of
the ONL where only rod somas are present (Fig. 1 A,B). We po-
sitioned the recording electrodes in two directly adjacent somas
(Fig. 1C). The identity of rods was confirmed by filling the cells
with Lucifer yellow (Fig. 1D) and/or by the low threshold of their
light response (Cangiano et al., 2012; Jin et al., 2015). Changes in
transjunctional current were linear with voltage, reflecting the
ohmic behavior of the rod gap junctions (Fig. 1E,F). The junc-
tional conductance was estimated for each pair from the slope of
the transjunctional current—transjunctional voltage relationship
(Fig. 1F).

Rod electrical coupling is regulated by time of day in the CBA/
Ca mouse strain

To determine whether rod electrical coupling is regulated by the
time of day, we measured the rod junctional conductance in ret-
inas of the CBA/Ca mouse strain at different times in a circadian
cycle (see Material and Methods for details). Previous studies
have suggested that gap junctional coupling between photore-
ceptors may be regulated by a circadian clock in this mouse strain
so that coupling may be weak during the subjective day and
stronger at nighttime (Ribelayga et al., 2008; Jin et al., 2015;
Zhang et al., 2015). Animals were dark-adapted for at least 12 h
before surgery and euthanized during the subjective day or the
subjective night (see Material and Methods for details). Figure 2A



Jin and Ribelayga e Daily Control of the Rod Junctional Conductance

J. Neurosci., January 6, 2016 - 36(1):178 —184 « 181

Subjective day (19 pairs)
98 pS [0,185] (median, [interquartile])

(O0M A

1200 400 600 800

6
0 4
‘®
a9
0
S F 6
50 pAj(/2) ‘g.)q’Q
7 4
25 & ”
‘T
-50 mV 0, o
50
(V1)
-25 0
-50

Figure2.

1000 1200 1400 1600 1800 2000 2200
Junctional conductance (pS)

Subjective night (22 pairs)
493 pS [265,894] (median, [interquartile])

200 400 | 600 800
Junctional conductance (pS)

1000 1200 1400 1600 1800 2000 2200

The rod junctional conductance shows a circadian component in the CBA/Ca mouse. Mice were kept dark-adapted for up to 36 hand euthanized, and their retina collected and processed

during the subjective day or the subjective night. A, B, Examples of simultaneous perforated voltage-clamp recording from a pair of neighboring mouse rods obtained in a C(BA/Ca mouse retinal slice
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The rod junctional conductance is invariant under dark-adapted conditions in the (57BL/6 mouse. A, B, Examples of simultaneous perforated voltage-clamp recording from a pair of

neighboring mouse rods obtained in a (57BL/6 mouse retinal slice during the subjective day (A) or subjective night (B). €, D, Plots of transjunctional current as a function of transjunctional voltage
for the cells illustrated in A (€) and B (D). E, F, Histograms of junctional conductance for rod pairs measured in (57BL/6 mice during subjective day (E) or subjective night (F). Bin width is 50 pS. Red

line indicates the position of the median.

and C, illustrates typical recordings of a pair of rods obtained
under dark-adapted conditions during the subjective day and the
associated current—voltage relationship, respectively. We found
estimates of the rod junctional conductance in CBA/Ca retinas
during the subjective day ranging from 0 to 705 pS (19 pairs),
with a median of 98 pS [0, 185] (median, [interquartile]; Fig. 2E).
During subjective night, estimates were higher, ranging from 51
to 2154 pS (22 pairs) with a median of 493 pS [265, 894] (Fig.
2B,D,F). These data provide direct evidence that the rod junc-
tional conductance is controlled by a circadian clock or time of
day in the CBA/Ca mouse retina (p < 0.001, Kruskal-Wallis
one-way ANOVA).

