
Vol.:(0123456789)1 3

Cellular and Molecular Neurobiology (2021) 41:229–245 
https://doi.org/10.1007/s10571-020-00845-y

ORIGINAL RESEARCH

Differential Contribution of Gap Junctions to the Membrane  
Properties of ON‑ and OFF‑Bipolar Cells of the Rat Retina

Rémi Fournel1   · Espen Hartveit1   · Margaret Lin Veruki1 

Received: 15 January 2020 / Accepted: 8 April 2020 / Published online: 22 April 2020 
© The Author(s) 2020

Abstract
Gap junctions are ubiquitous within the retina, but in general, it remains to be determined whether gap junction coupling 
between specific cell types is sufficiently strong to mediate functionally relevant coupling via electrical synapses. From ultra-
structural, tracer coupling and immunolabeling studies, there is clear evidence for gap junctions between cone bipolar cells, 
but it is not known if these gap junctions function as electrical synapses. Here, using whole-cell voltage-clamp recording in 
rat (male and female) retinal slices, we investigated whether the gap junctions of bipolar cells make a measurable contribution 
to the membrane properties of these cells. We measured the input resistance (RN) of bipolar cells before and after applying 
meclofenamic acid (MFA) to block gap junctions. In the presence of MFA, RN of ON-cone bipolar cells displayed a clear 
increase, paralleled by block of the electrical coupling between these cells and AII amacrine cells in recordings of coupled 
cell pairs. For OFF-cone and rod bipolar cells, RN did not increase in the presence of MFA. The results for rod bipolar cells 
are consistent with the lack of gap junctions in these cells. However, for OFF-cone bipolar cells, our results suggest that 
the morphologically identified gap junctions between these cells do not support a junctional conductance that is sufficient 
to mediate effective electrical coupling. Instead, these junctions might play a role in chemical and/or metabolic coupling 
between subcellular compartments.
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Introduction

Gap junctions are seemingly ubiquitous components of 
neural circuits throughout the vertebrate retina (reviewed 
by Völgyi et al. 2013). As such, the retina has long been a 
model system for studying how gap junctions mediate elec-
trical coupling and how they play an important role in sign-
aling, plasticity, and neurodegeneration (reviewed by Tren-
holm and Awatramani 2017; O’Brien and Bloomfield 2018). 
For a few of these gap junctions, a clear physiological role 
in the processing of visual signals has been identified. For 
example, homologous coupling between cone photorecep-
tors (DeVries et al. 2002) and rod photoreceptors (Li et al. 
2012) enhance the signal-to-noise ratio, and heterologous 

gap junctions between AII amacrine and ON-cone bipolar 
cells are thought to mediate signal transfer between ON- and 
OFF-pathways under both scotopic (reviewed by Bloom-
field and Dacheux 2001) and photopic conditions (Manookin 
et al. 2008; Münch et al. 2009; Kuo et al. 2016). However, 
a clear functional role for most gap junctions in the retina 
remains to be determined.

A particularly interesting case of retinal gap junctions 
for which there is strong morphological evidence, but virtu-
ally no information regarding a putative functional role, are 
the gap junctions between different types of cone bipolar 
cells. There are roughly 10–12 types of cone bipolar cells 
in mammalian retina and as many as 20 different types in 
non-mammalian retina. These types are generally divided 
into ON-types that depolarize at light onset and OFF-types 
that depolarize at light offset (reviewed by Euler et al. 2014). 
Ultrastructural studies in teleost and mammalian retina have 
found evidence for gap junctions between dendrites of both 
OFF- and ON-cone bipolar cells (Raviola and Gilula 1975; 
Umino et al. 1994), between axon terminals of OFF-cone 
bipolar cells (Kolb 1979; Marc et al. 1988; Jacoby and 
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Marshak 2000; Tsukamoto and Omi 2015), and between 
axon terminals of ON-cone bipolar cells (Cohen and Sterling 
1990; Tsukamoto and Omi 2017). These electron-micro-
scopic studies are supported by light-microscopic studies 
of immunolabelling for connexin 36 (Cx36) and connexin 
45 (Cx45). Cx36 has been found at the dendrites of OFF-
cone bipolar cells (mouse: Feigenspan et al. 2004; macaque: 
O’Brien et al. 2012; human: Kántor et al. 2016; Kántor et al. 
2017) and at the axon terminals of ON-cone bipolar cells 
(mouse: Han and Massey 2005; Lin et al. 2005; Dedek et al. 
2006). In mouse, Cx45 has been found at both the dendrites 
and axon terminals of OFF-cone bipolar cells (Lin et al. 
2005; Hilgen et al. 2011) and the axon terminals of ON-
cone bipolar cells (Dedek et al. 2006). These ultrastructural 
and immunolabeling studies are complemented by evidence 
for tracer coupling between OFF-cone bipolar cells in rabbit 
retina (Mills 1999) and between both ON- and OFF-cone 
bipolar cells in tiger salamander retina (Zhang and Wu 
2009). In addition, both tracer coupling and electrical cou-
pling (using dual patch-clamp recording) has been observed 
between Mb1 bipolar cells in goldfish retina (Arai et al. 
2010). Finally, electrical coupling between adjacent bipo-
lar cells was observed with paired intracellular recordings 
in carp retina (Kujiraoka and Saito 1986). Taken together, 
there is substantial evidence that both ON- and OFF-cone 
bipolar cells make gap junction contacts with other cells of 
the same class, and that this is a common circuit motif in 
the vertebrate retina. In contrast, there are no reports of gap 
junctions between rod bipolar cells (e.g., Strettoi et al. 1990).

The different types of bipolar cells are thought to form 
parallel channels encoding distinct stimulus properties such 
as contrast, chromatic features, and temporal properties 
(reviewed by Euler et al. 2014), and it is not at all clear how 
gap junctions between bipolar cells are consistent with this 
view. Thus, the question arises as to whether all morphologi-
cally identified gap junctions correspond physiologically to 
electrical synapses. Arguably, the most direct approach to 
answer this question would be to perform dual recordings 
from pairs of visually identified cone bipolar cells, ideally in 
genetically modified animals with fluorescently labeled cells 
that could be targeted for recording. Even when such animals 
become available, the electrical coupling between ON-cone 
bipolar cells and AII amacrine cells (Veruki and Hartveit 
2002b) could confound measurements for ON-cone bipo-
lar cells, limiting the approach to OFF-cone bipolar cells. 
An alternative approach, that we present here, is to perform 
electrophysiological recording from single neurons and 
examine if pharmacological block of gap junction-mediated 
electrical coupling increases the input resistance (RN) of the 
cells (cf. Alcamí and Pereda 2019). For both AII amacrine 
cells (Veruki et al. 2010) and A17 amacrine cells (Elgueta 
et al. 2018), the gap junction blocker meclofenamic acid 
(MFA) evokes an increase of RN, fully consistent with the 

simultaneously observed block of junctional conductance 
(in paired recordings from electrically coupled cells) and the 
evidence for homologous coupling between AII (Kolb and 
Famiglietti 1974; Vaney 1991; Strettoi et al. 1992; Veruki 
and Hartveit 2002a) and A17 amacrines (Li et al. 2002; 
Grimes et al. 2014; Elgueta et al. 2018). Similar observa-
tions have also been made for Golgi cell interneurons in the 
cerebellar cortex (Szoboszlay et al. 2016). Thus, if MFA 
evokes a similar increase of RN for other neurons with mor-
phological evidence for gap junctions, it is reasonable to 
assume that the increase of RN corresponds to a reduction 
of the junctional conductance between electrically coupled 
cells. Here we investigated the effect of MFA on the RN of 
bipolar cells in the rat retina. For ON-cone bipolar cells, 
RN displayed a clear increase, as expected for cells with 
gap junction-mediated electrical coupling. For rod bipolar 
cells, RN did not increase in the presence of MFA, consist-
ent with their lack of gap junctions. Surprisingly, given the 
substantial morphological evidence for the presence of gap 
junctions between OFF-cone bipolar cells, RN for these cells 
did not increase following application of MFA. Our results 
suggest that the gap junctions between OFF-cone bipolar 
cells do not support consequential electrical coupling.

