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Electrical coupling has been reported to occur only between homotypic retinal ganglion cells, in line with the concept of parallel process-
ing in the early visual system. Here, however, we show reciprocal correlated firing between heterotypic ganglion cells in multielectrode
array recordings during light stimulation in retinas of adult guinea pigs of either sex. Heterotypic coupling was further confirmed via
tracer spread after intracellular injections of single cells with neurobiotin. Both electrically coupled cell types were sustained ON center
ganglion cells but showed distinct light response properties and receptive field sizes. We identified one of the involved cell types as
sustained ON �-ganglion cells. The presence of electrical coupling between heterotypic ganglion cells introduces a network motif in which
the signals of distinct ganglion cell types are partially mixed at the output stage of the retina.
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Introduction
The separation of visual information into parallel streams starts
at the first retinal synapse formed between photoreceptors and
more than a dozen distinct bipolar cell types (Euler et al., 2014).
By the time the information leaves the retina via �30 types of
retinal ganglion cells (RGCs; Baden et al., 2016), the visual infor-
mation is separated into parallel pathways, in which each RGC
type carries a distinct signal to the higher visual centers of the
brain (Nassi and Callaway, 2009). Reciprocal electrical coupling
between neurons via gap junctions is a recurrent scheme
throughout the CNS including the retina (O’Brien and Bloom-

field, 2018). At the level of RGCs, examples of electrical coupling
between cells of the same type (homotypic) are well known
(Vaney, 1991; DeVries, 1999; Hu and Bloomfield, 2003; Hidaka
et al., 2004; Trong and Rieke, 2008; Greschner et al., 2011; Tren-
holm et al., 2013, 2014; Völgyi et al., 2013), whereas functional
heterotypic coupling of cells has so far only been reported to
occur between RGCs and inhibitory interneurons (Ackert et al.,
2006; Völgyi et al., 2013; Greschner et al., 2016). The same
conclusions were drawn from tracer coupling patterns of
neurobiotin-injected RGCs indicative of gap junction coupling
in various species (Vaney, 1991; Dacey and Brace, 1992; Xin and
Bloomfield, 1997; Schubert et al., 2005b; Völgyi et al., 2005;
Zhang et al., 2005) as well as from electron microscopic recon-
structions of synaptic circuits (Marc et al., 2018).

Here, we performed a large-scale analysis of spike correlation
patterns between various cell types by multielectrode array
(MEA) recordings of adult guinea pig retinas. We provide func-
tional and anatomical evidence for heterotypic electrical cou-
pling between two types of sustained ON center (sON) RGCs,
which is not in line with the common notion of a functional
separation of the neuronal pathways at the level of the retinal
output.
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Significance Statement

The visual information is split into parallel pathways, before it is sent to the brain via the output neurons of the retina, the ganglion cells.
Ganglion cells can form electrical synapses between dendrites of neighboring cells in support of lateral information exchange. To date,
ganglion-to-ganglion cell coupling is thought to occur only between cells of the same type. Here, however, we show that electrical coupling
between different types of ganglion cells exists in the mammalian retina. We provide functional and anatomical evidence that two
different types of ganglion cells share information via electrical coupling. This new network motif extends the impact of the heavily
studied coding benefits of homotypic coupling to heterotypic coupling across parallel neuronal pathways.
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Materials and Methods
Animals and tissue preparation. All experiments were performed in ac-
cordance with the institutional guidelines for animal welfare and the laws
on animal experimentation issued by the European Union and the Ger-
man government. Guinea pigs of either sex were killed by an overdose of
pentobarbital (Narcoren, Boehringer Ingelheim). Animals at an age of
3–35 months were used for the experiments, and no difference in the
prevalence of homotypic or heterotypic RGC coupling was apparent.
Animals were housed in a 12 h light/dark cycle, and experiments were
performed during daytime hours.

Retinas were dissected from the eye-cup under infrared illumination
in Ames’ solution, pH 7.4 (Sigma-Aldrich) bubbled with carbogen (95%
O2 and 5% CO2) at room temperature (RT). MEA recordings were per-
formed at 34°C in the recording chamber. For neurobiotin injections, the
tissue was stored under photopic light conditions in Ames’ solution at
�30°C.

MEA recordings and analysis. Retinas were recorded as described pre-
viously (Field et al., 2007). Briefly, a 3 � 3 mm piece of isolated retina
from the ventral half of the eye was mounted, ganglion cell side down, on
a large-scale CMOS (complementary metal-oxide-semiconductor) array
(3Brain). Recordings were analyzed offline to isolate the spikes of differ-
ent cells. Candidate spike events were detected using a threshold on each
electrode. The voltage waveforms on the electrode and neighboring elec-
trodes around the time of the spike were extracted. Clusters of similar
spike waveforms were identified as candidate neurons if they exhibited a
refractory period. Duplicate recordings of the same cell were identified
by temporal cross-correlation and removed.