Rod electrical coupling is invariant in the dark in

C57BL/6 mice

Previous studies have suggested that the circadian regulation of
photoreceptor coupling may be strain-dependent in mice (Ribe-
layga et al., 2008; Katti et al., 2013; Li et al., 2013; Jin et al., 2015;

Zhang et al., 2015). For instance, a circadian component of neu-
robiotin tracer coupling has been found in CBA/Ca mice (Ribe-
layga et al., 2008) and not in C57BL/6 mice (Li et al., 2013). To
determine whether a circadian component in rod electrical cou-
pling exists in the C57BL/6 strain, we measured the rod junc-
tional conductance during the subjective day and the subjective
night. During the subjective day, the rod junctional conductance
ranged from 0 to 522 pS (21 pairs), with a median of 135 pS
[85,219] (Fig. 3A,C, E). During the subjective night, the rod
junctional conductance ranged from 0 to 605 pS (25 pairs) with a
median of 145 pS [54, 292] (Fig. 3 B, D,F). The median estimates
calculated during the subjective day and the subjective night were
not significantly different (p = 0.834; Kruskal-Wallis one-way
ANOVA). Collectively, these measurements do not support a
circadian modulation of rod electrical coupling in C57BL/6 mice;
rather, they provide an estimate of ~140 pS for rod electrical
coupling strength in C57BL/6 mice under dark-adapted condi-
tions. Thus, these results demonstrate that rod electrical coupling
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Daylight uncouples rods. A, B, Examples of simultaneous perforated voltage-clamp recording from pairs of neighboring rods obtained in a CBA/Ca mouse (4) and in a (57BL/6 mouse

(B) during the subjective day (yellow symbols) or the subjective night (orange symbols) following >15 min of bright-light adaptation. C, D, Plots of transjunctional current as a function of
transjunctional voltage for the cellsillustrated in A (€) and B (D). E-H, Histograms of junctional conductance of rod—rod pairs measured in CBA/Ca mice (E, F) and (57BL/6 (G, H) during subjective
day (E, G) or subjective night (F, H). Bin width is 50 pS. Red line indicates the position of the median.

does not fluctuate with the time of day in the C57BL/6 mouse
strain, in agreement with previous indirect observations (Katti et
al., 2013; Li et al., 2013) and in striking difference with what we
observed in the CBA/Ca strain (Fig. 2).

Daylight uncouples rods

To determine whether rod electrical coupling is regulated by am-
bientlight, animals were dark-adapted and retinal tissue collected
as described above for the circadian experiments, but retinal
slices were exposed to photopic monochromatic light (500 * 5
nm; 16.2 uW +cm ~? or 8.23 X 10° photons * um ~2 - flash ~'; 20
ms flashes at 0.2-2 Hz) for at least 15 min before recording. In
both CBA/Ca and C57BL/6 mice, light had a dramatic uncou-
pling effect on the rods (Fig. 4). Indeed, whether measured dur-
ing subjective day or subjective night, following bright light
adaptation rod junctional conductance was close to 0 pS [0, 0] in
both CBA/Ca [4 pairs (subjective day) and 9 pairs (subjective
night); Fig. 4A,C,E,F] and C57BL/6 mice [4 pairs (subjec-
tive day) and 3 pairs (subjective night); Fig. 4 B, D,G,H]. No sub-
jective day/subjective night difference was observed in the two
strains (p = 1.0 in both strains; Kruskal-Wallis one-way
ANOVA). Thus, the data demonstrate that bright light uncouples
rods regardless of the time of day or the strain, in agreement with
previous indirect evidence (Li et al., 2013; Zhang et al., 2015).

Discussion

Our results establish that the strength of electrical coupling be-
tween rod photoreceptors is not constitutive but is dynamically
controlled by the time of day and ambient lighting conditions.

Contrary to the theory (Taylor and Smith, 2004; Okawa and Sam-
path, 2007) but in agreement with derivative measures (Ribelayga
etal., 2008; Katti et al., 2013; Lietal., 2013; Jin et al., 2015; Zhang
etal., 2015), we demonstrate that rod electrical coupling is weak
in daylight, stronger in the dark, and even stronger in the dark at
night. In addition, we have clarified that the presence of a circa-
dian component is mouse strain-dependent.