Materials and Methods

Retinal Slice Preparation

General aspects of the methods have previously been 
described in detail (Hartveit 1996). The use of animals in this 
study was carried out under the approval of and in accord-
ance with the regulations of the Animal Laboratory Facil-
ity at the Faculty of Medicine at the University of Bergen 
(accredited by AAALAC International). Male and female 
albino rats (Wistar HanTac, bred in-house or purchased 
from Taconic Bioscience, Denmark; 4–7 weeks postnatal) 
had ad libitum access to food and water and were kept on a 
12/12 light/dark cycle. Animals were deeply anaesthetized 
with isoflurane (IsoFlo vet 100%; Abbott Laboratories) in 
100% O2 and killed by cervical dislocation. After removing 
the eyes and dissecting out the retinas, retinal slices were cut 
by hand with a curved scalpel blade at a thickness of ~ 100 
to ~ 150 µm. In some experiments, the slices were visualized 
with a conventional, upright microscope (BX51WI; Olym-
pus) with a × 60 (0.9 NA) or × 40 (0.8 NA) water immersion 
objective (Olympus). Infrared (IR) video microscopy was 
performed with an IR-sensitive analog CCD camera (VX55; 
TILL Photonics) and either differential interference contrast 
(IR-DIC) or Dodt gradient contrast (IR-DGC; Luigs & Neu-
mann) for contrast enhancement. In other experiments, the 
slices were visualized using a custom-modified "Movable 
Objective Microscope" (MOM; Sutter Instrument) with a 
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× 20 water immersion objective (XLUMPLFL; 0.95 NA; 
Olympus) and IR-DGC videomicroscopy. The cell bodies 
of the recorded cells were generally located 15–30 µm below 
the surface of the slice. Electrophysiological recording and 
imaging were carried out at room temperature (22–25 °C). 
Anesthesia, dissection, and preparation of slices were done 
under normal room illumination. During recording at con-
ventional upright microscopes, the room lights were dimmed 
moderately for the purpose of observing monitor displays 
better. During recording at the MOM for multiphoton excita-
tion (MPE) microscopy, the room lights were dimmed and 
the preparation was located in a cage covered by black cloth. 
Taken together, we consider the slices to be light adapted (cf. 
Veruki and Hartveit 2002b).

Solutions and Drugs

The extracellular perfusing solution was continuously bub-
bled with 95% O2–5% CO2 and had the following composi-
tion (in mM): 125 NaCl, 25 NaHCO3, 2.5 KCl, 2.5 CaCl2, 
1 MgCl2, 10 glucose, pH 7.4 (osmolarity ~ 300 mOsm). For 
single recordings of bipolar cells, the recording pipettes 
were filled with (in mM): 125 K-gluconate, 5 KCl, 8 NaCl, 
10 Hepes, 0.2 EGTA, 4 MgATP, 0.4 Na3GTP (pH adjusted 
to 7.3 with KOH). For visualization of the cells by fluo-
rescence microscopy after the recording, the pipette solu-
tion contained Alexa Fluor 594 (40 or 60 µM). All Alexa 
Fluor dyes were used as hydrazide sodium salts (Invitrogen/
Thermo Fisher Scientific). In experiments with simultane-
ous dual recording from electrically coupled cells using 
low-resistance recording pipettes and conventional patch-
clamp amplifiers (see below), the pipettes for AII amacrine 
cells were filled with (in mM): 125 K-gluconate, 8 NaCl, 10 
Hepes, 1 CaCl2, 5 EGTA, 4 MgATP, 2N-(2,6-dimethylphe-
nylcarbamoylmethyl)triethylammonium bromide (QX-314), 
0.1 Alexa Fluor 488 (pH adjusted to 7.3 with KOH), and the 
pipettes for bipolar cells were filled with (in mM): 130 KCl, 
8 NaCl, 10 Hepes, 1 CaCl2, 5 EGTA, 4 MgATP, 0.04 Alexa 
Fluor 594 (pH adjusted to 7.3 with KOH). In similar experi-
ments using higher-resistance pipettes and switch-clamp 
amplifiers, the pipettes for both AII amacrine and bipolar 
cells were filled with (in mM): 125 K-gluconate, 5 KCl, 8 
NaCl, 10 Hepes, 0.2 EGTA, 4 MgATP (pH adjusted to 7.3 
with KOH). For visualization by fluorescence microscopy, 
this pipette solution contained Lucifer yellow (1 mg/ml).

The theoretical liquid junction potential (the potential of 
the extracellular solution relative to that of the intracellular 
solution) was calculated with the software program JPCalcW 
(Molecular Devices, Sunnyvale, CA, USA) and in record-
ings with conventional patch-clamp amplifiers (see below), 
all membrane holding potentials (Vhold) were automatically 
corrected for the liquid junction potential on-line by the 
data acquisition software (Patchmaster; HEKA Elektronik, 

Lambrecht/Pfalz, Germany). For other recordings, we cor-
rected the membrane holding potentials for the liquid junc-
tion potential during off-line analysis.

Drugs were added directly to the extracellular solution 
used to perfuse the slices. The concentrations of drugs 
were as follows (µM; supplier Tocris Bioscience, Bristol, 
UK; unless otherwise noted): 10 bicuculline methochlo-
ride, 1 strychnine (Research Biochemicals Inc., Natick, 
MA, USA), 10 6-cyano-7-nitroquinoxaline-2,3-dione 
(CNQX), 50 (1,2,5,6-tetrahydropyridin-4-yl)methylphos-
phinic acid (TPMPA), 0.3 or 1 tetrodotoxin (TTX), 50 
4-ethylphenylamino-1,2-dimethyl-6-methylaminopyrimi-
dinium chloride (ZD7288), and 20 (RS)-3-(2-carboxyp-
iperazin-4-yl)-propyl-1-phosphonic acid (CPP). To block 
electrical coupling via gap junctions, we added 100 µM 
2-[(2,6-dichloro-3-methylphenyl)amino]benzoic acid 
sodium salt (MFA; Sigma-Aldrich) to the extracellular 
solution (Veruki and Hartveit 2009). Solutions were either 
made up freshly for each experiment or were prepared from 
concentrated aliquots stored at − 20 °C.

Electrophysiological Recording and Data Acquisition

Patch pipettes were pulled from thick-walled borosilicate 
glass (outer diameter, 1.5 mm; inner diameter, 0.86 mm; 
Sutter Instrument, Novato, CA, USA). In all single-cell 
recordings, the pipettes were coated with Parafilm (Ameri-
can National Can; Greenwich, CT, USA) to reduce their 
effective capacitance.

For electrophysiological recording, we used the whole-
cell configuration of the patch-clamp technique, either 
with conventional patch-clamp amplifiers (continuous 
single-electrode voltage-clamp; CSEVC; EPC10-triple or 
EPC10-USB-dual; HEKA Elektronik) or with discontinuous 
(switched) single-electrode voltage-clamp (DSEVC) ampli-
fiers (SEC-05LX-BF; npi Electronic, Tamm, Germany). All 
single-cell recordings were performed with CSEVC amplifi-
ers. Dual, simultaneous recordings between electrically cou-
pled cells were either performed with a CSEVC amplifier or 
with two DSEVC amplifiers. All amplifiers were controlled 
by Patchmaster software (HEKA Elektronik).