A random noise stimulus with a natural spatiotemporal frequency
falloff was used to characterize the response properties of recorded cells.
The stimulus was presented on a CRT monitor at a refresh rate of 120 Hz
and a stimulus pixel width of 49 �m on the retina at photopic light levels
at a mean intensity of 2.9 mW/m 2. Only the green and blue monitor guns
were used. The receptive field was approximated by the spike-triggered
average. Since the random noise stimulus was spatiotemporally corre-
lated, the spike-triggered average does not represent an unbiased linear
filter but produces a slightly blurred spatial filter. RGCs were functionally
classified into types based on their spatiotemporal receptive field prop-
erties and spike autocorrelation function. Receptive field outlines were
drawn at the 1 SD contour of two-dimensional Gaussian fits. Receptive
field size estimates are reported as the diameter of a circle with the same
area as the elliptical Gaussian fit. The receptive field areas of coupled and
uncoupled RGCs and of the receptive fields calculated from synchronous
and remaining spikes were estimated by the number of stimulus pixels
above a threshold (one-third) of the peak amplitude. The distance be-
tween these receptive fields were estimated as the distance between the
centroids of the selected stimulus pixel. This method had sufficient flex-
ibility to measure asymmetric receptive fields compared with the sym-
metric Gaussian fit.

Cross-correlation functions were obtained by binning spikes and
computing the correlation coefficient between the resulting spike count
vectors, with a temporal offset. Cross-correlation functions were sum-
marized by averaging across neighboring pairs showing reciprocal cou-
pling. Cells with noisy spike-triggered averages, auto-correlation or
cross-correlation functions, or electrical images indicative of imperfect
spike sorting were excluded from the analysis. Cross-correlation func-
tions were calculated over spike recordings of 50 – 60 min duration in the
presence of a random noise stimulus. No apparent timing difference was
observed between the left and right peaks in the cross-correlation func-
tions of heterotypic pairs. Therefore, both peaks were included in the
reported average offset times for homotypic and heterotypic pairs. For
the conditional cross-correlation analysis (see Fig. 6), we calculated the
linear response to the stimulus using the spike-triggered average as the
linear filter. As mentioned above, the spike-triggered average of a spatio-
temporally correlated stimulus is not an unbiased linear filter but pro-
duces a slightly blurred spatiotemporal version. We used this method for
its familiarity in the field as no critical influence was expected for the
resolution of this analysis. This was confirmed by a logistic regression
model that is less sensitive to the stimulus correlations that led to quali-

tatively similar results (data not shown). Quintiles of the linear responses
were used to subdivide the spikes. We removed the slower correlations
elicited by shared network noise, correlations of the light stimulus and
artifacts introduced by the spike subdivision by subtracting the average
cross-correlation function of uncoupled pairs with a similar average re-
ceptive field overlap and spike count.

The electrical image is the average spatiotemporal spike waveform
recorded across the electrode array during the spikes detected from a
specific cell (Litke et al., 2004; Field et al., 2007). The electrical image of a
given cell was computed from a 10.1 ms window starting 4.48 ms before
the peak negative voltage sample for each spike and was averaged over all
recorded spikes. The spatiotemporal electrical image was further col-
lapsed across time by taking the minimal voltage deflection at each elec-
trode location, yielding the spatial representation seen in Figure 5, A and
D. For the analyses of the hot spots of correlated activity in the surround-
ing area of the soma of the cell, the electrical image was averaged from 2.1
to 0.39 ms before a spike. The analysis was robust over a wide range of
time windows. The parameters were adjusted by hand to produce the
strongest visually perceived contrast and to avoid any interference of the
hot spot signals with those from central somatic spikes or overlapping
dendrites. As the signals from the central somatic spikes were much
stronger than those of the coupled cells in the hot spots, the time window
was chosen with a sufficient distance to this peak. In addition, we chose a
time window before the somatic spike, because the electrical activity
spreading through the dendritic field overlapped in space and time with
the hot spot activity, which hampered visualization of the hot spots in the
two-dimensional image.

For the electrical image model, we used the full electrical image from
the neighboring RGCs as a template for their electrical signature. If the
neighboring RGCs fired a spike within a narrow time frame before or
after a spike of the center cell, their electrical image was temporally
shifted appropriately and added to the model electrical image. The mean
of the model electrical image from 2.1 to 0.39 ms before a spike repro-
duced the hot spots of activity surrounding the soma of the cell. Next, the
bimodal cross-correlation function between each neighbor and the cen-
ter cell was fitted by the sum of three Gaussians. The bimodal peaks
originate from reciprocal electrical coupling via gap junctions, and they
are superimposed on slower correlations elicited by shared network noise
and correlations of the light stimulus. We randomly shifted the spikes
that contribute to the peak in the cross-correlation function, which oc-
curs at approximately �2 ms (seeFig. 5H, inset) to remove correlated
spikes that the neighbor cell fired before the center cell. In this partially
decorrelated model, the amplitude of the hot spots was strongly reduced.
This is consistent with the idea that the hot spots are mainly based on
precise, gap junction-driven correlated spikes, while the waveforms of
less precisely correlated spikes average out.