Based on computational models of the mammalian rod net-
work (Hornstein et al., 2005; Li et al., 2012; Jin et al., 2015), it is
unlikely that rod coupling <150 pS plays any major function
under scotopic conditions, and thus the strain, lighting condi-
tions, and time of day should all be taken into consideration when
studying rod function in mice. But the models also indicate that
coupling strength in the range of our higher estimates (493 pS;
CBA/Ca at night) should have detrimental effects on the signal-
to-noise ratio of the single-photon response (Hornstein et al.,
2005; Li et al., 2012; Jin et al., 2015) and the human absolute
threshold (Li et al., 2012). Measurements of the rod single-
photon response in intact CBA/Ca mouse retinas are in agree-
ment with these predictions (Jin et al., 2015). In contrast, strong
coupling at night should be beneficial for multiple-photon detec-
tion (Hornstein et al., 2005; Li et al., 2012; Jin et al., 2015). We
propose that the daily plasticity of rod electrical coupling may
represent a mechanism that positions the tradeoff between opti-
mal encoding of single-photon signals and that of multi-photon
signals to support the retina’s need to process rod signals differ-
ently at different times in the daily cycle (Barlow, 2001; Mangel
and Ribelayga, 2010).
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There are two major reasons that could explain the broad
dispersion of the coupling values at night. First, the broad disper-
sion could reflect technical limitations. An obvious limitation
here is space clamp: incomplete space clamp is expected to intro-
duce more distortion in the current measurements when the cells
are coupled compared with when cells are uncoupled. Clamping
of the coupled cells could also dialyze important intracellular
messengers (eg, CAMP; Li et al., 2013) that may support coupling
at night. Slight variations in the access resistance or the integrity
of the tissue could affect space clamp and/or dialysis and generate
noise in the data. Second, broad dispersion in the data may reflect
a particular arrangement of the rod network that is not that of a
typical square lattice with each rod contacting all of its closest
neighbors. Indeed, previous studies have questioned whether rod
coupling is homogenous through the network. Based on electron
micrographs of serial sections, Tsukamoto et al. (2001) reported
that ~12% (12/98) of mouse rods may be isolated. Consistent
with some rods being isolated, Li et al. (2012) found a bimodal
distribution of the estimates of the rod junctional conductance in
the guinea pig retina with one-half of the recorded rods (11/22)
showing no evidence of coupling (ie, junctional conductance
close to 0 pS) and one-half (11/22) exhibiting a conductance
ranging between 195 and 580 pS (with an average of 386 pS). In
the CBA/Ca mouse retina, we found that all pairs of rods (22/22)
showed evidence of coupling at night in the dark (Fig. 2F) and
none (9/9) under bright light adaptation (Fig. 4F). These data are
in agreement with measures of tracer coupling (Jin et al., 2015).
Although we cannot rule out that the number of rods coupled to
a rod may vary in the matrix, our data do not support the exis-
tence of uncoupled rods and further indicate that the regulation
of coupling within the network is likely homogeneous. In addi-
tion, our own tracer coupling measurements showed that tracer
coupled networks of photoreceptors under dark-adapted condi-
tions or at night contain a large proportion of cones, determined
to be approximately twice that expected given their abundance in
the mouse retina (Li et al., 2013; Jin et al., 2015). Thus, the vari-
ability in the measurements of the rod junctional conductance at
night may originate from a certain degree of non-uniformity in
the pattern of rod coupling to other rods and/or to cones.

Can we quantitatively relate our estimates of the rod junc-
tional conductance to previous measurements of the extent of
photoreceptor tracer coupling or the receptive field size of single
rods? Although the relationship between tracer coupling and
junctional conductance is likely not linear and not straightfor-
ward, the spatial distribution of tracer across a patch of coupled
cells is nonetheless expected to contract or to expand in response
to a reduction or to an increase in gap junction conductance,
respectively (Mills and Massey, 1998, see discussion). The low
rod junctional conductance we measured here under bright day-
light is in agreement with the minimal tracer coupling between
mouse photoreceptors measured under similar lighting condi-
tions we previously reported (Li et al., 2013). Similarly, higher
estimates of the rod junctional conductance in the dark are in
agreement with more extensive tracer coupling between photo-
receptors observed in the dark in both C57BL/6 (Li et al., 2013)
and CBA/Ca (Ribelayga et al., 2008) mice. Finally, under circa-
dian conditions, the presence of a subjective day/subjective night
difference in the rod junctional conductance in CBA/Ca mice and
its absence in C57BL/6 are both consistent with the presence of a
rhythm in photoreceptor tracer coupling in CBA/Ca (Ribelayga
et al., 2008) and its absence in C57BL/6 (Li et al., 2013). Quanti-
tative comparison of the subjective day/subjective night (SD/SN)
ratio of the rod junctional conductance to that of the length con-
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stant of the receptive field of single rods (A) is appropriate be-
cause both are a function of the membrane resistance and gap
junctional conductance. We reported that in CBA/Ca mice, A is
~5 um during SD and ~14 um during SN (Jin et al., 2015). The
length constant can be expressed as follows: A = \/(Rm/Rs),
where Rm is the membrane resistance and Rs is the sheet/cou-
pling resistance. Therefore, the ratio Agy/Asp = V[ (Rmgy/Rsgy)/
(Rmgp/Rsgp)]. Assuming that Rm is not significantly different
between SD and SN, we can write Agn/Asp = V/[Gsn/Gsp ), with
G = junctional conductance = 1/R. From Jin et al. (2015), Agy/
Agp = 14/5 = 2.8. From the values we report here, Gg\/Ggp, =
493/98 = 5.0, and thus 1/5.0 = 2.3. Thus, our estimate of the
amplitude of the subjective day/subjective night difference in rod
junctional conductance in CBA/Ca mice compares well with the
predicted value derived from the measurements of the receptive
field size of single rods we previously published (Jin et al., 2015).