For recordings with CSEVC amplifiers, we used lower-
resistance pipettes where the open-tip resistance ranged from 
~ 7 to ~ 10 MΩ when filled with intracellular solution. After 
establishing a GΩ-seal, currents caused by the recording 
electrode capacitance were automatically measured and 
neutralized by the amplifier (Cfast function of Patchmaster 
software). After breaking into the cell, currents caused by 
the cell membrane capacitance were partially neutralized 
by the amplifier (Cslow function of Patchmaster software). 
Signals were low-pass filtered (analog 3- and 4-pole Bes-
sel filters in series) with a corner frequency (− 3 dB) at 
1/5 of the inverse of the sampling interval (typically 50 µs). 
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Simultaneous, dual recordings of electrically coupled cell 
pairs with CSEVC amplifiers were performed as described 
for single cells, but when we recorded currents to estimate 
a cell’s membrane capacitance, the voltage-clamp stimuli 
were sent simultaneously to both amplifiers to eliminate 
junctional currents between the two cells. Dual recordings 
with DSEVC amplifiers were performed as described in ear-
lier studies from our laboratory (Veruki and Hartveit 2009; 
Veruki et al. 2010).

Whole-cell voltage-clamp recording with CSEVC ampli-
fiers was used to sample current responses used during 
offline analysis to estimate Rs and RN. For sampling capaci-
tative current transients, the Cslow capacitance neutralization 
circuitry was disabled and the time constant of the internal 
stimulus filter was set to 2 µs. The sampling interval was 
set to 10 µs and before sampling, signals were low-pass fil-
tered (analog 3-pole Bessel filter) with a corner frequency 
(− 3 dB) of 30 kHz. Current responses were evoked by 
20 ms long voltage pulses of alternating amplitudes of ± 5 
or − 10 mV from the holding potential of − 60 mV. Groups 
of 100 responses were acquired at intervals of 100 ms and 
averaged online. When we sampled other current responses, 
the Cslow capacitance neutralization circuitry was re-enabled 
and the time constant of the internal stimulus filter was set 
to 20 µs.

Image Acquisition for MPE Microscopy 
and Wide‑Field Fluorescence Microscopy

For MPE microscopy, fluorescence from neurons filled 
with Alexa 594 was imaged with the MOM equipped with a 
mode-locked Ti:sapphire laser (Mai Tai DeepSee; Spectra-
Physics) tuned to 810 nm (for additional details, see Zandt 
et al. 2017). An image stack was acquired as a series of opti-
cal sections (1024 × 1024 pixels) with XY pixel size ~ 70 to 
~ 80 nm (depending on the magnitude of the digital zoom 
factor) and collected at a focal plane interval of 0.4 µm. For 
each image stack, we acquired two channels and at each 
focal plane two images were averaged on-line. The first 
channel sampled the fluorescence light as described above. 
The second channel was used for IR laser scanning gradient 
contrast imaging (IR-LSGC; Yasuda et al. 2004) and sam-
pled the forward-scattered IR laser light after it passed the 
substage condensor and a Dodt gradient contrast tube (Luigs 
& Neumann). MPE microscopy and image acquisition were 
controlled by ScanImage software (version 3.8.1; Pologruto 
et al. 2003) running under Matlab (The Mathworks).

In the experiments with dual recording of electrically 
coupled cells using CSEVC amplifiers, we used wide-field 
fluorescence microscopy to acquire image stacks of the cells 
filled with Alexa 594 via the patch pipette (TILLvisION 
system with a Polychrome V light source and an Imago 
QE cooled CCD camera; TILL Photonics; for a detailed 

description, see Castilho et al. 2015). Deconvolution of Z 
stacks acquired by MPE or wide-field fluorescence micros-
copy for morphology and generation of maximum inten-
sity projections was performed as described in Zandt et al. 
(2017).

Data Analysis and Presentation

To estimate the steady-state Gj between two electrically cou-
pled cells, we used current responses obtained with dual 
voltage-clamp recording. For the calculations, we assumed 
an equivalent-circuit model (see, e.g., Veruki et al. 2010). 
For the dual recordings with DSEVC amplifiers, we assumed 
that Rs was effectively zero. For this case, the junction cur-
rent (Ij) corresponds to the current evoked in the postsynap-
tic cell when the presynaptic cell is stepped from Vhold and 
Gj can be calculated directly from Ohm’s law (Veruki et al. 
2010; for a detailed analysis, see Hartveit and Veruki 2010) 
according to Eq. (1) for voltage pulses applied to cell a of 
a pair and according to Eq. (2) for voltage pulses applied to 
cell b of a pair

where Ia is Ij measured in cell a, Ib is Ij measured in cell b, 
and Va and Vb are the voltages of cell a and cell b, respec-
tively. Each measurement of Gj was obtained by plotting Ij 
versus the junction voltage (Vj) for a series of different volt-
age pulses and by calculating Gj as the slope of a straight 
line fitted to the Ij–Vj relationship. For a given cell pair, Gj 
was calculated as the average of the Gj values obtained for 
both directions of coupling.

For the dual voltage-clamp recordings, the (apparent) 
membrane resistance was estimated according to Eq. (3) 
when stepping cell a (rm1)

and according to Eq. (4) when stepping cell b (rm2)

We use the term apparent for the membrane resistance 
estimated from Eqs. (3) and (4) because it only eliminates 
the contribution from the Gj between the two cells of a pair, 
but not that from Gj between each cell and the other cells 
to which they are coupled. Each measurement of rm was 
obtained by plotting the voltage versus the current and by 

(1)Gj =
−Ib

Va − Vb

(2)Gj =
−Ia

Vb − Va

(3)rm1 =
Va − Vb

Ia + Ib

(4)rm2 =
Vb − Va

Ia + Ib
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calculating rm as the slope of a straight line fitted to the V–I 
relationship.

In dual recordings of electrically coupled cells, the input 
resistance (RN) of either cell cannot be estimated directly 
when both cells are recorded in voltage clamp. Instead, RN 
was obtained indirectly by calculating it from the apparent 
membrane resistances (rm1, rm2) and Gj according to Eq. (5) 
for cell a (RN1) and Eq. (6) for cell b (RN2)

where rm1 is the apparent membrane resistance of cell a 
(estimated from Eq. (3)), rm2 is the apparent membrane 
resistance of cell b (estimated from Eq. (4)), and Rj is the 
inverse of the junctional conductance Gj (estimated from 
Eqs. (1) and (2)).

For whole-cell, voltage-clamp recordings of single bipo-
lar cells, RN was estimated from the resistive (steady-state) 
current responses evoked by 20 ms voltage pulses (− 5 
or − 10 mV amplitude) by dividing the nominal voltage 
pulse amplitude by the baseline-subtracted current response 
amplitude (averaged over a 4 ms interval from 15 to 19 ms 
after onset of the voltage pulse). Each current response used 
for this measurement was obtained by averaging 100 indi-
vidual responses evoked by consecutive voltage pulses (− 5 
or − 10 mV). The same current responses were also used 
for off-line calculation of Ihold and Rs. Ihold was calculated 
by averaging the baseline current over a 4.5 ms interval 
preceding onset of the voltage pulse. Rs was estimated by 
fitting the decay phase during the voltage pulse with a dou-
ble exponential function and dividing the amplitude of the 
voltage pulse by the peak current amplitude extrapolated to 
the onset of the voltage pulse. When examining the effect 
of MFA on RN and Ihold, we averaged the results for seven 
data points (obtained over a 3 min period), both during the 
control period and after application of MFA. The average 
Ihold prior to application of MFA was − 5.8 ± 10.0 pA (range 
− 34 to 21 pA). Following exposure to MFA, the average 
Ihold was − 7.3 ± 7.2 pA (range − 34 to 4.2 pA) and the aver-
age absolute change in Ihold was 5.4 pA (range 0.03 to 31 
pA; n = 32 cells).