Neurobiotin injections. We performed intracellular injections of the
gap junction-permeable tracer neurobiotin (Vaney, 1991). Pieces of iso-
lated, ventral retinas were mounted on black nitrocellulose filter mem-
branes with the ganglion cell layer up. For visualization of ganglion cell
bodies, the tissue was incubated in acridine orange (0.0001% in Ames’
medium; Sigma-Aldrich) for 1 min and then mounted in the bath cham-
ber where the tissue was continuously superfused with Ames’ solution.
Putative sON �-ganglion cells were identified based on their large polyg-
onal cell bodies in the ganglion cell layer under a 40� water-immersion
objective (Zeiss). Intracellular injections were performed with sharp
borosilicate glass electrodes (175– 440 M�). Electrodes were filled with a
solution containing 10% neurobiotin (Vector Laboratories) dissolved in
0.1 M Tris buffer, pH 7.3, and 5 mM Invitrogen Alexa Fluor 568 hydrazide
(Thermo Fisher Scientific). Electrodes were backfilled with 0.2 M KCl.
After the cell body was impaled and visualized by the Alexa Fluor dye
fluorescence, neurobiotin was delivered by iontophoresis into the cell
with a current of 0.6 nA for 10 min. After cell injections, the tissue was
fixed for 20 min in 4% paraformaldehyde (PFA) in 0.01 M PBS, pH 7.4.
Following cryoprotection with 30% sucrose in PBS, retinas were stored at
�20°C until immunohistochemical labeling was performed.

Immunohistochemistry and light microscopy. For immunohistochemis-
try, the tissue was fixed in 4% PFA in PBS for 20 min at RT. The tissue was
cryoprotected overnight with 30% sucrose in PBS and stored at �20°C

Puller et al. • Electrical Coupling of Heterotypic Ganglion Cells J. Neurosci., February 5, 2020 • 40(6):1302–1310 • 1303



until use. Following dissection, retinal pieces were either used as whole
mounts or sectioned vertically at 18 –20 �m using a cryostat (Leica).

Immunohistochemical labeling was performed by an indirect fluores-
cence method. Vertical sections were incubated overnight at RT with
primary antibodies diluted in 5% normal donkey serum (NDS), 0.5%
Triton X-100, and 0.02% sodium azide in PBS. Sections were incubated
for 1 h with secondary donkey antibodies diluted in the same incubation
solution.

Retinal whole mounts were incubated at RT for 2–3 d in the primary
antibody solution containing 5% NDS, 1% Triton X-100 and 0.02%
sodium azide dissolved in PBS. Primary antibodies used in this study
were anti-RBPMS (rabbit, polyclonal, 1:500; catalog #1830-RBPMS,
PhosphoSolutions), anti-Neurofilament H, nonphosphorylated (SMI-
32, mouse, monoclonal, 1:1000; catalog #801701, BioLegend), anti-
choline acetyltransferase (ChAT; goat, polyclonal, 1:200; catalog
#AB144P, Merck). Secondary donkey antibodies (1:500, Invitrogen Al-
exa Fluor 488 and 568, Thermo Fisher Scientific; 1:250, Alexa Fluor 405,
Abcam; 1:250, Cy5, Jackson ImmunoResearch; and 1:200, Invitrogen
Alexa Fluor 568-conjugated streptavidin, Thermo Fisher Scientific) were
incubated at RT for 4 h in the same incubation solution. The tissue was
mounted on glass slides and coverslipped with VECTASHIELD (Vector

Laboratories). Spacers between glass slides and coverslips were used to
avoid squeezing the tissue.

Image stacks were obtained with confocal laser-scanning microscopes
(models TC SP8 and TCS SL, Leica). Overview scans were acquired with
10� or 20� air-objectives. High-resolution image stacks were acquired
with 40� oil-immersion objectives (numerical aperture, �1.25) and
z-axis increments of 0.25– 0.5 �m. Image stacks of neurobiotin-injected
cells were median filtered in Fiji (Schindelin et al., 2012) to reduce pho-
tomultiplier noise (Kerschensteiner et al., 2009). Maximum intensity
x/y- or z-projections are shown in all figure panels of microscopic images
and were performed in Fiji. The brightness and contrast of the final
images were adjusted in Adobe Photoshop.

Cell bodies labeled with RBPMS or neurobiotin were manually out-
lined, and the corresponding areas were measured in Fiji to calculate the
diameters. To analyze the location of tracer-coupled cells relative to the
dendritic field of the injected cells, convex hulls were manually placed
around the distal tips of individual dendrites in Fiji and the distances of
the injected cell bodies to cell bodies of tracer-coupled cells relative to the
hulls were measured.

