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Morphology and connectivity of
retinal horizontal cells in two
avian species
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Henrik Mouritsen?? and Karin Dedek?3*

!Department of Computational Neuroethology, Max Planck Institute for Neurobiology of Behavior —
caesar, Bonn, Germany, 2Neurosensory/Animal Navigation, Institute of Biology and Environmental
Sciences, Carl von Ossietzky Universitat, Oldenburg, Germany, *Research Center Neurosensory
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In the outer vertebrate retina, the visual signal is separated into intensity and
wavelength information. In birds, seven types of photoreceptors (one rod, four
single cones, and two members of the double cone) mediate signals to >20
types of second-order neurons, the bipolar cells and horizontal cells. Horizontal
cells contribute to color and contrast processing by providing feedback signals
to photoreceptors and feedforward signals to bipolar cells. In fish, reptiles, and
amphibians they either encode intensity or show color-opponent responses. Yet,
for the bird retina, the number of horizontal cell types is not fully resolved and
even more importantly, the synapses between photoreceptors and horizontal
cells have never been quantified for any bird species. With a combination of
light microscopy and serial EM reconstructions, we found four different types
of horizontal cells in two distantly related species, the domestic chicken and
the European robin. In agreement with some earlier studies, we confirmed two
highly abundant cell types (H1, H2) and two rare cell types (H3, H4), of which H1
is an axon-bearing cell, whereas H2-H4 are axonless. H1 cells made chemical
synapses with one type of bipolar cell and an interplexiform amacrine cell at their
soma. Dendritic contacts of H1-H4 cells to photoreceptors were type-specific
and similar to the turtle retina, which confirms the high degree of evolutionary
conservation in the vertebrate outer retina. Our data further suggests that H1 and
potentially H2 cells may encode intensity, whereas H3 and H4 may represent
color opponent horizontal cells which may contribute to the birds’ superb color
and/or high acuity vision.

KEYWORDS

horizontal cells, avian retina, photoreceptors, connectomics, vision, chicken,
European robin, magnetoreception

1 Introduction

The vertebrate retina contains five classes of neurons: photoreceptors transduce the
incoming visual signals and propagate them via bipolar cells to retinal ganglion cells.
Horizontal cells modulate the signals from photoreceptors to bipolar cells in the outer retina
whereas amacrine cells modify signals between bipolar cells and ganglion cells in the inner
retina. To fulfill the complex functions of the retina, for example luminance, color, contrast,
and motion processing (Kerschensteiner, 2022) and, in at least some bird species, light-
dependent magnetoreception (Chetverikova et al., 2022; Giinther et al., 2018; Xu et al., 2021;
Zapka et al., 2009), each of the five classes of neurons comprises many different cell types
(Hahn et al., 2023; with few species-specific exceptions). In the mouse retina, the various cell
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types have been distinguished based on morphology (Stimbiil et al.,
2014; Wissle et al, 2009), connectivity (Behrens et al, 2016;
Helmstaedter et al., 2013), gene expression (Macosko et al., 2015;
Shekhar and Sanes, 2021), and physiology (Baden et al., 2016; Hsiang
et al., 2024).

However, much less is known in the bird retina, despite these
recent advances: a transcriptomics-based cell atlas revealed 133
different neuronal cell types in the chicken retina (Yamagata et al.,
2021), serial sectioning volume electron microscopy reconstructions
of the chicken and European robin retina showed a highly complex
connectivity between photoreceptors and unique sets of bipolar cell
types (Giinther et al., 2024; Giinther et al,
immunohistological markers revealed pronounced variation in

2021), a screen for

marker signature for the bipolar cells of different bird species (Balaji
etal, 2023), and the first systematic overview of retinal ganglion cell
responses from the chicken retina demonstrated striking differences
in signal processing between mammalian and avian retinas (Seifert
et al., 2023). Yet, detailed information on their connectivity is still
missing for many cell types in the bird retina.

Here, we focus on the horizontal cells and their connections with
photoreceptors. We studied two distantly related bird species, the
domestic chicken (Gallus gallus domesticus) and the night-migratory
European robin (Erithacus rubecula) which inhabit different ecological
niches and forage differently. Furthermore, the European robin is
known to have a light-dependent magnetic compass located in the
retina (Chetverikova et al., 2022; Giinther et al., 2018; Wiltschko et al.,
1993; Xu et al., 2021; Zapka et al., 2009). Horizontal cells are essential
to establish and maintain the photoreceptor/bipolar cell synapse
(Nemitz et al., 2021; Nemitz et al., 2019; Sonntag et al., 2012). They
also play an important role in retinal signal processing (Chaya et al.,
2017; Drinnenberg et al, 2018; Stroh et al, 2018) by providing
feedback signals to photoreceptors (reviewed in Thoreson and Mangel,
2012) and feedforward signals to bipolar cells (Behrens et al., 2021).
Their potential function in light-dependent magnetoreception is
completely unknown. Horizontal cells can be divided into axon-
bearing and axon-less cell types, a division, which appears to
be conserved among vertebrates (Boije et al., 2016; Hahn et al., 2023;
Peichl and Gonzalez-Soriano, 1994). In teleost (e.g., zebrafish:
Connaughton and Nelson, 2010; Yoshimatsu et al., 2021), reptiles
(turtles: Ammermiller et al., 1995; Asi and Perlman, 1998), and
amphibians (frog: Witkovsky, 2000) some horizontal cell types
respond with different polarity to spectral stimuli (color-opponent or
chromaticity horizontal cells), whereas others encode changes in
brightness, irrespective of stimulus color (luminosity horizontal cells)
(reviewed in Thoreson and Dacey, 2019). Whether a similar division
is present in the bird retina is unclear so far. In the chicken retina, the
number of horizontal cell types is not fully resolved yet (reviewed in
Seifert et al., 2020). While one type of axon-bearing horizontal cell has
been confirmed (termed H1), two axon-less types have been described
based on Golgi impregnation (H2-3; Gallego, 1986) and membrane-
targeted EGFP expression after in-ovo electroporation (Tanabe et al.,
2006). However, based on immunohistochemical staining, three
different types of axon-less horizontal cells were reported (H2-4;
Fischer et al., 2007), in line with the recent chicken transcriptome
dataset (Yamagata et al., 2021).

