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The retina contains distinct types of ganglion cells, which form mosaics with cells of each type at each 
position of the visual field. Displaced retinal ganglion cells (dRGCs) occur with cell bodies in the inner 
nuclear layer (INL), and regularly placed RGCs with cell bodies in the ganglion cell layer. An example 
of mammalian dRGCs are M1-type intrinsically photosensitive ganglion cells (ipRGCs). Little is known, 
however, about their relationship with regularly placed ipRGCs. We identified mouse ipRGC types M1, 
M2, and M4/sONɑ by immunohistochemistry and light microscopy. Reconstruction of immunolabeled 
mosaics from M1 and sONɑ RGCs indicated that dRGCs tiled the retina with their regular RGC partners. 
Multi-electrode array recordings revealed conventional receptive fields of displaced sONɑ RGCs which 
fit into the mosaic of their regular counterparts. An RGC distribution analysis showed type-specific 
dRGC patterns which followed neither the global density distribution of all RGCs nor the local densities 
of corresponding cell types. The displacement of RGC bodies into the INL occurs in a type-dependent 
manner, where dRGCs are positioned to form complete mosaics with their regular partners. Our 
data suggest that dRGCs and regular RGCs serve the same functional role within their corresponding 
population of RGCs.

Retinal ganglion cells (RGCs) consist of a heterogeneous group of more than 40 different cell types in mice1,2. 
They can be separated based on the large diversity of morphologies, molecular identities, and light response 
properties1–4. Cell bodies of individual RGC types are regularly spaced and their dendrites are arranged in a 
mosaic which tiles the retina without leaving gaps5,6. Regional specializations of these mosaics exist across the 
mammalian retina in response to lifestyle and habitat of different species, such as the cat area centralis, the 
rabbit visual streak, or the human fovea7–9. These regions contain increased RGC densities to enhance visual 
acuity, for instance, in distinct areas of the visual field10,11. In mice, RGCs have been thought to have a central to 
peripheral density gradient12. However, recent work showed distinct density gradients for certain types, such as 
the sustained ON alpha (sONɑ) RGC, contrary to the overall density distribution of RGCs11,13–16.

Independent of these specializations, a common feature of all RGC types is their cell body position in the 
ganglion cell layer (GCL). However, there are poorly understood exceptions to this rule, where cell bodies of 
displaced RGC (dRGCs) are located in the inner nuclear layer (INL). A well-known example RGC group which 
frequently exhibits displaced cell bodies are intrinsically photosensitive ganglion cells (ipRGCs) in various 
mammalian retinas including human[e.g.17–24. ipRGCs express the photopigment melanopsin and mediate 
distinct functions in image- and non-image forming vision25. In the mouse retina, six different types of ipRGCs 
(M1-M6) can be separated based on morphology, functional properties, and axonal projections to distinct brain 
regions18,23,26–31. The M4 ipRGC was shown to correspond to one of the four alpha RGC types of the mouse 
retina, i.e. the sustained ON alpha (sONɑ) RGC29,32.

Despite the knowledge of this heterogeneous group of ipRGCs and the functional roles of corresponding 
types, little is known about the properties of displaced ipRGCs. In mice, about 2% of all RGCs are located as 
displaced retinal ganglion cells (dRGCs) in the inner nuclear layer (INL). They occur more frequently in the retinal 
periphery12. Individual dRGCs show a large morphological variety33 but dRGCs have not been comprehensively 
examined with regard to cell identity and regularly placed RGCs. Thus, the spatial arrangement of their dendritic 
processes with respect to regular RGCs in the GCL or their response properties remain unknown. While dRGCs 
are often ignored when RGC mosaics are investigated in the mammalian retina, it is thought that dRGCs are 
misplaced due to ontogenetic aberrations rather than representing an independent functional class of RGCs3,34. 
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In birds, however, dRGCs mostly project to the accessory optic system and presumably support the optokinetic 
nystagmus and retinal image stabilization35–37.