Alignment and matching. After the MEA recordings were completed,
images of the retina preparation on the multielectrode array were ob-

Figure 1. Cross-correlation functions of spiking activity between homotypic and heterotypic RGC pairs in one preparation. The retina was stimulated with a spatiotemporal random noise
stimulus. A, Cross-correlation function between two sON �-RGCs. Insets show receptive field fits of the cell pair, as in Figure 2A. Bin size, 1 ms. B, Same cell pair as in A at a smaller time scale. Bin size,
0.3 ms. C, Same as in B for a different cell pair. D, Average cross-correlation function of neighboring sON �-RGC pairs (n � 54). Gray shaded region represents the 95% confidence interval. E–H, As
in A–D for homotypic medium sON pairs (n � 68). I–L, As in A–D for heterotypic cell pairs of sON �- and medium sON cells (n � 14). Time 0 indicates a spike of the sON �-RGC.
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tained with a Leica DM LFS epifluorescence microscope equipped with a
10� air-objective and manually aligned in Adobe Photoshop. Subse-
quently, the tissue was carefully mounted on black nitrocellulose filter
membrane with the ganglion cell layer up. Following fixation, cryopro-
tection, and immunostaining, images of the labeled retina were obtained
with a Leica DM6 B epifluorescence microscope equipped with a motor-
ized stage and a 20� air-objective and automatically stitched together in
the microscope software (LAS X, Leica). The outline of the tissue while
mounted on the multielectrode array was aligned to the image of the
successive immunostaining. sON �-RGCs were identified in microscopic
image stacks of these retinal whole mounts based on soma size, SMI-32
staining intensity, and stratification levels of the dendrites relative to the
ChAT bands. The cells were then marked with the cell counter tool in Fiji
in the center of their cell bodies.

To identify the corresponding pairs between recording locations of the
large sON RGCs and the marked soma locations, a greedy algorithm was
implemented. The recording location was defined as the weighted aver-
age of the electrode locations with significant somatic signals. For all
recording locations, the distance to the second nearest soma was divided
by the distance to the nearest soma. The pair with the largest distance
ratio was selected as a corresponding pair. Next, all ratios were updated
and the procedure was repeated. To minimize artifacts caused by the
border of the preparation and by missing, unidentified cells, potential
pairs with distances between the recording and soma location larger than
the average nearest neighbor distance were excluded. The robustness of
the greedy procedure was tested by the alignment optimization (see be-
low) of random permutations of the nonflipped mosaics.

Next, we tested whether the observed alignment of recording and
soma locations could have occurred by chance. To calculate the chance
expectation, the mosaic of soma locations was flipped and transformed
through random rotations and translations. The soma locations were
rotated from 0° to 360° in 10 steps and shifted in X and Y direction up to
two times the average nearest neighbor distance with steps of 10 �m. The
mean distance between corresponding pairs in the observed alignment
was smaller than in all random permutations of the flipped mosaic in two
independent preparations (see Fig. 3I, black arrowhead). Therefore, the
permutation analysis indicated that the match was inconsistent with
chance alignment.

Finally, after testing the match of the two mosaics, the alignment was
optimized to account for possible small deviations due to tissue handling
and fixation. The scaling, position, and angle were adjusted to minimize
the mean distance between recording and soma locations. For the prep-
aration seen in Figure 3H, the soma mosaic was scaled to 98%, shifted 1.5
electrode positions in X and 0.4 in Y direction, and was not rotated from
the original alignment to reduce the mean distance to 30 �m (Fig. 3I,
black arrow).

Statistical analyses. Statistical analyses comprised nonparametric tests.
A Wilcoxon rank sum test or a Wilcoxon signed-rank test for paired
comparisons was used to test for statistical significance. To test the ob-
served alignment of recording positions and soma locations (Fig. 3I ), a
permutation analysis was performed as described above. Outliers were
always included in the statistical analysis. Measurements are reported as
the mean � SD. Shaded regions in figures represent the 95% confidence
interval.

Results
Reciprocal firing of ganglion cells indicates homotypic and
heterotypic coupling
We recorded the spiking activity of RGCs in adult guinea pig
retinas with a large-scale multielectrode array to investigate their
pattern of correlated electrical signaling. Reciprocal electrical
coupling of RGCs via gap junctions causes highly correlated spik-
ing activity that is reflected in a bimodal cross-correlation func-
tion with sharp peaks offset from 0 (Mastronarde, 1983;
Brivanlou et al., 1998; DeVries, 1999; Völgyi et al., 2013). Homo-
typic electrical coupling was readily observed between neighbor-
ing cells of a large-size (Fig. 1A–D) and a medium-size (Fig.
1E–H) type of sON RGCs among other types. Bimodal peaks

occurred with an offset of approximately �2 ms from 0 [medium
sON, 2.4 � 0.4 ms, n � 136; large sON (sON �, see below), 2.6 �
0.4 ms, n � 108; mean � SD]. These pronounced peaks were
superimposed on slower correlations elicited by shared network
noise and correlations of the light stimulus during recordings
(Trong and Rieke, 2008; Greschner et al., 2011). Intriguingly, the
same pattern of correlation was observed for heterotypic pairs of
the medium and large sON RGCs (Fig. 1I–L). Slow light-driven
correlations were off centered, which pointed to a difference in
the light response kinetics of the two cell types (Fig. 2). The bi-
modal peaks, however, were centered around 0 with a short delay
of 2.1 � 0.6 ms (n � 38), which indicated direct, functional
coupling between two distinct RGC types. This heterotypic cou-
pling pattern was cell type specific across preparations.