To resolve these discrepancies, we immunostained the chicken
retina following Fischer et al. (2007) and confirmed the existence of
four different types of horizontal cells (H1-H4) across the entire tissue.
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However, using the same markers we were only able to distinguish
three different types in the European robin retina. Therefore, we used
a previously published volume electron microscopy dataset to
reconstruct the horizontal cells in the dorsal periphery (Giinther et al,,
2024). We (1) identified four types of horizontal cells in the dorsal
European robin retina, (2) revealed their distinct connections to the
different photoreceptor types to generate predictions on their
physiological responses, and (3) found unusual chemical synapses
(mainly in H1 horizontal cells), which target distinct bipolar cell types
and an interplexiform amacrine cell.

2 Materials and methods
2.1 Animals and tissue preparation

Domestic chickens were obtained as 1-day-old chicklings from a
local breeder (Briiterei-Siemers GmbH & Co. KG, Lohne, Germany)
and raised in the animal facility of University of Oldenburg
(Oldenburg, Germany). Adult European robins were caught using
mist nets in the vicinity of University of Oldenburg; catching was
performed based on a permit from the Lower Saxony State
Department for Waterway, Coastal and Nature Conservation
(D7.2220/18). Birds were housed indoors under the natural light-dark
cycle in the animal facility of University of Oldenburg with ad libitum
access to food and water. If under 250 g, chickens (aged >2-weeks) and
adult robins were sacrificed by decapitation; heavier chickens were
euthanized by an overdose of Narcoren or Narkodorm before
decapitation. All animal procedures were performed in accordance
with local, national and EU guidelines for the use of animals in
research and were approved by the Animal Care and Use Committees
of the Niedersdichsisches Landesamt fiir Verbraucherschutz und
Lebensmittelsicherheit (LAVES, Oldenburg, Germany).

After sacrifice, eyes were quickly removed from the head and
placed into a petri dish containing 30-35 °C carboxygenated Ames’
medium (A1420-10X1L, Sigma-Aldrich, St Louis, USA) supplemented
with additional 30 mM NaHCO;, 25 mM glucose, 2.4 mM KCl and
1.8 mM MgCl, or extracellular solution (in mM: 100 NaCl, 6 KCI, 1
CaCl,, 2 MgSO,, 1 NaH,PO,, 30 NaHCO;, 50 glucose, pH 7.4). The
anterior part of the eye was cut with a razor blade and separated from
the rest of the eyecup; the vitreous was carefully removed.

2.2 Fluorescent dye injection in vibratome
slices of the chicken retina

For intracellular injections of horizontal cells, the chicken retina
was gently dissected from the eyecup, separated from the pigment
epithelium in extracellular solution and cut into small pieces which
were embedded in low-melting point agarose (1.5% in extracellular
solution, Bio & Sell GmbH, Feucht, Germany, #BS20.47.025). Vertical
sections (200 pm) were cut with a vibratome (Leica VT 1200 S, Leica
Wetzlar, Germany) and briefly fixed in 2%
paraformaldehyde (PFA, in phosphate buffered saline, PBS) for
6.5 min. After washing, the slices were placed in a bath chamber and

Biosystems,

the horizontal cell layer was identified using a 40x or 63x water
immersion objective under bright light illumination. For fluorescent
dye injection, electrodes were made from borosilicate capillaries
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TABLE 1 Primary and secondary antibodies used in this study.

10.3389/fncel.2025.1558605

Antibody Antigen Host Dilution Source, Cat#, RRID
Calretinin Full-length recombinant mouse Calretinin Guinea pig 1:500 (fm) 1:1000 (s) Synaptic Systems, 214,104,
RRID:AB_10635160
GABA GABA-bovine serum albumin Rabbit 1:1,000 (fm) Sigma-Aldrich, A2052, RRID:AB_477652
Islet 1 E. coli-derived recombinant human Islet-1 (aa = Goat 1:250 (fm) 1:500 (s) R & D Systems, AF1837, RRID:AB_2126324
4-349)
PSD95 Recombinant protein corresponding to Mouse 1:500 (s) Millipore, MABN68, RRID:AB_10807979
human PSD95
PSD95 Recombinant protein corresponding to aa Rabbit 1:500 (s) Synaptic Systems, 124,008,
68-251 from mouse PSD95 RRID:AB_2832231
Alexa 488 Guinea pig IgG Donkey 1:250 (fm) Dianova, 706-546-148, RRID:AB_2340473
Alexa 568 Goat IgG Donkey 1:250 (fm) Molecular Probes, A-11057,
RRID:AB_2534104
Alexa 647 Rabbit IgG Donkey 1:250 (fm) 1:500 (s) Abcam, ab150075, RRID:AB_2752244

aa, amino acids; BSA, bovine serum albumin; fm, flat-mounted retina; GABA, y-aminobutyric acid; s, slice.

(Hilgenberg, Malsfeld, Germany) with a P-97 electrode puller (Sutter
Instruments) and had resistances between 120 and 180 MQ. They
were tip-filled with 2 pL of Alexa Flour 488 hydrazide or Alexa Flour
568 hydrazide (dissolved in 200 mM KCl) and backfilled with 8-10 pL
200 mM KCl. Horizontal cells were targeted under visual control and
impaled for dye iontophoresis as described earlier (Tetenborg et al.,
2017), using a Multiclamp 700B amplifier (Molecular Devices)
generating 500 ms long square pulses with 2 nA at 1 Hz for 2 min.
After injection, the dye was allowed to diffuse for at least 15 min
before the slice was fixed in 2-4% PFA for 15 min and washed in PBS.