Data were analyzed off-line with Fitmaster (HEKA  
Elektronik), IGOR Pro (WaveMetrics), Excel, and GraphPad 
Prism (GraphPad Software). Experimental data are pre-
sented as means ± S.D. (n = number of cells). The number 
of individual traces included in the averaged current traces 
in the figures are stated for each case. Statistical analyses 
with comparisons between or within groups were performed 

(5)1

RN1

=
1

rm1

+
1

Rj + rm2

or RN1 =

rm1

(

rm2 + Rj

)

rm1 + rm2 + Rj

(6)1

RN2

=
1

rm2

+
1

Rj + rm1

or RN2 =

rm2

(

rm1 + Rj

)

rm1 + rm2 + Rj

using Student’s two-tailed t test (paired or unpaired as appro-
priate) or one-way ANOVA, as indicated in the text. Differ-
ences were considered statistically significant at the P < 0.05 
level. For illustration purposes, most raw data records were 
either low-pass filtered (digital non-lagging Gaussian filter; 
− 3 dB at 0.5–1 kHz) or smoothed by a binomial smooth-
ing function (IGOR Pro) to emphasize the kinetics of the 
response.

Results

Properties of Electrical Coupling Between ON‑Cone 
Bipolar and AII Amacrine Cells

In the mammalian retina, there is strong evidence for elec-
trical coupling between ON-cone bipolar cells and AII 
amacrine cells (Veruki and Hartveit 2002b; Massey et al. 
2003; Trexler et al. 2005). We took advantage of this to 
examine how MFA influences the membrane properties of 
cells with verified electrical coupling. The most direct way 
to demonstrate and quantify functional electrical coupling 
is by simultaneous, dual recording from visually targeted 
cells in the in vitro retina. AII amacrine cells can be visually 
targeted for recording according to the size and location of 
the cell body in the proximal part of the inner nuclear layer 
and the thick apical dendrite that tapers as it descends into 
the inner plexiform layer (Fig. 1a, b). In contrast, ON-cone 
bipolar cells cannot be directly targeted, but their cell bodies 
tend to be located distally in the inner nuclear layer, proxi-
mal to the majority of rod bipolar cell bodies in the most 
distal part, close to the outer plexiform layer (Fig. 1a, c). To 
increase the likelihood of recording from electrically cou-
pled pairs of AII amacrine cells and ON-cone bipolar cells, 
we first targeted an AII amacrine cell and then searched for 
a presumed ON-cone bipolar cell body as close as possible 
to a vertical line across the inner nuclear layer that passed 
through the AII cell body. All cells were filled with fluores-
cent dyes and the complete morphologies were visualized 
during (MPE microscopy) or after (wide-field fluorescence 
microscopy) the electrophysiological recording.

An example of an AII amacrine cell and an ON-cone 
bipolar cell that were electrically coupled can be seen 
in Fig. 1. In this example, a total of three cells (one AII 
amacrine and two cone bipolar cells) were targeted and 
recorded (Fig.  1a). Fluorescence imaging of the AII 
amacrine displayed the typical bistratified morphology with 
arboreal and lobular dendrites in the proximal and distal 
parts of the inner plexiform layer, respectively (Fig. 1b). The 
two cone bipolar cells, filled with a different dye than the 
AII, were visualized separately (Fig. 1c). The bipolar cells 
could be identified as specific cell types based on the strati-
fication and shape of their axon terminals within the inner 
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plexiform layer (Euler and Wässle 1995; Hartveit 1997). Of 
the two bipolar cells, one was a type 6 ON-cone bipolar 
(Fig. 1c, right), and the other was a type 3 OFF-cone bipolar 
cell (Fig. 1c, left). The OFF-cone bipolar cell was leaky and 
only weakly connected through a chemical synapse to the 

AII, and as it is not relevant to the results presented here, it 
will not be further commented on.

In such a paired recording of an AII amacrine and an 
ON-cone bipolar cell, with both cells recorded in whole-cell 
voltage clamp, electrical coupling is immediately apparent 

A

D E

B C

Fig. 1   Physiological evidence for gap junction coupling between 
AII amacrine cells and ON-cone bipolar cells in rat retinal slices. a 
Infrared differential interference contrast (IR-DIC) videomicrograph 
of a retinal slice with whole-cell recording pipettes attached to an 
AII amacrine cell (black arrow; cell body visible at border between 
the inner nuclear layer and the inner plexiform layer) and two cone 
bipolar cells (cell bodies located in the inner nuclear layer; red arrow 
points to ON-cone bipolar cell). Same cells in (a–e). Here and later, 
retinal layers indicated by black (or white) horizontal lines: OPL  
outer plexiform layer, INL inner nuclear layer, IPL inner plexiform 
layer, GCL ganglion cell layer. b AII amacrine cell filled with Alexa 
488 via patch pipette. Here, and in (c), maximum intensity projec-
tion (MIP; along Z axis) generated from wide-field fluorescence stack 
after deconvolution. c OFF-cone bipolar cell (left; type 3) and ON-
cone bipolar cell (right, red arrow; type 6) filled with Alexa 594 via 
patch pipettes. d, e Simultaneous, dual recording of AII amacrine 
cell and ON-cone bipolar cell electrically coupled to each other. d 
With both cells in voltage clamp (Vhold = − 60 mV), 100-ms depolar-

izing voltage pulses (from Vhold to −  30  mV) were applied sequen-
tially to AII amacrine cell (VAII) and ON-cone bipolar cell (VON-CBC). 
Depolarization of AII amacrine cell resulted in outward current in 
AII (lower black trace) and inward current in ON-cone bipolar cell 
(lower red trace). Depolarization of ON-cone bipolar cell resulted in 
outward current in ON-cone bipolar cell (lower red trace) and inward 
current in AII (lower black trace). e With both cells in voltage clamp 
(Vhold = −  60  mV), 100-ms hyperpolarizing voltage pulses (from 
Vhold to −  90  mV) were applied sequentially to AII amacrine cell 
(VAII) and ON-cone bipolar cell (VON-CBC). Hyperpolarization of AII 
amacrine cell resulted in inward current in AII (lower black trace) and 
outward current in ON-cone bipolar cell (lower red trace). Hyperpo-
larization of ON-cone bipolar cell resulted in inward current in ON-
cone bipolar cell (lower red trace) and outward current in AII (lower 
black trace). Each trace represents a single trial. For this experiment, 
no pharmacological blockers were added to the extracellular solu-
tion, but for the AII amacrine cell, voltage-gated Na+ channels were 
blocked by QX-314 in the pipette solution. Scale bar: 10 µm (a–c)
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when a voltage pulse is applied to either cell. A depolar-
izing voltage pulse (+ 30 mV relative to Vhold = − 60 mV) 
applied to the ON-cone bipolar cell or the AII amacrine cell 
(i.e., the presynaptic cell) evoked an inward current in the 
postsynaptic cell (i.e., the non-stepped cell; Fig. 1d). Corre-
spondingly, a hyperpolarizing voltage pulse (− 30 mV rela-
tive to Vhold = − 60 mV) applied to the ON-cone bipolar cell 
or the AII amacrine cell evoked an outward current in the 
postsynaptic cell (Fig. 1e). For each direction of coupling, 
we estimated Gj as the slope of a straight line fitted to the Ij 
versus Vj relationship. As previously observed in our labo-
ratory (Veruki and Hartveit 2002b), the junctional conduct-
ance was very similar for both directions of coupling and 
we calculated Gj as the average of the conductance values 
measured for each direction. For this cell pair the junctional 
conductance was calculated to be ~ 400 pS.