Heterotypically coupled ganglion cells form two
independent mosaics
RGCs of individual types tile the retina with their dendritic trees
and thus form mosaics with their receptive fields (Wässle et al.,
1981). Accordingly, the receptive fields of the two types of het-
erotopically coupled RGCs formed two independent mosaics and
showed distinct ON center light response properties (Fig. 2). The
first cell type exhibited large receptive fields (Ø � 499 � 38 �m,
n � 45) and a triphasic temporal filter, while the second cell type
had medium-sized receptive fields (Ø � 313 � 35 �m, n � 89)
and a more biphasic temporal filter. Both types showed sustained
light responses to full-field light intensity steps.

Identification of sON �-ganglion cells as one of the
heterotypically coupled types
Next, we immunolabeled retinas after having recorded their
physiological responses with the multielectrode array to reveal
the morphological identity of one of the functional types (Li et al.,

Figure 2. Receptive field mosaics of heterotypically coupled cell types. A, Receptive field
outlines of an sON �-RGC mosaic (see Materials and Methods). Right, Mean spike-triggered
average stimulus time course. Shaded region represents the 95% confidence interval. Bottom,
Spike responses of an example sON �-cell to 20 repeats of full-field light intensity steps (indicated
above the spike trains). B, As in A for medium sON RGCs. Scale bars: B (for A, B), 400 �m.
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2015). Some of the functional features of the larger cell type re-
sembled those of the sON �-RGCs of the guinea pig retina (Demb
et al., 1999). sON �-RGCs are intensely labeled with antibodies
against the neurofilament marker SMI-32 in mice (Bleckert et al.,
2014; Krieger et al., 2017). Therefore, we used SMI-32 in combi-
nation with RBPMS, which labeled all RGCs (Rodriguez et al.,
2014), and ChAT to label starburst amacrine cells as reference
points for dendritic stratification depth in the inner plexiform
layer (Manookin et al., 2008). In addition to horizontal cells,
several types of RGCs were labeled with SMI-32 similar to the
mouse retina (Fig. 3A–G). Among the most intensely labeled
cells, an ON RGC type had polygonal-shaped cell bodies, which
were remarkably large (Ø � 29 � 2 �m, n � 52) when compared
with all other cell bodies (Ø � 17 � 3 �m, n � 714). In addition,
the primary dendrites of these cells stratified just beneath the
dendritic plexus of ON starburst amacrine cells. These features
were highly suggestive of the sON �-RGCs in the guinea pig
retina (Demb et al., 1999; Manookin et al., 2008; Beaudoin et al.,
2019). The putative sON �-RGC cell body locations matched the
recording locations of the large sON type derived from the elec-
trical signals of the cells on the multielectrode array (Fig. 3H, I,
permutation analyses: p 	 0.001). Thus, the results suggested that
one of the cell types of interest corresponds to the sON �-RGCs.

Tracer injections of sON �-ganglion cells reveal homotypic
and heterotypic coupling
We performed intracellular injections of the gap junction-
permeable tracer neurobiotin (Vaney, 1991) to further confirm
the heterotypic coupling of the sON �-RGC to another RGC
type. sON �-RGCs were targeted with sharp microelectrodes
based on their cell body shape and size. The characteristic mor-
phology and dendritic stratification levels (Fig. 4A) confirmed
that the targeted cells (n � 14) were sON �-RGCs (Demb et al.,
1999; Manookin et al., 2008; Beaudoin et al., 2019).

The tracer-coupling pattern revealed additional neurobiotin-
positive cell bodies, which were all located in the RGC layer.
Large, strongly SMI-32-labeled cell bodies (Ø � 26 � 2 �m, n �
46; observed maximum coupled to one cell � 6) were observed at
the outer perimeter of the dendritic tree of the injected sON
�-cells (Fig. 4A, red arrows, B–E) in agreement with the homo-
typic coupling patterns between �-like RGCs in other species
(Vaney, 1991; Hidaka et al., 2004; Völgyi et al., 2005). Medium-
sized cell bodies (Ø � 17 � 2 �m, n � 12, observed maximum
coupled to one cell � 5) that were positive for RBPMS but only
weakly labeled with SMI-32 were consistently located closer to-
ward the cell bodies of the injected sON �-RGCs (49 � 17%
along the radial axes; Fig. 4A, blue arrow, F–I). These signifi-
cantly smaller cell bodies (p 	 0.001, Wilcoxon rank sum test)
belonged to heterotypically coupled RGCs, most likely the me-
dium sON RGCs. Additionally, small-diameter cell bodies, which
did not colocalize with RBPMS, were observed and therefore
corresponded to electrically coupled, displaced amacrine cells
(Fig. 4A, black arrowheads, J–M).