2.3 Immunohistochemistry

For immunohistochemistry of vertical retina sections, the eyecups
were immediately immersion-fixed in 4% PFA in PBS for 30 min.
Afterwards, they were washed in PBS and subsequently passed
through 10, 20 and 30% sucrose solutions in PBS until the eyecups
sank. Vertical sections (25 pm) were cut on a cryostat, dried on a hot
plate for >45 min and stored at —20 °C until further use. Slices were
washed three times for 10 min in PBS and incubated in blocking
solution containing 3% donkey serum and 0.3% Triton-X in PBS for
1 h. Primary antibodies (Table 1) were applied in blocking solution
overnight at 4 °C. Slices were washed in PBS and subsequently
incubated with secondary antibodies (Table 1) diluted in the blocking
solution for 2 h at room temperature. After washing, slices were
mounted in a few drops of Vectashield antifade medium containing
4/,6-diamidino-2-phenylindole (DAPI, H-1200-10, Vector Labs) and
covered with #1.5 glass coverslips. In control staining, we omitted the
primary antibodies to test for unspecific binding of the secondary
antibodies. No unspecific staining was detected.

For immunohistochemistry of flat-mount retinas, the pecten was
dissected away before the retina was removed from the eyecup. For
proper flat-mounting, 2-3 small incisions were made in the dorsal-
ventral and nasal-temporal periphery regions (Figure 1B). Then, the
retina was flat-mounted photoreceptor side up on black filter paper
(AAWP04700, MF-Millipore, Merck, Germany). The flat-mounts were
fixed in 4% PFA in PBS for 30 min. After two washes in PBS for
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30 min each, the flat-mounts were immersed in PBS containing 10, 20,
and 30% sucrose for 30 min each. The flat mounts were frozen in PBS
containing 30% sucrose and stored at —20 °C until further use. To
better visualize horizontal cells in flat-mounted tissue, the retina flat-
mounts were thawed and put into a petri dish with PBS. Under a
stereomicroscope, the outer segments of photoreceptors were gently
brushed away using a thin paintbrush until the first oil droplets were
brushed away.

For immunostainings of dye-injected slices and flat-mounts,
specimens were washed thrice for 15 min in PBS and blocked in 5%
donkey serum, 0.5% TritonX-100 and 0.02% sodium azide in PBS
overnight at 4°C. Staining were performed like staining of vertical
sections except that primary and secondary antibodies (Table 1) were
applied in blocking solution for 3 days and overnight, respectively.
After extensive washing, dye-injected slices were mounted in Mowiol
(#81381, Sigma-Aldrich) with DAPI and flat-mount retinas in
Vectashield (H-1000-10, Vector Labs).

2.4 Antibody characterization

The Calretinin antibody (Synaptic Systems 214,104, RRID:
AB10635160) is specific for chicken according to the manufacturer’s
specifications. Consistent with previous results in chicken (Fischer
et al., 2007), buzzard and pigeon (Haverkamp et al., 2021), the
calretinin antibody labelled ganglion, amacrine, and horizontal cells
in chicken and European robin retinas.

For the GABA antibody (Sigma-Aldrich, A2052, RRID:
AB477652), the manufacturer reports a potential immunoreactivity
across a wide range of species, which has been documented in many
studies, including invertebrates (Massah et al., 2022). For birds, this
antibody was used to identify GABA-positive cells in the arcopallium
of the pigeon (Letzner et al., 2016). In our hands, the antibody labelled
horizontal cells and putative GABAergic amacrine cells in the INL and
GCL of the chicken and European robin retina, as expected from
previous findings for the chicken retina (Araki and Kimura, 1991).

The Islet-1 antibody (R&D Systems AF1837, RRID: AB2126324)
has been validated through Western blot and immunocytochemistry

frontiersin.org
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FIGURE 1

Triple labeling with Calretinin, GABA, and Isletl allows the differentiation of four types of horizontal cells in the chicken retina. (A) Maximum projections
of vertical slices of the chicken retina labeled for Calretinin (Calret), GABA, and Isletl. Based on these markers, four different types of horizontal cells
can be distinguished: H1: Calret+/GABA+ (blue arrowhead); H2: Isletl+ (red arrowhead); H3: Islet+/GABA+ (brown arrowhead), and H4: Calret+/
GABA+/Isletl+ (yellow arrowhead). (B) Schematic of the flat-mounted retina of a chicken with cuts in the nasal (N), dorsal (D), temporal (T) and ventral
(V) side to flatten the tissue. The dark comb-like structure represents the pecten. Four image stacks each were taken from the central and peripheral
retina, marked by the squares (not to scale). An example from the dorsal-temporal region (red square) is shown in (C). (C) Flat-mounted retina from the
chicken retina, labeled for Calret, GABA and Isletl. Focus is on the INL. Arrowheads point to the different types of horizontal cells with the same color
code as in (B). The area marked with a dashed square is shown enlarged in the insets for all three channels; this area contains all four horizontal cell
types. Dashed circles represent the cell bodies labeled by the respective marker. (D,E) Bar graphs representing the fraction of horizontal cells per type
per retinal area. Data is given as mean + standard deviation; n = 4 retinas from 3 animals, except for VT and DT in (D) where n = 3 retinas from 2
animals. (F,G) Distribution of nearest neighbor distances for each of the four horizontal cell types in the central (F) and peripheral chicken retina (G).
The black and red vertical lines spanning the entire box give the median and the lower and upper quartiles of the nearest neighbor distances,
respectively. NNRI represents the ratio between the mean of the nearest neighbor distance and the standard deviation of the cellular array

(NNRI = nearest neighbor regularity index). Values above 1.9 are considered regular (Cook, 1996). Scale bars: (A) 10 um; (C) 20 pm; inset: 10 um.
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in non-bird species. Our staining results are in line with earlier studies
on bird retina (Balaji et al., 2023; Haverkamp et al., 2021; Ritchey et al.,
2010; Stanke et al., 2008).

The PSD95 (postsynaptic density protein 95) antibody has been
verified on knockout tissue. We stained similar structures
(photoreceptor endfeet) as described earlier for the mammalian retina
(Koulen et al., 1998) and bird retina (Balaji et al., 2023).

2.5 Confocal image acquisition and
analysis

Images were acquired with a confocal laser scanning microscope
(Leica TCS SP8), using the HC PL APO 63x/1.4 or HC PL APO
40x/1.3 oil-immersion objectives. Zoom, pixel number, and z-step
size were adjusted with respect to the experimental question. Stacks
from dye-injected horizontal cells were deconvolved with Huygens
Essential software (Scientific Volume Imaging, Hilversum,
Netherlands; RRID:SCR_014237) using a theoretical point spread
function. Images are presented as single optical sections or as
maximum intensity projections of image stacks. Some confocal stacks
were analyzed with Fiji (RRID:SCR_002285; Schindelin et al., 2012);
the background was adjusted using the Subtract Background function
and intensities were normalized using the Contrast Enhancement
function. Images were occasionally filtered and/or pixels mildly
saturated for presentation purposes.