To elucidate the anatomical and functional arrangement of dRGCs relative to mosaics of regular RGCs in a 
mammalian retina, we took advantage of available immunomarkers against the group of ipRGCs in mice. We 
analyzed the spatial distribution and dendritic arrangement of the ipRGC types M1, M2, and sONɑ, in both GCL 
and INL of the retina. dRGCs completed the dendritic mosaic and tiled the retina evenly with their regularly 
placed partners to form complete anatomical and functional mosaics. In addition, we found that the distribution 
of identified dRGCs neither followed the overall density distribution of all RGCs, nor the distribution of the 
corresponding type in the GCL. Furthermore, the proportion of displaced cells differed between types. Our data 
suggest that a displacement of cell bodies does not occur randomly but in a type-dependent manner.

Materials and methods
Animals and tissue preparation
All procedures were performed in accordance with the German Animal Protection Law (Tierschutzgesetz), as 
issued by the German Federal Government, approved by the local animal welfare officers, in compliance with 
the AVMA Guidelines for Euthanasia, and reporting adheres with the ARRIVE guidelines. Wild type C57Bl6/J 
mice and thy1-GFP-O mice38 of either sex were included in this study. They were housed in a 12:12 h light dark 
cycle. Fully grown C57Bl6/J animals at an age of 11–12 weeks were used for cell quantifications. The animals 
were euthanized using carbon dioxide followed by a decapitation. Eyes were enucleated and fixed in 4% cold 
paraformaldehyde in 0.01 M phosphate buffered saline (PBS), pH 7.4, for 15 min at room temperature. After 
washing in PBS, special care was taken to maintain the orientation of the eyecups, where the choroid fissure was 
used as a landmark39. Four radial relieving cuts were made, the longest one along the nasal fissure, approaching 
the optic nerve head. Then, the retinas were dissected away from the eye cup in PBS. This was performed in a 
way that the complete retina, including the most peripheral region (outer marginal zone), was preserved. Retinas 
were then cryoprotected overnight with 30% sucrose in PBS, and stored at -20 °C until use.

thy1-GFP-O mice at an age of 5–7 weeks were used for multi-electrode array (MEA) recordings. Animals were 
dark adapted for 2 h and killed by cervical dislocation. Dorsal-temporal regions of the retinas were dissected from 
the eye cup under infrared illumination in Ames’ solution, pH 7.4 (USBiological) bubbled with carbogen (95% 
O2 and 5% CO2) at room temperature. MEA recordings were performed at 36.5 °C in the recording chamber.

Immunohistochemistry
Following dissection, retinas were used as whole mounts. Immunohistochemical labeling was performed by 
an indirect immunofluorescence method. The tissue was mounted on a black nitrocellulose filter membrane 
(Millipore) with GCL up and pre-incubated at room temperature for 2–4 h in an incubation solution containing 
5% NDS, 1% BSA, 1% Triton X-100, and 0.02% sodium azide dissolved in PBS. Primary and secondary antibodies 
were diluted in the same incubation solution. Wholemounts were incubated with primary antibodies (Table 1) 
for 3 days at room temperature. Secondary antibodies (Alexa 488 and Alexa 568, Invitrogen, 1:500; Alexa 647, 
Invitrogen or Jackson ImmunoResearch, 1:250) were incubated at room temperature for 4 h. 4′,6-Diamidino-2-
phenylindole dihydrochloride (DAPI, Sigma-Aldrich, cat# D9542, final concentration 0.2 µg/ml) was added into 
the secondary antibody solution for 1 h before rinsing.

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. High-resolution image stacks were 
taken with confocal laser scanning microscopes (Leica TC SP8 and Leica TCS SL) with 40x/1.25 oil immersion 
objectives and z-axis increments of 0.25-0.5 μm or with a Zeiss AxioObserver equipped with an Apotome2 and 
a 20x/0.8 air objective and z-axis increments of 0.54 μm.

Cell bodies labeled with RBPMS, SMI-32 and calbindin or melanopsin were manually outlined and the 
corresponding area was measured in Fiji to calculate their diameter.

For the calculation of density recovery profiles40 and for large-scale quantification of cell densities, tile scans 
of image stacks from whole retinas were taken with a Leica DM6 B epifluorescence microscope equipped with a 
motorized stage and a 20x/0.5 air objective. Individual image stacks were automatically stitched together in the 
microscope software (LAS X, Leica). Next, the centers of individual cell bodies were manually marked using the 
CellCounter plugin in Fiji.