Electrical images show homotypic and heterotypic
coupling patterns
Heterotypic electrical coupling between sON �-RGCs and me-
dium sON RGCs was also evident from the electrical images (i.e.,
the spike-triggered electrical activity across all electrodes; Fig. 5).
The electrical image of individual RGCs showed the expected
spatial organization (Li et al., 2015), which is a high-amplitude
somatic area, a lower-amplitude dendritic area, and an axon ex-
tending toward the optic disk (Fig. 5A,D). However, if electrical
signals were averaged only across a short time window before the
somatic spike occurred, pronounced additional areas of electrical
signals with larger amplitudes (hot spots) became visible (Fig.
5B,C,E,F). These hot spots coincided with the location of neigh-
boring homotypic (medium sON) and heterotypic (sON �)

Figure 3. sON �-RGCs are heterotypically coupled. A–C, Vertical cryosection labeled with RBPMS and SMI-32. OPL, Outer plexiform layer; IPL, inner plexiform layer; GCL, ganglion cell layer. D,
Staining as in A–C together with ChAT (inset) in a whole-mounted retina. Red arrows indicate sON �-RGCs. Inset shows the stratification of dendrites of an sON �-RGC relative to the dendritic tier
of starburst amacrine cells in an x/y-projection of D. E–G, Magnification of the sON �-cell body in the top right corner of D. H, Overlay of soma locations from immunolabeled sON �-cells (red dots),
with strongest electrodes from recorded large sON type RGCs (black dots) and respective receptive field outlines (gray ellipses). I, Permutation analysis indicates a probable match of recorded cells
with immunolabeling. Black arrowhead indicates the observed mean distance between cell somas and recording locations. Histogram represents the mean distances for �165,000 random
permutations of the mosaic. Black arrow indicates the mean distance after optimization (see Materials and Methods). The distance between electrodes (black dots) is 42 �m. Scale bars: C, G, 20 �m;
D, 50 �m.
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RGCs and thereby revealed the spatial organization of the cou-
pling pattern. Medium sON RGCs were coupled to multiple
neighboring sON �-RGCs and medium sON RGCs (Fig. 5C,F).
A simple model was used to test the idea that the hot spots are

mainly based on the gap junction-driven correlations, while the
signals of the less precisely correlated spikes average out. The hot
spots could be reproduced using the electrical signatures of the
neighboring cells from their electrical images and their spike cor-
relations (Fig. 5G). As expected, the hot spot amplitude was
strongly reduced when the precise gap junction-driven correla-
tions were removed (Fig. 5H, inset).

Stimulus-dependent modulation of heterotypic
reciprocal firing
To get some insights into the interaction of heterotypic coupling
and stimulus processing, we searched for stimulus conditions
that increased or decreased the coupling. As above, we used a
random noise stimulus with a natural spatiotemporal frequency
falloff as a generic visual stimulus. First, we used the spatiotem-
poral receptive field of the medium sON RGCs to predict their
linear response to the stimulus. Then, the linear prediction was
used to subdivide cross-correlation functions according to the
amount of stimulus-driven activation the cells received (Fig. 6).
We removed the slower correlations elicited by shared network
noise and correlations of the light stimulus by subtracting the
average cross-correlation function of uncoupled pairs with similar
receptive field overlap. Reciprocal firing increased when medium
sON RGCs were increasingly activated by the visual stimulus. This
was expected from previous observations of homotypic coupling
properties (Mastronarde, 1983; Trong and Rieke, 2008; Trenholm et
al., 2014). Dividing the cross-correlation functions based on the
stimulus-driven activation of the sON �-RGCs led to qualitatively
identical results (data not shown). Instances in which one cell of the
coupled pair was strongly activated by the stimulus while the other
cell was inhibited hardly occurred due to the high receptive field
overlap of the coupled pairs and their similar response properties.

sON �-ganglion cells influence spiking in medium sON cells
more effectively than vice versa
Across all stimulus conditions, the left peak of the cross-
correlation function is smaller than the right one (Fig. 6; i.e., a
spike in sON �-RGCs led to a spike in the medium sON RGCs
more effectively than vice versa). Therefore, the question arose
whether the medium sON RGC thereby inherited some of the
stimulus filter properties of the coupled sON �-RGC. Indeed, the
receptive fields of heterotopically coupled medium sON RGCs
were larger than those of neighboring medium sON RGCs that
showed no detectable heterotypic coupling (134 � 17% area; n �
12, p 	 0.001, Wilcoxon rank sum test). To test whether this
increase in receptive field size was consistent with being elicited
by coupling, spatiotemporal receptive fields of medium sON
RGCs were calculated only from spikes that occurred shortly after
spikes in the sON �-RGCs. The receptive fields were larger than
those calculated from the remaining spikes (127 � 31% area; n �
14, p 	 0.002, Wilcoxon signed-rank test). Furthermore, these
medium sON receptive fields were extended toward the coupled
sON �-RGC, as indicated by a reduced distance between their
receptive field centers (76 � 18%; n � 14, p 	 0.001, Wilcoxon
signed-rank test).

Discussion
In summary, the correlated spiking activity, tracer coupling, and
spatial patterns of shared electrical activity in the electrical images
all pointed to heterotypic coupling between two distinct types of
RGCs.