To quantify horizontal cells in the flat-mounted chicken retina, six
to eight images per flat-mount were taken, with at least one image in
the periphery and central region of each quadrant (dorsal-nasal, DN;
dorsal-temporal, DT; ventral-nasal, VN; ventral-temporal, VT). The
Cell Counter plugin in Fiji was used to count the number of horizontal
cells per type in an area of 291 x 291 pm and obtain their coordinates.
A custom-written MATLAB 2023a (RRID:SCR_001622) script was
used to perform a nearest neighbor analysis. First, we computed the
distances between all cells of a given type and then filtered for the
minimal distance for each cell. These nearest neighbor distances were
pooled across all observed regions of the retina and sorted into 1 pm
wide bins for the histogram. Further, the Nearest Neighbor Regularity
Index (NNRI) for each cell type was computed by dividing the average
nearest neighbor distance by their standard deviation (Cool, 1996).

2.6 Horizontal cell reconstruction in
existing ssmSEM dataset

Our analysis of the horizontal cell type connectivity is based on
the serial sectioning multi-beam scanning electron microscopic
(ssmSEM) dataset from Giinther et al. (2024) (https://webknossos.
mpinb.mpg.de/links/1GsNiZcFOC3{]j]C). The dataset originates from
the dorsal periphery of a European robin retina and includes all layers
of the retina in an area of 1 mm x 36.4 pm with a resolution of
4 nm x 4 nm x 40 nm. We identified 171 horizontal cell somata in the
complete dataset. Since the dataset is restricted in z-depth due to
limits in number of cut sections, we only reconstructed horizontal
cells with their soma in the center of the z-plane to maximize the
chances of reconstructing complete cells. Skeletonizations, volume
reconstructions and subsequent synapse annotations were performed
with the software webKnossos (Boergens et al., 2017). Unfortunately,
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all reconstructed cells were partial cells with different extents, but it is
the largest ssmSEM dataset currently existing from any avian retina.
We excluded cells with more than 10 dendrites or major parts of the
dendritic field exceeding the volume of the dataset from further
connectivity analysis.

Analysis of the synaptic connectivity of horizontal cells to
photoreceptors was performed with modified Matlab2023b code from
Giinther et al. (2024). Since all cells were partial cells, we did not
calculate dendritic tree diameters and absolute numbers of synapses
per horizontal cell. Instead, we calculated the fraction of synapses to
the individual photoreceptor cell types and the median number of
synapses/photoreceptor/terminal. To further distinguish all single
cone types, we measured the length of the primary axon, the diameter
and position of the photoreceptor terminal in the outer plexiform
layer, the position of the soma and the volume and position of the oil
droplet. The length of the axon alone was already sufficient to separate
blue-sensitive single cones from UV-sensitive single cones but for the
group of red—/green-sensitive single cones, the terminal area in
combination with oil droplet volume or position was necessary to
discriminate the two types.

3 Results

3.1 Labeling different horizontal cell types
in the chicken retina

To resolve the number of horizontal cell types in the chicken
retina, we followed Fischer et al. (2007) and labeled vertical sections of
the chicken retina for Calretinin (Calret), Isletl, and y-aminobutyric
acid (GABA). With this combination, we were able to distinguish four
different types of horizontal cells in the inner nuclear layer (INL;
Figure 1A), which we termed H1 to H4 based on cell abundance and
Mariani (1987). H1 cells were Calret+/GABA+ but Isletl- (blue
arrowhead); H2 cells were Calret-/GABA~/Islet1+ (red arrowhead);
H3 cells were Calret-/GABA+/Islet+ (brown arrowhead), and H4 cells
were Calret+/GABA+/Islet1+ (yellow arrowhead). Using the same
markers, we also labeled chicken retina flat-mounts and were able to
distinguish the same types (Figures 1B,C). This allowed us to study the
distribution of horizontal cell types across the chicken retina by
counting the number of cells per type in the peripheral and central
chicken retina (Figures 1B-G). H1 and H2 cells were similarly
abundant (Figures 1D-G; HI cells: 48.6 +0.1% across all central
quadrants; H2 cells: 39.8 + 0.03% across all central quadrants; data
always given as mean * standard deviation of the mean); the same
applies to H3 and H4 cells (Figures 1D,E; H3 cells: 6.9 + 0.02% across
all central quadrants; H4 cells: 4.8 + 0.01% across all central quadrants).
Notably, the fraction of each type was rather constant across the visual
field, i.e., in the retinal quadrants, and largely independent from retinal
eccentricity (Figures 1D,E). As expected, cell density was higher in the
central than in the peripheral retina, ranging from 23,300 + 1,900
horizontal cells/mm? (n = 3 retinas from 2 chickens) in the central
dorsal-temporal retina to 9,700 + 1,300 horizontal cells/mm? in the
peripheral ventral-temporal retina (n = 4 retinas from 3 chickens).

A nearest neighbor analysis was performed to test the hypothesis
of four different types based on the immunohistochemical marker
profile. If cells belong to a distinct cell type, they are expected to “tile”
the retina and show a defined nearest neighbor distance. Indeed, our

frontiersin.org


https://doi.org/10.3389/fncel.2025.1558605
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://webknossos.mpinb.mpg.de/links/1GsNiZcF0C3fJjJC
https://webknossos.mpinb.mpg.de/links/1GsNiZcF0C3fJjJC

Gunther et al.

analysis confirmed that four types of horizontal cells can
be differentiated by Calret, GABA, and Islet-1 labeling in the chicken
retina. All nearest neighbor distributions showed an “exclusion” zone
,(5). In the
central retina, H1 and H2 cells showed median nearest neighbor

in which no soma of the same type was found (

distances of 8.8 and 9.3 pm, respectively, whereas the nearest neighbor
distances were much higher in H3 and H4 cells (20.4 and 27 pm,
respectively; ). A similar difference was seen for the
peripheral retina (median nearest neighbor distance: H1: 11 pm; H2:
10.7 pm; H3: 27.7 pm; H4: 40.3 pm; ). This is in line with the
lower density of H3 and H4 cells compared to H1 and H2 cells
( ,E). In addition, we also calculated the nearest neighbor
regularity index (NNRI) which represents the average nearest
neighbor distance divided by its standard deviation. True retinal
mosaics consistently yield NNRI values >2.0 whereas an NNRI of 1.91
shows complete randomness ( ; ). All

horizontal cell types had NNRI >2.7 ( ,G).