Primary antibody Host Company Catalogue number Dilution

RBPMS Rabbit PhosphoSolutions 1830-RBPMS 1:500

RBPMS Guinea pig PhosphoSolutions 1832-RBPMS 1:200

SMI-32 (Neurofilament H) Mouse BioLegend 801701 1:1000

Calbindin Rabbit Swant CB-38a 1:2000

Osteopontin Goat R&D systems AF1433 1:200

Melanopsin Rabbit ATS AB-N38 1:2500

Melanopsin Rabbit ATS AB-N39 1:2500

GFP Rabbit Invitrogen A-6455 1:2000

Table 1.  List of primary antibodies.
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Reconstruction of retinal wholemounts
A number of landmarks that were used in the spherical reconstruction and density calculations were marked 
in Fiji and Matlab. These include the outline of the flattened retina along with additional marks for cuts and 
tears within the said outline, the optic disc, areas where the retina ruptured internally, areas where tissue was 
missing, as well as prominent anatomical features such as blood vessels. The outline was estimated in rare cases 
where tissue was folded or missing. The R package Retistruct41 was then used to reconstruct the dissected retina 
into the partial sphere formed by the retina in the eye. The complete retina was estimated to form a spherical 
cap with a rim angle of 110°41. The vascularisation pattern was used to assess the quality of the reconstruction. 
Orientations of different retinas were aligned based on the incision along the nasal choroid fissure. The average 
nasal choroid fissure incision line and the average optic disc is shown in Fig. 7C. The center of the optic disc was 
ventrally offset from the pole of the cap with an angle of 5.2 ± 2.6°. The radius of the retinal cap, in particular 
of the ganglion cell layer, was set to 1.5 mm as measured in cryosections of complete mouse eyes. This is in 
accordance with previous reports42. We discarded the radius estimated by equalizing the area of the cloverleaf 
and spherical cap (1.3 ± 0.0 mm, n = 10). The radius difference was likely caused by an underestimation of the 
area of the flattened whole-mounted retina due to potentially compressed tissue in the center of the cloverleaf 
around the optic nerve head while unfolding the retina during the mounting procedure.

The local cell density (i.e. density of cell body markers) was calculated in spherical coordinates. The density 
at a given position was the number of markers in the local neighborhood within a 10 degree radius. This radius 
corresponds to an arc length of 261.8  μm and a counting disc area of 0.21  mm2. Regions such as the optic 
disc or regions with insufficiently stained or damaged tissue were excluded from contributing to the area. The 
average density across different retinas (Fig. 7) was calculated at a fixed regular grid. Reconstructed points were 
visualized as azimuthal equal distance projection (Fig. 7).

Matching of anatomically and electrophysiologically identified cells
Retinas were recorded as described previously43. Briefly, a small piece of isolated retina from the dorso-temporal 
quadrant of the eye was mounted, RGC side down, on a high-density MEA (3Brain). Recordings were analyzed 
offline to isolate the spikes of different cells. Candidate spike events were detected using a threshold on each 
electrode. The voltage waveforms on the electrode and neighboring electrodes 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 monochrome binary spatial white noise was displayed on a CRT monitor at a refresh rate of 120 Hz 
and a stimulus pixel width of 49 μm. The grid on which stimulus pixels were presented was randomly shifted, 
effectively doubling the spatial resolution. Photopic light levels at a mean intensity of 2.9 mW/m2 were used to 
characterize the response properties of the recorded cells. The receptive field was approximated by the spike-
triggered average. RGCs were functionally classified into cell types based on their spatiotemporal receptive 
field properties and spike autocorrelation function given that they formed a regular mosaic. sONɑ RGCs were 
identified based on their sustained responses, large receptive fields, and response pattern to full field frequency- 
and amplitude-modulated sweeps1. Receptive field outlines were drawn at the 1 s.d. contour of two-dimensional 
Gaussian fits. The electrical image was calculated as the average voltage recorded in a 5.1 ms time window 
surrounding the spikes of a cell44.