MFA Blocks Electrical Coupling Between ON‑Cone 
Bipolar and AII Amacrine Cells

Using paired recordings from electrically coupled ON-cone 
bipolar cells and AII amacrine cells, we have previously 
demonstrated that MFA blocks the electrical synapses 
between these cells (Veruki and Hartveit 2009). Here, we 
have re-analyzed data obtained in the previous study to quan-
tify the effect of MFA on input resistance (RN) and apparent 
membrane resistance (rm) and, importantly, to examine how 
the MFA-evoked changes of these parameters develop in 
parallel with the gradual reduction of the junctional conduct-
ance (Gj). This analysis is similar to that previously reported 
from our laboratory for pharmacological uncoupling of AII 
amacrine cells (Veruki et al. 2010). The dual recording par-
adigm provides direct evidence for the block of electrical 
coupling by MFA and predicts that the concomitant changes 
of membrane properties can be expected to occur during 
similar recording from single cells.

In a dual recording of an ON-cone bipolar cell and an 
AII amacrine cell electrically coupled to each other, adding 
MFA (100 µM) to the bath solution completely blocked the 
junctional conductance (Fig. 2a). The onset of block was 
rapid and could essentially be observed as soon as MFA 
reached the recording chamber. However, the blocking 
action of MFA was fairly slow and it typically took ~ 20 to 
30 min before the electrical coupling had been completely 
blocked (Fig. 2a). For the cell pair illustrated in Fig. 2, we 
were able to maintain the recording for almost 3 h and dur-
ing washout of MFA, the electrical coupling partially recov-
ered. Figure 2b illustrates example responses of the two cells 
evoked by the voltage-clamp stimuli at three different time 
points during the recording: in the control condition (a), dur-
ing complete block of coupling by MFA (b), and after partial 
recovery following washout of MFA (c). From a comparison 
of the responses of each cell in the control condition and 

during complete block of electrical coupling, it is apparent 
that the block of coupling by MFA was accompanied by an 
increase of RN for each cell.

To analyze the effect of MFA in more detail, we cal-
culated both rm and RN for each cell for all measurements 
during the recording time illustrated in Fig. 2a. In record-
ings from single cells, all cells electrically coupled to the 
recorded cell would be free to change their membrane 
potential. In the paired recording, however, both cells were 
held in voltage clamp, thus, the postsynaptic cell is not free 
to change its voltage when the membrane potential of the 
presynaptic cell is changed. This complicates the calculation 
of the RN of the stepped cell (see “Materials and Methods” 
section). Figure 2c and d illustrate rm and RN for the ON-
cone bipolar and the AII amacrine cell and how the values 
changed during application of MFA. In the control condi-
tion, rm was higher than RN (Fig. 2c, d). At the point in time 
when electrical coupling was completely blocked by MFA, 
the two values were essentially identical, both for the ON-
cone bipolar and the AII amacrine cell. For the ON-cone 
bipolar cell, RN changed from ~ 0.6 GΩ in control to ~ 2 GΩ 
after complete block of electrical coupling (Fig. 2c). For 
the AII, the corresponding change was from ~ 0.7 GΩ to ~ 5 
GΩ (Fig. 2d). These results suggest that if a retinal neuron is 
electrically coupled to other neurons, with functional proper-
ties of coupling similar to those for ON-cone bipolar cell to 
AII amacrine cell coupling, it should be possible to detect a 
change in RN when the coupling is blocked. The magnitude 
of the change will depend both on the total number of cells 
coupled to the recorded cell and on the junctional conduct-
ances between the cells. In paired recordings between ON-
cone bipolar cells and AII amacrine cells in rat retina, we 
have previously measured an average junctional conductance 
of 1.2  nS (range between 0.1 and 3.3 nS; including types 5, 
6, 7, and 8; Veruki and Hartveit 2002b). To our knowledge, 
however, there is no information concerning the number of 
ON-cone bipolar cells directly coupled to an AII amacrine 
cell in rat retina.

MFA Evokes a Marked Increase of the Input 
Resistance of ON‑Cone Bipolar Cells

We next recorded from single ON-cone bipolar cells in volt-
age clamp (Vhold = − 60 mV) and measured RN by apply-
ing small voltage pulses (− 5 and − 10 mV) relative to 
Vhold. Throughout the recording period, the bath solution 
contained pharmacological blockers of neurotransmitter 
receptors (glutamate, GABA, glycine), voltage-gated Na+ 
channels and Ih (see “Materials and Methods” section). For 
the cell illustrated in Fig. 3a–c (a type 6 cone bipolar cell), 
RN in the control condition was ~ 0.74 GΩ. After ~ 12 min 
recording, we added MFA to the bath and continued the 
recording for another ~ 30 min (Fig. 3c). During this period, 
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there was a gradual increase of RN, with a maximum of ~ 2.0 
GΩ (Fig. 3c). There was a slight reduction of Rs during the 
recording period, but no consistent change in Ihold.

Similar results were observed for a total of 19 ON-cone 
bipolar cells (Fig. 3d). Of these cells, nine were type 5, four 
were type 6, four were type 7, and two were type 8. For all 
but one cell (a type 6), application of MFA evoked a marked 
increase of RN relative to the value obtained for the control 
condition (with pharmacological blockers). In control, the 
average value of RN was 1.37 ± 0.68 GΩ (range 0.52–2.85 
GΩ) and in MFA, the average value of RN was 2.79 ± 0.86 
GΩ (range 1.89–4.88 GΩ; P = 3.8 × 10–7, paired t test; n = 19 
cells; Fig. 3d).

MFA Does Not Increase the Input Resistance 
of OFF‑Cone Bipolar Cells

Similar to the experiments with ON-cone bipolar cells, we also 
recorded from single OFF-cone bipolar cells in voltage clamp 
(Vhold = − 60 mV) and repeatedly measured RN by applying 
small voltage pulses (− 5 and − 10 mV) relative to Vhold. For 
the cell illustrated in Fig. 4a–c (a type 3 cone bipolar cell), RN 
in the control condition was ~ 2.5 GΩ. For comparison, we 
have also illustrated Rs and Ihold in the same graph (Fig. 4c). 
After 15 min of recording, we added MFA to the bath and 
continued recording for another 30 min (Fig. 4c). During this 
period, there was only a small, gradual reduction of RN to ~ 2.2 
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GΩ by the end of the recording period (Fig. 4c). There were 
only minimal changes in the values for Rs and Ihold (Fig. 4c).

Similar results were observed for a total of eight OFF-
cone bipolar cells (Fig. 4d). Of these cells, two were type 
2, three were type 3, and three were type 4. In the control 
condition (with pharmacological blockers), the average 
value of RN was 2.63 ± 0.95 GΩ (range 1.05–4.04 GΩ) and 
after applying MFA the average value of RN was 2.47 ± 1.02 
GΩ (range 0.99–3.97 GΩ; P = 0.0605, paired t test; n = 8 
cells; Fig. 4d). It is possible that the small reduction of RN 
observed in the presence of MFA for seven of the cells might 
be caused by an effect of MFA on ion channels other than 
gap junction channels. For example, MFA has been shown 
to inhibit hKv2.1 potassium channels (Lee and Wang 1999), 
open KCNQ2/Q3 potassium channels (Peretz et al. 2005) 
and stimulate BK channel activity (Wu et al. 2001).

MFA Does Not Increase the Input Resistance of Rod 
Bipolar Cells

Gap junctions between rod bipolar cells have not been 
reported (e.g., Strettoi et al. 1990). Consistent with this, in a 

previous study from our laboratory, we never observed any 
evidence for electrical coupling during paired recordings 
between neighboring rod bipolar cells (Veruki et al. 2006). 
To examine the effect of MFA, we recorded from single rod 
bipolar cells in voltage clamp (Vhold = − 60 mV) and meas-
ured RN by applying small voltage pulses (− 5 and − 10 mV) 
relative to Vhold. For the cell illustrated in Fig. 5a–c, the 
input resistance in the control condition was ~ 4.0 GΩ. After 
15 min of recording, we added MFA to the bath and con-
tinued the recording for another ~ 33 min (Fig. 5c). During 
this period, RN was relatively stable, with minor fluctuations 
around 4 GΩ during the period of ~ 20 min when MFA was 
applied (Fig. 5c). There were only moderate changes of Rs 
and Ihold during the recording period. Similar results were 
observed for a total of five rod bipolar cells (Fig. 5d). In con-
trol, the average value of RN was 3.3 ± 1.1 GΩ (range 1.9–4.6 
GΩ) and in MFA, the average value of RN was 3.1 ± 0.9 
GΩ (range 2.1–4.0 GΩ; P = 0.1847, paired t test; n = 5 cells; 
Fig. 5d).