3.2 The connectivity of chicken horizontal
cells

To study the connectivity of the different horizontal cell types of
the chicken retina, we dye-injected individual horizontal cells in

10.3389/fncel.2025.1558605

vibratome slices and subsequently labeled for PSD95, a marker for all
photoreceptor terminals in the bird retina. Photoreceptor types were
identified based on their stratification in the outer plexiform layer
(OPL): double cones and rods terminate in the most distal layer, green
and red cones in the middle and violet and blue cones in the most
proximal layer of the OPL ( ; ;

). To ease photoreceptor identification, horizontal cells
were injected in the peripheral retina as photoreceptor terminals
become larger and less numerous in this region ( ).
H1 cells were identified based on their small and compact dendritic
field and the axon protruding from the soma; they seemed to contact
). Whether or not they
also contact the rather small rod terminals in the most distal part of

all cone photoreceptors within reach (

the OPL, we could not resolve with this approach. H2 cells were
identified by their much larger dendritic field and their sparse
branching. These cells almost exclusively contacted double cone
photoreceptors, with a clear preference for the accessory member
). The
process marked with an arrow represents a dendritic branch which

( ,B asterisks), as reported earlier (

makes a sharp turn and leaves the confocal stack. As H3 and H4 cells
are very sparsely distributed in the retina, especially in the periphery,
we were only able to inject a single cell that showed a morphology
distinct from H1 and H2 cells. The cell showed a very flat and large
dendritic arbor and contacted putative green and/or red cones which

FIGURE 2

The axon-bearing H1 horizontal cell in the peripheral chicken retina contacts all cones. (A) Maximum projection of a dye-injected H1 horizontal cell,
revealing a dense and narrow dendritic field and an axon (arrows). Double labeling with PSD95 reveals the stratification of photoreceptor terminals in
three layers (labeled 1-3) of the outer plexiform layer (OPL). Please note that for PSD95, the maximum projection of a substack is shown to better
illustrate the three layers. (B) Single optical sections at different positions of the confocal stack. H1 cell dendrites contact cones in all three layers of the
OPL (arrowheads). Whether or not rods are also contacted by the dendritic field could not be resolved. Please note that the H1 soma was saturated on

purpose to better reveal the thin dendrites. Scale: 10 pm (A), 2 pm (B).

B
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FIGURE 3

H2 horizontal cells in the peripheral chicken retina make selective contacts to the accessory member of the double cone photoreceptors. (A) Dye-
injected H2 horizontal cell, revealing a large dendritic tree which is only branching in the terminal endings. A maximum projection is shown. Double
labeling with PSD95 reveals the stratification of photoreceptor terminals in three layers (labeled 1-3) of the outer plexiform layer (OPL). Please note
that for PSD95, the maximum projection of a substack is shown to better illustrate the three layers. (B) Maximum projections of substacks (12-18
optical sections). Please note that the H2 soma was saturated on purpose to better reveal the thin dendrites. The vast majority of H2 cell dendrites
contact the accessory members of the double cones in the most distal OPL layer (1, asterisks), while avoiding photoreceptor terminals in layer 3 which
belong to violet and blue cones ( ), marked by a circle. However, one dendrite seems to contact a green or red cone in
layer 2 of the OPL (arrowhead). Scale: 10 pm (A), 2 um (B).

FIGURE 4

Wide-field horizontal cell (H3 or H4) in the peripheral chicken retina avoiding the outermost layer of the outer plexiform layer. (A) Maximum projection
of a dye-injected wide-field horizontal cell, revealing a flat dendritic field with processes mostly confined to layer 2 of the outer plexiform layer.
Whether this cell represents an H3 or H4 cell is not possible to discern. Double labeling with PSD95 reveals the stratification of photoreceptor terminals
in three layers (labeled 1-3) of the outer plexiform layer (OPL). Please note that for PSD95, the maximum projection of a substack is shown to better
illustrate the three layers. (B) Maximum projections of substacks (30—35 optical sections) of the confocal stack. H3/4 cell dendrites contact mostly red
and/or green cones in layer 2 of the OPL (arrowheads), while avoiding rods and double cones in the most distal layer (1) of the OPL. Rarely, H3/4 cell
dendrites reach out to violet/blue cones (circle) in the most proximal layer (3) of the OPL ( ; ). However, whether these
dendrites which do not invaginate the cone pedicle represent true contacts is unclear. Please note that the H3/4 soma was saturated on purpose to
better reveal the thin dendrites. Scale: 10 pm (A), 2 um (B).

Frontiers in 07


https://doi.org/10.3389/fncel.2025.1558605
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org

Gunther et al.

stratify in the middle of the OPL (
processes reaching out to violet/blue cones (

). However, there are also
, circle). As these
processes do not invaginate the terminals, we could not determine
whether these are true contacts and whether this cell belonged to type
H3 or H4 cells. However, the large dendritic tree confirmed earlier
reports ( ; ) and is in line with the
lower density and larger nearest neighbor distances ( -G)
we found for H3 and H4 cells.
In summary, our immunostainings confirm four different types of
horizontal cells in the chicken retina which can be distinguished based
on their immunoreactivity profile and show distinct connections

to photoreceptors.