After the MEA recordings, a manual tile scan was performed while the retina was still mounted on the MEA. 
Images were obtained with a Leica DMLFS epifluorescence microscope equipped with a 10x air objective and 
stitched together in Fiji using the pairwise stitching plugin. Subsequently, the tissue was carefully mounted on 
a black nitrocellulose filter membrane (Millipore) with the RGC layer up and processed for immunostainings 
as described above. Mosaics of sONɑ RGCs were identified independently by immunolabeling and functional 
analyses as described above. GFP-labeled sONɑ RGCs were traced with Amira (Thermo Fisher Scientific) in the 
epifluorescence image from the retina when it was still mounted on the MEA to match GFP-labeled cells and 
the readily visible electrodes together with the corresponding electrical image. A unique mapping of anatomical 
and electrophysiological data was achieved by the comparison of the cell body and axon positions with the 
corresponding voltage deflections in the electrical images among all recorded cells.

Unless stated otherwise, all data are reported as mean ± s.d. (standard deviation).

Results
Mouse retinas were labeled against melanopsin in combination with further immunomarkers to investigate the 
distribution of regularly placed ipRGCs and displaced cells. The melanopsin immunolabeling revealed a non-
uniform staining pattern across the mouse retina as shown previously25,45. In the dorsal retina, cell bodies and 
dendrites of M1 and M2 ipRGCs were clearly visible with a rather homogeneous melanopsin staining level. In 
contrast, the melanopsin staining pattern in the ventral retina was less homogeneous, generally weaker in most 
cells, but with strongly labeled (M1) cells that stood out (Fig. 1). Thus, further markers were required to reliably 
identify cell types and their specific distribution patterns across all retinal regions.

Osteopontin labels M2 ipRGCs
M1 and M2 ipRGCs are strongly immunopositive for melanopsin but a specific marker to clearly separate these 
two types is missing. The cytosolic protein osteopontin46 is commonly used as an alpha RGC marker in mice, but 
it has been suggested that another type of melanopsin-containing RGCs is immunoreactive against osteopontin 
as well2,47. Thus, we analyzed the staining pattern of osteopontin in combination with melanopsin and further 
cell marker antibodies to determine if these combinations were suitable for a reliable separation of the RGC 
types of interest (Fig. 2A-D, encircled). We used SMI-3211,48 and calbindin47 to rule out a confusion with sONɑ 
RGCs (Fig. 2E-L, encircled), that express osteopontin and low levels of melanopsin29,32 (and own observations, 
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Fig. 2.  Immunomarkers for ipRGC/sONɑ cell type classification. Maximum intensity projections of confocal 
image stacks of the mouse GCL triple-labeled against the neurofilament marker SMI-32, melanopsin, calcium-
binding protein calbindin, RNA binding protein with multiple splicing (RBPMS), and osteopontin in different 
combinations. (A)–(D): Cell bodies of several melanopsin-positive ipRGCs are immunonegative for SMI-32 
but labeled with osteopontin (dashed circles). (E)–(H): Cell bodies of sONɑ RGCs (dashed circles) are co-
labeled with SMI-32, calbindin, and RBPMS. (I)–(L): As (E)–(H) but with osteopontin instead of RBPMS. 
Scale bar: 50 μm.

 

Fig. 1.  Non-uniform staining pattern of melanopsin across the mouse retina. Maximum intensity projections 
of structured illumination epifluorescence images labeled with melanopsin were taken from a dorsal (A) and a 
ventral (B) region of the same retina. Scale bar: 50 μm.
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Fig.  2). In addition, RBPMS (RNA-binding protein with multiple splicing49), a general ganglion cell body 
immunomarker, was applied to further elucidate general anatomical properties of RGC bodies. sONɑ RGCs had 
extraordinarily large and polygonal-shaped cell bodies (Fig. 2F, G, soma diameter 20.7 ± 1.3 μm; n = 75; see also 
Fig. 3G).