Figure 4. sON �-RGCs are tracer coupled to a heterotypic RGC type. A, Top, An injected sON
�-RGC shows neurobiotin (NB) spread into large (red arrows), medium (blue arrow), and small
(black arrowheads) cell bodies. The axon of the injected cell (red arrowhead) converges to an
axon of another NB-injected, neighboring sON �-RGC, which passes horizontally through the
image. Bottom, The x/y-projection of a dendrite of the same cell relative to ChAT labeling. B–E,
Magnified view of the leftmost NB-positive RGC body in A (red arrow), counterstained with
RBPMS and SMI-32. F–I, As in B–E for the cell body marked with a blue arrow in A. J–M, As in
B for an exemplary amacrine cell body. Scale bars: A, 150 �m; M, 50 �m.
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Electrical coupling via gap junctions
The narrow, bimodal peaks in cross-correlation functions of
spiking activity between heterotypic RGC pairs presented here
closely resemble those of homotypic pairs in our study and pre-
viously published examples in terms of amplitude and timing
(Mastronarde, 1983; Brivanlou et al., 1998; DeVries, 1999; Trong
and Rieke, 2008; Völgyi et al., 2013). The fast reciprocal firing has
been attributed to gap junction coupling of the corresponding
cells based on temporal firing properties and pharmacological
manipulations. The bimodal shape indeed reflects direct recipro-
cal RGC coupling via gap junctions formed by connexins (Völgyi

et al., 2013). In addition, tracer coupling of RGCs is commonly
interpreted as evidence of gap junction coupling via connexins
(Vaney, 1991; Dacey and Brace, 1992; Xin and Bloomfield, 1997;
Zhang et al., 2005). This was confirmed in studies of genetically
modified mice lacking the connexin subunit proteins Cx36 or
Cx45 (Schubert et al., 2005a,b; Pan et al., 2010; Völgyi et al., 2013;
Roy et al., 2017). Cx36 is the major connexin subunit involved in
RGC coupling (Pan et al., 2010) in addition to Cx45 and possibly
Cx30.2 (Schubert et al., 2005a; Müller et al., 2010), and the guinea
pig retina shows a distribution of Cx36 common to mammals
(Kovács-Öller et al., 2017). Therefore, it is likely that heterotypic

Figure 5. The electrical images of the medium sON RGCs revealed the homotypic and heterotypic coupling pattern. A, The minimum projection of the spike-triggered electrical activity of a
medium sON RGC from 4.48 ms before to 6.72 ms after the somatic spike. Darker intensities indicate more negative voltage deflections. Largest amplitudes are saturated to increase visibility. Clusters
of blue dots mark the electrode locations with the strongest signals for individual medium sON RGCs. B, The mean spike-triggered electrical activity from 2.1 to 0.39 ms before a spike of the cell in
A reveals hot spots of activity surrounding the soma of the cell. C, As in B with the locations of strong signals of medium sON RGCs (blue dots, as in A) and sON �-RGCs (red dots). D–F, As in A–C for
a different medium sON RGC. G, Model of the medium sON RGC hot spots in C, based on the highly synchronized spikes and the somatic mean waveforms of neighboring cells, reproduces the
correlation pattern. The center RGC position was marked with blue squares according to its appearance in B and C for visual guidance. H, Scatterplot of the hot spot amplitudes in the original model
(G) versus a partially desynchronized model. Inset, Original cross-correlation function (black) of a sON � pair and their cross-correlation function after the partial removal of precise correlations
(green). The dashed line is a Gaussian fit to the slower correlation component. Amplitude is given in arbitrary units. Scale bars: A (for A–G), 200 �m.

Figure 6. Heterotypic reciprocal firing of RGCs is modulated by their stimulus-driven activation. Cross-correlation function between cell pairs of sON �-RGCs and medium sON RGCs conditional
on the stimulus-driven activation of the medium sON RGCs. The stimulus-driven activation was estimated as the linear response to the stimulus. Quintiles of the linear response were used to
subdivide the spikes. Stronger activation from left to right. Stimulus and noise correlations were removed by subtracting the average cross-correlation function of uncoupled pairs with similar
receptive field overlap. Data are as in Figure 1L (n � 14). Time 0 indicates a spike of the sON �-RGC. Gray shaded region represents the 95% confidence interval. Cross-correlation function bin width,
2 ms; bin center shift, 0.5 ms.
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coupling between sON �-RGCs and medium sON RGCs occurs
via direct, connexin-containing gap junctions between the two
cell types, while the connexin subunit that mediates the electrical
coupling of these cell types remains unknown. We observed a bias
toward medium sON cells in the spiking probability during re-
ciprocal firing (Figs. 1, 6), which could possibly reflect rectifica-
tion caused by differences in input resistance or membrane
capacitance between the two cell types (Veruki and Hartveit,
2002), with the latter caused by different cell sizes (i.e., sON
�-cells being larger than medium sON cells as estimated from cell
body and receptive field sizes; Figs. 2, 3).