Comparisons Within ON‑ and OFF‑Cone Bipolar Cells 
Reveal No Type‑Specific Effects of MFA

The results so far presented reveal that MFA evoked a 
marked increase of RN for ON-cone bipolar cells, but not 
for OFF-cone and rod bipolar cells. When we compared the 
average values of RN for the different cell types in the control 
condition, we observed little difference between RN for OFF-
cone and rod bipolar cells, but both values were higher than 
RN for ON-cone bipolar cells (Fig. 6a). Notably, the aver-
age RN for ON-cone bipolar cells in MFA was very similar 
to RN for both OFF-cone and rod bipolar cells in control 
(Fig. 6a). A statistical comparison of the values of RN for 
the four groups illustrated in Fig. 6a, confirmed that there 
was no difference between RN for ON-cone bipolars in MFA, 
OFF-cone bipolars in control, and rod bipolars in control, 
whereas RN for ON-cone bipolars in control was significantly 
smaller than RN for the other three groups (P ≥ 0.5055 and 
P ≤ 0.0044, respectively, F(3,47) = 0.6581; one-way ANOVA, 
Tukey’s multiple comparison test, adjusted P values). This 
suggests that with respect to RN, closing gap junction chan-
nels makes ON-cone bipolar cells electrically similar to 
OFF-cone and rod bipolar cells.

We next asked whether there was any evidence for type-
specific effects of MFA on RN that were potentially masked 
in our previous analysis where all types among ON- and 
OFF-cone bipolar cells were grouped together. When we 
compared the different types of ON- and OFF-cone bipolar 
cells (cells in Figs. 3d and 4d, respectively,) in the control 
condition, we found no statistically significant difference 
between the values of RN for the different types of ON-
cone bipolar cells (F(3,15) = 0.4214, P = 0.7403, one-way 
ANOVA) or for the different types of OFF-cone bipolar cells 

Fig. 2   Changes in apparent membrane resistance (apparent rm) 
and input resistance (RN) of ON-cone bipolar and AII amacrine 
cells accompany block of electrical coupling by meclofenamic acid 
(MFA). a Junctional conductance (Gj) as a function of time during 
paired recording of an AII amacrine cell and an ON-cone bipolar 
cell (type 5 or 6) electrically coupled to each other (dual whole-cell 
voltage-clamp recording with DSEVC amplifiers). Gj is calculated as 
the average of the conductance values measured for each direction of 
coupling (with voltage pulses applied to either ON-cone bipolar or 
AII amacrine). MFA was applied in the extracellular solution dur-
ing the period indicated by the shaded area (duration ~ 30 min). The 
lowercase letters a, b, and c indicate time points during control (a), 
in the presence of MFA (b), and after washout of MFA (c), where 
current responses are displayed in (b). Same cell pair in (a–d). Inset 
schematic diagram of recording configuration with resistor between 
the two recorded cells to indicate electrical coupling and dots extend-
ing laterally from resistors attached to each cell to indicate electrical 
coupling to other AII amacrine and ON-cone bipolar cells. b Top: 
voltage protocol with 200-ms voltage pulses (from − 40 to + 10 mV 
relative to Vhold = −  60  mV; increments of 10  mV) applied to the 
cells (VAII, VON-CBC). Bottom a, b, and c: current responses recorded 
from AII amacrine cell (AII) and ON-cone bipolar cell (ON-CBC) 
in response to voltage pulses in the control condition before applica-
tion of MFA (a), after complete block of Gj in the presence of MFA 
(b), and after partial recovery of electrical coupling after washout of 
MFA (c). Notice that the asymmetry of the voltage pulses relative to 
Vhold helps to identify the corresponding current responses in the two 
cells. Current traces are individual responses. Capacitative current 
transients have been truncated for clarity. c, d Apparent rm and RN for 
ON-cone bipolar cell (c) and AII amacrine cell (d) as a function of 
time in the control condition, during application of MFA, and during 
washout of MFA. For both cells, rm and RN increased during applica-
tion of MFA. Throughout the recording period, ionotropic neurotrans-
mitter receptors (non-NMDA glutamate receptors, GABAA receptors, 
glycine receptors), and voltage-gated Na+ channels were blocked by 
drugs added to the extracellular solution (see “Materials and Meth-
ods” section for details)

◂
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Fig. 3   MFA evokes a marked increase of RN of ON-cone bipolar 
cells. a Infrared laser scanning gradient contrast (IR-LSGC) image 
shows recording pipette and retinal slice during whole-cell record-
ing and multiphoton excitation (MPE) microscopy. b ON-cone 
bipolar cell filled with Alexa 594 via patch pipette during whole-
cell recording. MIP (along Z axis) generated from MPE microscopy 
fluorescence image stack after deconvolution. Morphological char-
acteristics and level of stratification of axon terminal in inner plexi-
form layer allow identification of cell as a type 6 ON-cone bipolar 
cell. Same cell in (a–c). c RN, Rs, and voltage-clamp holding current 
(Ihold; Vhold = − 60 mV) obtained in control condition and after addi-
tion of MFA (100 µM) to the extracellular solution to block electri-
cal coupling via gap junctions (period of application indicated by 
the horizontal line at top). Here and in Figs. 4 and 5, the time series 
plots of RN, Rs, and Ihold were obtained by analyzing the current 
responses evoked by repeated application of − 5 and − 10 mV volt-
age pulses (20 ms). Each data point was obtained by analysis of a cur-

rent waveform obtained by averaging 100 consecutive responses (see 
“Materials and Methods” section for details on analysis procedures). 
Throughout the recording period illustrated here (and in Figs. 4 and 
5), ionotropic neurotransmitter receptors (non-NMDA and NMDA 
glutamate receptors, GABAA and GABAC receptors, glycine recep-
tors), voltage-gated Na+ channels, and Ih were blocked by drugs 
added to the extracellular solution (see “Materials and Methods” sec-
tion for details). Notice marked increase of RN following application 
of MFA (with smaller changes in Rs and Ihold). d RN in the control 
condition and in the presence of MFA (100 µM) for ON-cone bipolar 
cells (n = 19 cells) investigated as in (c). Here and later, bars represent 
mean ± SD, data points for the same cell are connected by lines, and 
the results from statistical comparisons between averages are indi-
cated by n.s. (no significant difference; P > 0.05) or a single asterisk 
(statistically significant difference; P ≤ 0.05). Notice that the majority 
of ON-cone bipolar cells display a marked increase of RN in the pres-
ence of MFA. Scale bar: 10 µm (a, b)
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(F(2,5) = 0.8162, P = 0.4935, one-way ANOVA). Accord-
ingly, the relatively large variability of RN in the control con-
dition for both OFF- and ON-cone bipolar cells (Figs. 3d and 
4d) cannot be explained by systematic differences between 
the different types of bipolar cells within each group.