The gap junction forming connexin 36 (Cx36) represents the
anatomical substrate for electrical coupling between mammalian
photoreceptors, although it is still disputed whether Cx36 is
expressed in rods (Bloomfield and Volgyi, 2009; O’Brien et al.,
2012). A strong, positive correlation between Cx36 phosphoryla-
tion and photoreceptor coupling has been demonstrated in
mouse retina: high phosphorylation indicates strong gap junc-
tion coupling whereas a dephosphorylated state reflects low cou-
pling (Lietal., 2013). The changes in rod junctional conductance
with light adaptation and time of day we report here are globally
in agreement with previously published data on the phosphory-
lation state of Cx36 in mouse photoreceptors. Indeed, Cx36 has
been shown to be highly phosphorylated in the dark and poorly
phosphorylated in light in photoreceptors in both C57BL/6 (Li et
al., 2013) and CBA/Ca (Zhang et al., 2015) strains. In addition, a
circadian component in Cx36 phosphorylation in photorecep-
tors was evident in CBA/Ca mice (Zhang et al., 2015) but absent
or of low amplitude in C57BL/6 mice (Li et al., 2013). Thus, the
changes in rod junctional conductance between the different en-
vironmental conditions we report here compare well with the
prediction from earlier studies.

Although both C57BL/6 and CBA/Ca strains exhibit many
robust circadian rhythms such as that of wheel-running activity,
the two strains differ in their proficiency to generate circadian
rhythms of melatonin (Kasahara et al., 2010; McMahon et al.,
2014). Indeed, mutations in the last two enzymes of the melato-
nin synthesis pathway prevent C57BL/6 mice from increasing
melatonin production at night (Kasahara et al., 2010). The ab-
sence of a rhythm of melatonin in the retina in turn prevents the
occurrence of a circadian rhythm of extracellular dopamine (Mc-
Mahon et al., 2014), which is a key regulator of photoreceptor
coupling (Ribelayga et al., 2008; Li et al., 2013; Jin et al., 2015).
The presence of a circadian component in the rod junctional
conductance in the CBA/Ca strain and its absence in the C57BL/6
strain we report here are consistent with a key role for the mela-
tonin/dopamine clock pathway in the control of photoreceptor
coupling. The results are also consistent with the absence of an
intrinsic circadian clock in the rods (Liu et al., 2012; McMahon et
al., 2014) that would directly control rod function and further
support the importance of neuromodulator rhythms in the con-
trol of rod coupling.

In conclusion, our results represent the first formal demon-
stration, to our knowledge, that electrical coupling between pho-
toreceptors is regulated on a daily basis. Dysfunction in gap
junctional communication or circadian signaling has been asso-
ciated with photoreceptor degeneration (Ripps, 2002; Akopian et
al., 2014; McMahon et al., 2014). Estimates of the rod junctional
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conductance will offer a means to further investigate and model
photoreceptor interactions in healthy and diseased retinas. Elec-
trical interactions between rods may have to be taken into con-
siderations when designing photoreceptor or retinal implants.
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