3.3 Labeling different horizontal cell types
in the European robin retina

Next, we used the same markers (Calret, Islet], GABA) to analyze
horizontal cell types in the retina of the European robin, a night-
migratory and flight-hunting songbird with a light-dependent
magnetic sense ( ; ;

) whose foraging behavior is very different from ground-pecking
birds, such as the chicken (
( ). In retinal cryosections of the European robin retina,

) and the pigeon

we resolved three different types of horizontal cells based on this
approach ( ): HI1 cells were Calret+/GABA+ but Islet1- (blue
arrowhead); H2 cells were Calret-/GABA~-/Islet1+ (red arrowhead);
H3 cells were Calret-/GABA+/Islet+ (dark-red arrowhead). We did
not find cells that were positive for all markers (potential H4 cells),
presumably because of the weak GABA labeling in retinas of the
European robin.

3.4 The connectivity of robin horizontal
cells

To further investigate the number of horizontal cell types and
their synaptic connectivity to photoreceptors in the European robin
retina, we used the publicly available serial-sectioning multi-beam EM
dataset from the dorsal periphery of the European robin retina

10.3389/fncel.2025.1558605

( ) and reconstructed dendritic and axonal arbors
of horizontal cells. In total, we identified 171 horizontal cell somata in
the INL, from which we reconstructed 65 horizontal cells. Based on
their morphology, we grouped the cells into four types: H1 (n = 35),
H2 (n=21), H3 (n=6), and H4 (n=3) horizontal cells, again
following the nomenclature of ( ). Of the 65
reconstructed horizontal cells, 31 (14 H1, 9 H2, 5 H3, and 3 H4 cells)
were further synapse annotated. This analysis revealed that the
dendrites of each horizontal cell type connected selectively to a
different set of cone photoreceptors ( ,C, see details below)
while avoiding rod terminals, as described for the pigeon retina
( )

To investigate whether rod photoreceptors are contacted by the
axon terminals of horizontal cells, as reported for axon-bearing
horizontal cells in the mammalian retina (

3 ), we reconstructed cells starting
at the lateral elements of the rod ribbon synapses. Only the trees with
a prominent axon-like fiber were considered axonal trees (n = >5;

). Since H1 cells are the only horizontal cells described to
bear an axon ( ) and were the only horizontal cells
we found during reconstructions to bear a prominent axon-like fiber
(exceeding the limits of the dataset), we presume that the reconstructed
axon terminals belong to H1 cells.

H1 horizontal cells received frequent input from all types of cones
within their dendritic field (
with the principal member of double cones (

-F) but formed most synapses
). This results

) and the
higher abundance of double cones in comparison to single cones

from the high number of contacts per terminal (

( ). H1 axon terminals contacted rod terminals but also
double cone photoreceptors with a strong preference for the principal
member of the double cone ( ), consistent with a previous
report on chicken ( ). In contrast, H2 horizontal cells
were very selective for the accessory member of the double cone
(93.6% of all contacts) (

number of synapses per terminal (

) but with a comparatively low

). H3 and H4 horizontal
cells are both single cone selective horizontal cells but differ greatly in
). H3 horizontal cells
contacted all single cones within their dendritic field, irrespective of

the type (

blue cones combined with a higher number of contacts per terminal

the type of single cones they contact (

-F). However, due to the higher abundance of

FIGURE 5

Calret+/GABA+ H1 cell. Scale bar: 10 pm.

Triple labeling with Calretinin, GABA, and Isletl allows to differentiate only three types of horizontal cells in the European robin retina. Maximum
projections of vertical slices of the European robin retina labeled for Calretinin (Calret), GABA, and Isletl. Based on these markers, three different types
of horizontal cells were distinguished: H1: Calret+/GABA+ (blue arrowhead); H2: Isletl+ (red arrowhead); H3: Islet+/GABA+ (brown arrowhead). The
white arrow points to a cell which seems to express all three markers, but inspection of the confocal stack showed that an Isletl+ H2 cell lies behind a
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Quantification of horizontal cell type specific contacts to photoreceptors. (A) Volume reconstructions of each horizontal cell type. In total,

we identified four horizontal cell types namely H1 (dendrites n = 35, axons n = 5), H2 (n = 21), H3 (n = 6), and H4 (n = 3). All scale bars: 20 um.

(B) Network motifs for each horizontal cell type. The numbers above each photoreceptor type represent the fraction of synapses/photoreceptor type
in percent. Dashed lines indicate that this photoreceptor cell type was rarely (<3%) contacted by the respective horizontal cell. P, principal member of a
double cone; A, accessory member of a double cone; R, red single cone; G, green single cone; B, blue single cone; UV, ultraviolet single cone.

(C) Connectivity matrix with the median number of synapses/photoreceptor (PR) terminal per horizontal cell type. Histograms above the connectivity
matrix indicate the number of cells that were included in the analysis. Connections between horizontal cells and photoreceptor cells that are
highlighted by an asterisk only occurred in a few individual horizontal cells; den = dendrites; ax = axon terminal. (D) Mean number + standard deviation
(SD) of rod and cone terminals within the dendritic field of different horizontal cells. (E) Mean number + SD of contacted photoreceptor cells/type for
different horizontal cell types. (F) Mean fraction + SD of contacted photoreceptors from photoreceptors in the dendritic field of different horizontal

cell types.

to blue cones, H3 horizontal cells formed more than half of their
synapses with blue cones. In contrast, H4 horizontal cells almost
exclusively contacted green cones (Figures 6B-F). Please note that the
preference of each horizontal cell type for a specific photoreceptor
type is the combination of contacted photoreceptors terminals
(Figures 6D-F) and the number of contacts within one terminal
(Figure 6C). Most horizontal cells with a preference for a specific
photoreceptor type not only contacted these terminals more frequently
(Figure 6F) but also made more contacts within the respective
terminal. H2 cells seem to be an exception to this rule since they
generally only made a low number of contacts to any contacted
terminal. As a result, the preference of H2 cells to accessory members
purely results from the absolute number of contacted terminals.
During horizontal cell reconstructions, we identified conventional
chemical synapses at the dendrites and somata of specific horizontal
cells (Figures 7A,B). A quantitative analysis revealed that these
synapses are almost exclusively located on somata and dendrites of H1
horizontal cells; we only found two very small chemical synapses on
the dendrites of H3 horizontal cells (Figures 7C,D). Following up on
this finding, we also screened the chicken EM dataset (Giinther et al,
2021) for conventional synapses at the somata or dendrites of
horizontal cells and found similar synapses (n = 18 on 3 horizontal
cells) that were also exclusively located on H1 horizontal cells (data
not shown). To investigate the specificity of these H1 cell synapses in
the European robin retina, we reconstructed the postsynaptic partners.
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Most contacts were formed with type B7 bipolar cells (Giinther et al,
2024), suggesting a feedforward pathway selective for a certain bipolar
cell type. In addition, we found conventional synapses with previously
undescribed cell types (Figure 7) and (partially) reconstructed the cell
whose dendritic and axonal field was the most complete (Figure 7E).
The axonal field did not contain ribbon synapses, which would
be characteristic of a bipolar cell, but conventional synapses, indicative
of an amacrine cell. Additionally, the dendrites of this cell barely
contacted photoreceptor terminals but formed conventional synapses
in the OPL. Reconstructing the postsynaptic partners of those
conventional synapses revealed that most of the postsynaptic partners
were B4a bipolar cells. This circuit analysis suggests that the avian
retina contains an interplexiform cell which receives chemical input
from HI horizontal cell dendrites and provides output to B4a
bipolar cells.