We next compared the effect of MFA on the differ-
ent types of OFF- and ON-cone bipolar cells (Fig. 6b, c). 
Although the group sizes are small, MFA had no statisti-
cally significant effect on RN for any of the three types of 
OFF-cone bipolar cells (Fig. 6b). For ON-cone bipolar cells, 
MFA had the same qualitative effect on all types of cells, 
with clear increases in RN (Fig. 6c). Here, the increase in RN 
was statistically significant for cell types 5 and 7, but not for 
type 8 (where we only had two cells) and type 6 (where one 
of the cells showed a decrease). We were unfortunately not 
successful in obtaining recordings for type 1 (OFF) and type 
9 (ON) cone bipolar cells, both of which are relatively rare 

types (Euler et al. 2014). Taken together, we can summarize 
these results by concluding that we find no evidence for a 
type-specific effect of MFA within either ON- or OFF-cone 
bipolar cells.

Finally, we compared the relative magnitude of the 
gap junctional conductance and the non-gap junctional 
conductance for the different types of ON-cone bipolar 
cells (Fig. 6D). The non-gap junctional conductance was 
estimated as the input conductance (1/RN) after blocking 
gap junctions in the presence of MFA. The gap junctional 
conductance was calculated by subtracting the non-gap 
junctional conductance from the total input conductance 
measured in the control condition. There was no statisti-
cally significant difference between either the gap junctional 
conductance (F(3,15) = 1.008, P = 0.4166, one-way ANOVA) 
or the non-gap junctional conductance for the four cell 
types (F(3,15) = 1.911, P = 0.1712,, one-way ANOVA). This 

Fig. 4   MFA does not increase 
RN of OFF-cone bipolar cells. a 
IR-LSGC image shows record-
ing pipette and retinal slice 
during whole-cell recording and 
MPE microscopy. b OFF-cone 
bipolar cell filled with Alexa 
594 via patch pipette during 
whole-cell recording. MIP 
(along Z axis) generated from 
MPE microscopy fluorescence 
image stack after deconvolution. 
Morphological characteristics 
and level of stratification of 
axon terminal in inner plexiform 
layer allow identification of cell 
as a type 3 OFF-cone bipolar 
cell. Same cell in (a–c). c RN, 
Rs and voltage-clamp Ihold 
(Vhold = − 60 mV) obtained in 
control condition and after addi-
tion of MFA (100 µM) to the 
extracellular solution (period 
of application indicated by the 
horizontal line at top). Notice 
small decrease of RN following 
application of MFA (with little 
change in Rs and Ihold). d RN in 
the control condition and in the 
presence of MFA (100 µM) for 
OFF-cone bipolar cells (n = 8 
cells) investigated as in (c). 
Scale bar: 10 µm (a, b)
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suggests that for the four types of ON-cone bipolar cells 
recorded from here, the contributions of gap junctional and 
non-gap junctional conductance to the total membrane con-
ductance are similar.

Discussion

The function of morphologically identified gap junctions 
between cone bipolar cells is puzzling. As a first step 
towards elucidating potential roles for these gap junctions, 
we investigated whether their presence between bipolar cells 
makes a measurable contribution to the total input resist-
ance of these cells. We measured RN of single bipolar cells 
in a rat retinal slice preparation under control conditions 

and in the presence of MFA, a well-documented pharma-
cological blocker of gap junctions (Pan et al. 2007; Veruki 
and Hartveit 2009). For ON-cone bipolar cells, we observed 
a marked increase of RN in MFA. For OFF-cone bipolar 
cells, however, MFA did not increase RN and these cells 
appeared similar to rod bipolar cells, for which there is no 
morphological evidence for gap junctions. If we accept the 
existing evidence for the presence of gap junctions between 
cone bipolar cells, the simplest interpretation of our results 
is that for OFF-cone bipolar cells, the open probability of 
the corresponding gap junction channels (connexons) is so 
low that blocking the channels has no detectable influence 
on the electrotonic properties of the cells. In the following, 
we discuss our results in the context of the evidence for gap 
junctions between cone bipolar cells.

Fig. 5   MFA does not increase 
RN of rod bipolar cells. a IR-
LSGC image shows recording 
pipette and retinal slice during 
whole-cell recording and MPE 
microscopy. b Rod bipolar 
cell filled with Alexa 594 via 
patch pipette during whole-cell 
recording. MIP (along Z axis) 
generated from MPE micros-
copy fluorescence image stack 
after deconvolution. Morpho-
logical characteristics and level 
of stratification of axon terminal 
in inner plexiform layer allow 
identification of cell as a rod 
bipolar cell. Same cell in (a–c). 
c RN, Rs, and voltage-clamp Ihold 
(Vhold = − 60 mV) obtained in 
control condition and after addi-
tion of MFA (100 µM) to the 
extracellular solution (period of 
application indicated by the hor-
izontal line at top). Notice that 
there is no consistent change 
of RN following application of 
MFA (with smaller changes in 
Rs and Ihold). d RN in the control 
condition and in the presence of 
MFA (100 µM) for rod bipolar 
cells (n = 5 cells) investigated as 
in (c). Scale bar: 10 µm (a, b)
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Evidence for Gap Junctions Involving Cone Bipolar 
Cells

For OFF-cone bipolar cells, there are a number of stud-
ies in a variety of species that strongly suggest the pres-
ence of gap junctions, both between the dendrites (Mills 
1999; Feigenspan et al. 2004; O’Brien et al. 2012; Kántor 
et al. 2016) and the axon terminals (Kolb 1979; Jacoby 
and Marshak 2000; Tsukamoto and Omi 2015, 2017; 
Kántor et al. 2017) of these cells. In addition, there is 
evidence that the gap junctions at the dendrites of OFF-
cone bipolar cells contain Cx36 (Feigenspan et al. 2004; 
O’Brien et al. 2012; Kántor et al. 2016). Heterologous 
gap junctions between adjacent ON-cone bipolars have 
also been reported (Cohen and Sterling 1990; Tsukamoto 
and Omi 2017). In mouse retina, it has been reported that 
the gap junctions between OFF-cone bipolar cells were 
more frequently encountered than those between ON-cone 
bipolar cells (Tsukamoto and Omi 2017). The majority 
of gap junction connections involving ON-cone bipolar 
cells are with AII amacrine cells (Kolb and Famiglietti 
1974; McGuire et al. 1984; Strettoi et al. 1992, 1994; 
Chun et al. 1993). In addition, there is direct evidence 
from dual recordings of pairs of ON-cone bipolar and 
AII amacrine cells that these gap junctions function as 
electrical synapses (Veruki and Hartveit 2002b, 2009). 
There is also morphological evidence that the axon ter-
minals of ON-cone bipolar cells make gap junctions with 
the bistratified, narrow-field A8 amacrine cell (Kolb and 
Nelson 1996; Lee et al. 2015), but as far as we know, 
direct evidence for functional coupling between these cell 
types is lacking.

Why Does MFA Not Increase the Input Resistance 
of OFF‑Cone Bipolar Cells?

Given the strong evidence for gap junctions located at both 
the dendrites and axon terminals of OFF-cone bipolar cells, 
it is surprising that MFA did not increase RN of these cells. 

Fig. 6   Overview of RN and non-gap junctional versus gap junctional 
conductance for different types of OFF- and ON-cone bipolar cells. 
a Comparison of RN for OFF-cone, rod, and ON-cone bipolar cells in 
control condition and ON-cone bipolar cells in the presence of MFA 
(100 µM) to block gap junctions. Notice that RN of ON-cone bipolar 
cells in control is significantly different from the other three groups, 
which are not significantly different from each other (for statistics, see 
“Results” section). Here and in b and c, open bars indicate control 
and gray bars indicate MFA. b RN in control condition and in MFA 
for three different types of OFF-cone bipolar cells. c RN in the con-
trol condition and in the presence of MFA for four different types of 
ON-cone bipolar cells. Notice that except for one type 6 cell, all types 
of ON-cone bipolar cells display a marked increase of RN in the pres-
ence of MFA. d Total input conductance (= 1/RN) and the relation 
between gap junctional conductance and non-gap junctional conduct-
ance for four different types of ON-cone bipolar cells. To illustrate 
the variability of the total input conductance and its two components, 
each cell type is represented with two bars. There was no statistically 
significant difference between either the gap junctional conductance 
or the non-gap junctional conductance for the four cell types (see 
“Results” section)

▸
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Such an increase would be expected if MFA blocked open 
gap junction channels that contributed to the input conduct-
ance of the cells, similar to the results observed here for ON-
cone bipolar cells and the results for AII amacrine cells, A17 
amacrine cells, and Golgi cell interneurons, as discussed 
earlier. There are several possible explanations for the lack 
of effect of MFA which will be discussed below.