Coupling patterns of ganglion cells
Even though homotypic coupling has been known for decades,
heterotypic electrical coupling between RGCs has not been ob-
served in previous studies. Similarly, electrical coupling of neu-
rons in other parts of the CNS is thought to occur in a homotypic
manner (Traub et al., 2018). Based on our investigations, homo-
typic electrical coupling is a common phenomenon in the guinea
pig retina, which occurs among several types of ganglion cells,
similar to what has been shown in other species (O’Brien and
Bloomfield, 2018). The coupling pattern of sON �-RGCs, how-
ever, is not consistent when compared across species. Homotypic
coupling was not observed between ON �-RGCs of mouse and
rabbit retinas (Xin and Bloomfield, 1997; Völgyi et al., 2005;
Zhang et al., 2005). In contrast, ON �-RGCs were shown to be
homotypically coupled in rat and ferret (Penn et al., 1994; Hidaka
et al., 2004). While the analogies between rodent ON �- and
primate ganglion cell types are still under debate, ON parasol cells
are a well known example for homotypically coupled RGCs in
primates (Dacey and Brace, 1992; Trong and Rieke, 2008;
Greschner et al., 2014). Therefore, our findings regarding the
heterotypic coupling of sON �-RGCs in guinea pig retinas cannot
be treated as a general rule for electrical coupling of this cell type,
as coupling patterns greatly differ between species. Nevertheless,
it is likely that heterotypic electrical coupling of RGC types exists
across species. Functional analyses across many cells in conjunc-
tion with a reliable cell type classification, which have rarely been
conducted in the past, are required to reveal these interactions
between pathways. Evidence for heterotypic RGC coupling in
previous tracer injections may have been missed because of the
complex coupling patterns, with labeled cell bodies of different
shapes and sizes. Tracer-coupled cell bodies that did not match
the injected cell body size were by default identified as large ama-
crine cells, where additional molecular markers would have been
required to reveal the identity of cells. Finally, the interpretation of
results may have been further confounded by the prevailing premise
of RGC types never being heterotypically coupled to preserve their
function as parallel and independent processing units.

Functional roles of electrical coupling
Insight into the functional roles of reciprocal coupling at the level
of RGCs was gained from studies of homotypic coupling among
certain RGC types. The coding benefits have been shown to in-
clude enhanced signal-to-noise ratio and stimulus saliency
(Bloomfield and Völgyi, 2009; Trenholm et al., 2013; Yao et al.,
2018). The heterotypic coupling of RGCs described here intro-
duces a new network motif that extends these mechanisms across
parallel output channels. Moreover, heterotypic coupling may
give rise to an efficient circuitry, where certain stimulus features
are passed on from one pathway to another only after the filter
properties of the spiking nonlinearity. Heterotypically coupled
cells may take advantage of this feature-selective filter residing in

their coupled partners, as it does not exist in the presynaptic
circuitries of the cells. First, the stimulus features must match the
preferred filter properties of the cells to overcome the strong
nonlinearity of the spike generation. Then, if the spike threshold
has been reached in one of the cells, a spike in the second, elec-
trically coupled cell is produced only if its membrane potential is
already close to threshold (Mastronarde, 1983; Trong and Rieke,
2008; Trenholm et al., 2014), which is further supported by the
results of our study (Fig. 6). Due to stimulus correlations in nat-
ural scenes, it is common for overlapping or neighboring RGCs
with similar response properties to receive excitatory inputs in
close temporal relation, correlating their membrane potentials.
This is the case for the sON �-RGCs and medium sON RGCs as
they show similar response properties and extensive stimulus-
driven correlations (Figs. 1I–L, 2). In addition, the receptive field
overlap between heterotypically coupled pairs is on average even
higher than in homotypic pairs, which occurs due to the relative
placement of the coupled neurons reflected in the mosaic struc-
ture of two independent ganglion cell types (Figs. 1 insets, 2, 4).
Our results suggest that the medium sON RGCs inherit some of
the receptive field features of sON �-RGCs (Fig. 6). It is therefore
tempting to speculate that information is passed from one cell
type to another, which may not be available from their presynap-
tic circuitries. This could be the case for melanopsin signals, for
instance, which are generated only at the level of certain ganglion
cell types, including sON �-RGCs in mice (Estevez et al., 2012;
Schmidt et al., 2014).

Interactions across neuronal pathways
The optic nerve represents a bottleneck in the flow of visual in-
formation from the retina to the visual centers of the brain.
Therefore, the output of the retina is bound to efficiently use the
limited information capacity and is thought to minimize the re-
dundancies of the signals. One consequence of this is the concept
of parallel processing in the retina (Wässle, 2004; Nassi and Calla-
way, 2009). Initially, it is a confusing finding that, after the visual
information was segregated with considerable effort into separate
pathways, signals are partially mixed again at the output neurons
even though there are many instances of potential cross talk within
the retinal circuitry. However, the concept of parallel pathways in the
retina is not meant in this absolute way, as demonstrated, for in-
stance, by the cross talk in the inner retina even across ON and OFF
pathways (Zaghloul et al., 2003; Hoshi et al., 2009) and the conver-
gence of retinal pathways in the lateral geniculate nucleus (Rompani
et al., 2017; Román Rosón et al., 2019). Therefore, a full assessment
of the independence of channels is only possible after the complete
circuitries, including the projection targets of the cells and the up-
stream processing of the signals, are understood. Overall, while we
demonstrate here only a single example of heterotypic RGC-to-RGC
coupling, our study serves as a counterexample to the common no-
tion of exclusively homotypic coupling, and it shows that the com-
plexity of electrical coupling across neuronal pathways has been
underestimated in the previous literature.
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