4 Discussion

We first used an immunohistochemical approach to (1) confirm
horizontal cell types in the chicken retina and (2) expand the analysis
on previously undescribed European robin horizontal cells. In a
second approach, we used the previously published electron
microscopic dataset from the peripheral European robin retina to (3)
identify the detailed connectivity between photoreceptor cell types
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FIGURE 7

H1 horizontal cells form conventional synapses at their dendrites and somata to specific bipolar and interplexiform amacrine cells. (A) Volume
reconstructed soma of an H1 horizontal cell (blue) with arrows pointing to the locations of conventional synapses highlighted in yellow. Scale bar:

5 pm. (B) Electron microscopic image of a conventional synapse at the soma of an H1 cell. The image originates from the previously published mSEM
dataset (GUnther et al., 2024). Scale bar: 1 pm. (C) Total number of conventional synapses for each HC type separated by their location either on the
cell body or the dendrites. In total, we inspected 21 H1, 18 H2, 6 H3 and 3 H4 horizontal cells. (D) Connectivity matrix with fractionated number of
synapses for each postsynaptic cell type in percent. Only two small synapses were found at H3 horizontal cell dendrites (marked with *). Postsynaptic
cells from the H3 horizontal cell synapses resembled the previously described B10 bipolar cell in the chicken (Gunther et al., 2021). Ax = axon terminal;
B1-B10, bipolar cell types; interpl. AC, interplexiform amacrine cell; HC, horizontal cell; PR, photoreceptor. (E) Skeletonized postsynaptic interplexiform
amacrine cell, stratifying in the outer and inner plexiform layer. Scale bar: 50 pm.

and each individual horizontal cell type and (4) provide first insights
into potential locations of synapses for feedforward inhibition.

4.1 Bird retinas contain four types of
horizontal cells

Horizontal cells had so far only been studied in two bird species,
the chicken (Edqvist et al., 2008; Fischer et al., 2007; Tanabe et al.,
2006) and the pigeon (Mariani, 1987) where either three (Edqvist et al.,
2008; Tanabe et al., 2006) or four types (Fischer et al., 2007; Mariani,
1987) were differentiated, depending on the choice of method. Here,
we confirmed four types of horizontal cells in the chicken retina using
similar markers as Fischer et al. (2007). However, while their types H3
and H4 were GABA- (Fischer et al.,, 2007), we show that these two
types are GABA+. We also studied the distribution of the four types
across the chicken retina by probing four central and four peripheral
regions in each retinal quadrant. Each horizontal cell type made up a
similar proportion of all horizontal cells across the retina, with
differences only in the central dorsotemporal retina, where H2 cells
were less abundant and H3 cells slightly more abundant than in other
quadrants. Across all quadrants, H1 and H2 cells were the major
horizontal cell types whereas H3 and H4 cells were both rather rare as
was reported before (Fischer et al., 2007) (for numbers, see results
section). Whether the horizontal cell density in the chicken retina is
proportional to the density of photoreceptors and shows regional hot
spots as reported for the mouse retina (Spinelli et al., 2024) remains
elusive as this would require much denser sampling of the entire bird
retina. Given the occasionally weak penetration of the antibodies,
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we refrained from such an analysis. In our nearest neighbor analysis,
H1-4 cells showed marked exclusion zones and an NNRI >2.7 for all
horizontal cell types, suggesting that each type forms its own retinal
mosaics (Cook, 1996; Keeley et al., 2017). This is also consistent with
recent transcriptomic data, which indicates four horizontal cell types
in the chicken (Yamagata et al., 2021).

The same antibody combination (Calret, GABA, and Isletl),
however, yielded only three different types of horizontal cells in the
European robin retina, which was probably caused by the low
penetration of the GABA antibody. To overcome this obstacle,
we made use of a serial electron microscopy stack and were able to
confirm four types also for this species. The reconstructed horizontal
cells in the European robin retina are morphologically very similar to
the different types identified in the chicken (this study; Fischer et al,
2007) and pigeon retina (Mariani, 1987). This is consistent with the
notion that the outer retina is evolutionary more conserved than the
inner retina (Baden, 2024; Hahn et al., 2023), which in case of birds
already shows marked differences at the level of bipolar cells (Balaji
et al., 2023; Gunther et al., 2024; Giinther et al., 2021).

4.2 Bird horizontal cells make type-specific
contacts with photoreceptors

We also used the high-resolution information of the serial EM
stack to fully resolve the horizontal cell/ photoreceptor connectivity
in the dorsal peripheral retina of the European robin. Intracellular dye
injections into chicken horizontal cells complemented this approach.
Both approaches show that H1 cell dendrites predominantly contact
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the double cones, with a strong preference for the principal member.
H1 dendrites also contact single cones, while avoiding rod terminals.
The axon terminals of H1 cells preferentially synapse with the
principal member of the double cone but also contact the accessory
member and rods. A similar connectivity was suggested for H1 cells
in the pigeon retina (Mariani, 1987). For H2 cells, our data confirms
the preferential connection to the accessory member of the double
cone (Tanabe et al., 2006), again demonstrating that both members of
the double cone make independent connections with horizontal and
bipolar cells (Baden, 2024; Giinther et al., 2024; Gunther et al., 2021).
Although there were some doubts on the existence of a fourth
horizontal cell type (Edqvist et al., 2008; but see Fischer et al., 2007),
analyzing the photoreceptor connectivity yielded a clear result: H3
cells contact all single cones within their reach (with a preference for
blue cones which were more abundant in the dorsal peripheral retina),
whereas H4 preferentially contact green cones.