First, the possibility has to be considered whether MFA 
is unable to block the channels (connexons) of OFF-cone 
bipolar gap junctions. For several reasons, we consider this 
possibility unlikely. In rabbit retina, MFA blocks dye/tracer 
coupling of both A-type horizontal cells, B-type horizontal 
cells and AII amacrine cells (Pan et al. 2007), all of which 
are thought to express different connexins (Cx50, Cx57 
and Cx36, respectively). In rat retina, MFA blocks electri-
cal coupling between pairs of AII amacrine cells, pairs of 
ON-cone bipolar cells and AII amacrine cells, and pairs of 
A17 amacrine cells (Veruki and Hartveit 2009; Veruki et al. 
2010; Elgueta et al. 2018; Zandt et al. 2018). There is evi-
dence that gap junctions between ON-cone bipolar cells and 
AII amacrine cells are either homomeric, with both neurons 
expressing Cx36, or heteromeric with the AII expressing 
Cx36 and the bipolar cell expressing Cx45 (Maxeiner et al. 
2005; Han and Massey 2005; Lin et al. 2005; Dedek et al. 
2006). Taken together, these results suggest that there is little 
selectivity between different connexins for block by MFA. A 
similar lack of selectivity was also found for the potent block 
of Cx36 and Cx50 by mefloquine (Cruikshank et al. 2004). 
Although it is hard to exclude the possibility that OFF-cone 
bipolar cell gap junctions contain a connexin with little sen-
sitivity to MFA, the existing evidence suggests the pres-
ence of Cx36 and/or Cx45 in bipolar cells (Feigenspan et al. 
2004; Han and Massey 2005; Maxeiner et al. 2005; Lin et al. 
2005) which should be blocked by MFA (Pan et al. 2007; 
Veruki and Hartveit 2009). In addition, the nearly identical 
values obtained for the RN of ON-cone bipolar cells in MFA 
and OFF-cone bipolar cells in the control condition suggest 
that the lack of effect of MFA on OFF-cone bipolar cells is 
due to the absence of electrical coupling (open gap junction 
channels) between these cells, rather than the presence of 
MFA-resistant electrical coupling. This observation suggests 
that OFF-cone bipolar cells in the rat retina are effectively 
uncoupled electrically.

Second, it seems difficult to escape the conclusion that 
the gap junction channels between OFF-cone bipolar cells, 
irrespective of whether they are located at dendrites or axon 
terminals (or both), do not contribute a measurable conduct-
ance under our recording conditions. The total conductance 
contributed by gap junction channels is a function of the 
number of channels, the single-channel conductance, and the 
(average) open probability. To our knowledge, there are no 
estimates of the total number of connexons associated with 
OFF-cone bipolar cells, although there are reports that the 

gap junctions are relatively small (Kolb 1979). It is also pos-
sible that the open probability could be very low. Because of 
the electrical coupling between ON-cone bipolar cells and 
AII amacrine cells, the present results do not permit strong 
conclusions about the functional properties of the gap junc-
tions directly between ON-cone bipolar cells. Currently, it 
is not possible to differentiate experimentally between the 
relative contribution of heterologous and (potential) homolo-
gous electrical synapses of ON-cone bipolar cells. However, 
it is a possibility that the gap junctions between ON-cone 
bipolar cells, analogous to those between OFF-cone bipolar 
cells, contribute little measurable conductance to these cells.

A Functional Role for Electrical Coupling Between 
Cone Bipolar Cells?

If we assume that at least under some conditions, the 
strength of gap junction coupling between OFF-cone bipo-
lar cells and, potentially, directly between ON-cone bipolar 
cells is sufficiently strong to mediate measurable electrical 
coupling, this raises the question of a functional role. To 
our knowledge, the only bipolar cells for which electrical 
coupling has been unequivocally demonstrated are the Mb1 
(ON) bipolar cells in goldfish retina (Arai et al. 2010). These 
cells are electrically coupled to each other at their distal 
dendrites. With dual recording of electrically coupled cell 
pairs, it was demonstrated that the electrical coupling acted 
as a low-pass filter that could transmit Ca2+ spikes, leading 
to a prolongation of postsynaptic currents in ganglion cells, 
and it was suggested that the electrical coupling might play 
a role in lateral interactions (Arai et al. 2010). Interestingly, 
it was also reported that the strength of coupling was larger 
under light-adapted conditions.

It has been suggested that although electrical coupling 
between OFF-cone bipolar cells would reduce spatial acu-
ity, it could contribute to an improved signal-to-noise ratio 
(Mills 1999; Feigenspan et al. 2004). There does not seem to 
be experimental data to verify or refute this idea, but unless 
this mechanism could work at very low levels of coupling, 
it does not seem consistent with the results for OFF-cone 
bipolar cells obtained in our study.

Recently it has been shown that electrical synapses at 
the axons of ON-cone bipolar cells in mouse retina con-
tribute to a lateral spread of visual signals that leads to 
increased sensitivity in retinal ganglion cells to spatio- 
temporally correlated inputs such as motion (Kuo et al. 
2016). This lateral spread was postulated to be mediated 
via electrical synapses between AII amacrine cells and 
ON-cone bipolar cells, but additional contributions from 
direct coupling between ON-cone bipolar cells could not 
be ruled out (Kuo et al. 2016). A similar lateral spread 
could be mediated by gap junctions between OFF-cone 
bipolar cell axon terminals, but as discussed above, it is 
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unclear whether such lateral spread could be mediated by 
the very low levels of coupling consistent with our results.

In general, there is strong evidence that the open prob-
ability of different connexons is under modulatory con-
trol (for review, see O’Brien 2019), including connexons 
expressed in retinal neurons (for review, see Trenholm and 
Awatramani 2017; O’Brien and Bloomfield 2018). Cur-
rently, nothing is known concerning potential modulation 
of the strength of gap junction coupling between OFF-
cone bipolar cells in the mammalian retina, but it is pos-
sible that the strength of coupling could be stronger under 
conditions not explored in our recordings. However, if the 
strength of coupling between OFF-cone bipolar cells (and, 
by analogy, between ON-cone bipolar cells) is perma-
nently too weak to impart functionally relevant electrical 
coupling, the main purpose of the gap junction channels 
could be to enable chemical and/or metabolic coupling 
within local subcellular domains, or to play a structural 
role, e.g., as adhesion molecules (cf. Mills 1999; Pereda 
2016).

Future Perspectives

It will be experimentally challenging to systematically 
investigate potential electrical coupling between cone 
bipolar cells by attempting to perform simultaneous dual 
patch-clamp recording from pairs of coupled cells. With-
out access to animals with fluorescently labeled cell types, 
the success rate of targeting two specific OFF-cone bipolar 
cells or two specific ON-cone bipolar cells is likely to be 
discouragingly low, given the number of different types 
of bipolar cells in mammalian retina, including rat (Euler 
and Wässle 1995; Hartveit 1997) and mouse (Ghosh et al. 
2004; Helmstaedter et al. 2013; Euler et al. 2014) which 
are the experimentally most relevant species. In addition, 
the findings from our study suggest that the strength of 
coupling is likely to be very low. If the coupling strength 
is physiologically regulated, a favorable strategy might be 
to first identify the condition(s) under which the junctional 
conductance is upregulated.
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