4.3 Similarities with the turtle retina allow
predicting the putative light responses of
bird horizontal cells

Horizontal cells are crucial for making color opponent
computations in the retina (reviewed in Thoreson and Dacey, 2019).
The horizontal cell types and their photoreceptor connections found
here in birds are strikingly similar to those described in the turtle
retina, which also contains a similar set of photoreceptor types
(Bowmaker, 2008). As horizontal cells in the turtle retina were
intensely studied, we speculate here on the function of bird horizontal
cells. Like the bird retina, the turtle retina contains four different types
of horizontal cells, one axon-bearing B-type and three axon-less
A-type horizontal cells (Gallego, 1986; Leeper, 1978). The axon-
bearing turtle H1 cell (corresponding to the H1 cell described here)
was shown to contact double and single cones (Leeper, 1978). It is a
luminosity-type horizontal cell as it lacks color opponency and
hyperpolarizes in response to all wavelengths of light (Tranchina et al,,
1983). Thus, it seems likely that bird H1 cells, which also sample from
double and single cones like turtle HI cells, also belong to the
luminosity type and encode contrast rather than spectral information.
Bird H2 cells may correspond to turtle H4 cells. Both horizontal cell
types preferentially connect to the double cone accessory member
(Leeper, 1978) which expresses red opsin in both, birds and turtles
(Davies et al., 20125 Loew and Govardovskii, 2001). Both cells may
correspond to a second luminosity type although the physiological
responses of turtle H4 cells are not entirely clear (Ammermiiller and
Kolb, 1996), presumably due to their low abundance. Bird H3 cells
may be counterparts of turtle H3 cells as both cell types show a
preference for short-wavelength input (Kolb et al., 1988). Turtle H3
cells respond biphasically to light stimuli, depolarizing to red light and
hyperpolarizing to blue (Ammermiiller et al., 1995). They therefore
belong to chromaticity horizontal cells, which may also be the case for
bird H3 cells. Bird H4 cells prefer green cones and may consequently
correspond to turtle H2 cells, which wire to blue and green cones
(Leeper, 1978) and show color-opponent responses, i.e., depolarization
to red and hyperpolarization to green (Ammermiiller et al., 1995). In
summary, in the bird retina, the two most abundant horizontal cell
types (H1 and H2) may encode intensity whereas the two least
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abundant cell types (H3 and H4 cells) may show color opponency.
Recordings from bird horizontal cells, which have not been described
yet, will show whether these predictions are correct.

4.4 Potential horizontal cell involvement in
processing light-dependent magnetic
information

The double cones of European robins contain the blue-light
absorbing and magnetically sensitive protein, Cryptochrome 4
(Chetverikova et al., 2022; Gunther et al., 2018; Xu et al., 2021), which
is thought to be the primary magnetic sensor in light-dependent,
radical-pair-based magnetoreception (Hore and Mouritsen, 20165
Mouritsen, 2018). Furthermore, the accessory member of the double
cone in the European robin lacks the oil droplet (Giinther et al., 2024)
that filters out blue light in some other bird species (Bowmalker et al.,
1997). Therefore, the H2 cell of the European robin, which contacts
almost exclusively the accessory member of the double cone, may
carry magnetic information.

Horizontal cell-mediated inhibition may create antagonistic
receptive fields at the level of bipolar cells which are then passed on
to ganglion cells (Stroh et al., 2018). Therefore, it is also conceivable
that H1 cells, which contact almost all photoreceptors, play a role in
magnetoreception. They could modulate type 6 bipolar cells (Giinther
etal,, 2024) which sample exclusively from accessory members of the
double cone. The potential combination of selective sampling (type 6
bipolar cells) and non-selective sampling (H1 cells) could generate a
center-surround pathway for magnetic signals, comparable to the
color-opponent pathways in the peripheral primate retina (Field
et al., 2010).

4.5 Potential sites for feedforward
inhibition in bird horizontal cells

Horizontal cells shape the receptive fields of downstream neurons
by feedback and feedforward signaling to photoreceptors and bipolar
cells, respectively. Only recently, the synaptic sites for feedforward
inhibition were identified in the mouse retina (Behrens et al., 2021)
where they occurred as short segments of increased dendritic diameter
on the primary dendrites of horizontal cells. Here, we also identified
conventional synapses in horizontal cells, which predominantly
occurred on the somata of H1 cells. These structures showed synaptic
vesicles (Figure 7B) which may contain GABA as H1 cells are GABA+
(Fischer et al., 2007; this study). Contacts were made with (1) type 7
bipolar cells suggesting that feedforward inhibition is bipolar cell type
specific (Behrens et al, 2021); (2) other horizontal cells (as was
suggested before Dowling et al., 1966); and (3) an interplexiform cell
which presumably provides output to type 4a bipolar cells and
stratifies in layer 8 of the INL (Figure 7E). The latter cell did not
resemble any of the interplexiform cells reported earlier for the bird
retina (Kalloniatis and Fletcher, 1993; Mariani, 1987) and the
physiological function of these connections is unclear. In conclusion,
our data provides a first insight into the synaptic complexity of the
bird OPL where horizontal cells not only form feedback synapses with
photoreceptors but also feedforward synapses with specific types of
bipolar cells and at least one type of interplexiform cells.
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In summary, two distantly related bird species each contain four
types of horizontal cells, suggesting that this is a conserved feature of
avian species. Bird horizontal cells show similar connections to
photoreceptors as the ones in reptiles. Based on this, we speculate that
bird retinas may contain both intensity-encoding and color-opponent
horizontal cells, corresponding to H1/H2 and H3/4, respectively.
Electrophysiological studies are needed to test for the functional role
of horizontal cells in the superb spatial and color vision of birds.
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