The marker combination presented here allowed the unequivocal classification of sONɑ RGCs as the latter 
were very large, strongly positive for SMI-32, and only weakly positive for melanopsin. Thus, at least one other 
RGC type was also immunoreactive for both osteopontin and melanopsin. To identify this type, we used 
dendritic stratification to classify RGCs co-labeled with both osteopontin and high levels of melanopsin. The 
dendrites of M1 or M2 ipRGCs stratify in sublamina S1 or S5 of the inner plexiform layer (IPL), respectively50. 
If the immunoreactivity against osteopontin in melanopsin-labeled ipRGCs was a type-specific feature, this 
should be revealed by distinct stratification patterns of the corresponding cells. Thus, we analyzed the dendritic 
stratification of osteopontin-positive and -negative ipRGCs, which were strongly melanopsin-positive. These 
cells were manually traced through microscopic image stacks of immunolabeled wholemounts (Fig. 3). Cell 
body positions and dendritic stratification levels were determined relative to DAPI staining as an indicator for 
the ganglion cell layer and the inner nuclear layer here (Fig. 3a3) and in subsequent experiments.

Cells that were negative for osteopontin but strongly positive for melanopsin exclusively stratified in the most 
distal part of the IPL (sublamina S1, Fig. 3D). These cells had sparsely branched dendritic arbors and relatively 
small cell bodies (Fig. 3G, soma diameter 12.8 ± 1.6 μm; n = 114). We identified these cells as M1 ipRGCs based 
on staining intensity, overall morphology, and stratification level. In contrast, osteopontin-positive, strongly 
melanopsin labeled ipRGCs exclusively stratified in the most proximal part of the IPL (sublamina S5, Fig. 3E). 

Fig. 3.  Tiling pattern and stratification levels of osteopontin-negative (M1) and -positive (M2) ipRGCs. (A) 
Maximum intensity projection of a confocal image stack of wholemounted retina labeled against melanopsin 
and osteopontin. Dendrites of M1 and M2 ipRGCs were manually traced through the image stack in Amira. 
a1 and a2 show the staining pattern of melanopsin labeled cell bodies from A (dashed circles) with increased 
intensity. a3–a5: Side view projection of the boxed area in A including the DAPI staining, indicative of the inner 
nuclear layer (INL) and ganglion cell layer (GCL). The arrowheads (A, a4) point to the cell body of a displaced 
M1 cell in the INL, the asterisk (a4) marks the descending axon. The arrows (A, a4) point to an M1 cell with its 
cell body located in the GCL. (B) Ganglion cell skeletons of M1 ipRGCs. Colored discs indicate the positions 
of the cell bodies. The red skeleton at the bottom of (B) belongs to a displaced ganglion cell. (C) Ganglion cell 
skeletons of M2 ipRGCs. (D), (E) vertical views of (B), (C). Gray lines indicate the inner and outer border 
of the IPL as determined by DAPI staining. (F) Density recovery profile of M2 cells (n = 281) analyzed in a 
wholemounted retina shows the distribution of distances between M2 ipRGCs. Effective radius of exclusion 
(vertical green line): 65.8 μm, cell density average over the larger half of the bins (horizontal orange line): 19.71 
cells/mm2, bin width 20 μm. (G) Histogram of ipRGC body diameters, M1 n = 114; dM1 n = 81; M2 n = 81; M4/
sONɑ n = 75; displaced M4/sONɑ n = 21 (all peaks normalized to equal amplitude). Scale bars: 50 μm in A, 
applies to (A)–(E); 25 μm in a1 and in a5.
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Cell bodies of these cells were slightly larger compared to M1 ipRGCs (soma diameter 14.4 ± 1.3 μm; n = 81). 
They had symmetric dendritic trees and more branchpoints than M1 ipRGCs, similar to the morphology that 
was described for M2 ipRGCs20.

All M2 candidate cell body positions (n = 281) were manually marked in an immunolabeled retina and a 
density recovery profile was calculated. An exclusion zone with an effective radius of 65.8 μm became apparent 
(Fig. 3F). This exclusion zone further supported the notion that these cells formed a single type which tiled the 
retina (see also Fig. 7M-O).

Together, these results showed that strongly melanopsin labeled cells, which were osteopontin-positive and 
SMI32-negative, represented M2 ipRGCs.

Dendritic tiling pattern of regular and displaced RGC types
We analyzed the spatial arrangement of dendritic processes of displaced RGCs and their regular counterparts 
in the GCL to understand the dendritic organization relative to each other. For this, we used SMI-32 staining in 
confocal image stacks as in Fig. 2. SMI-32 staining is very dense in the IPL as it labels processes of many different 
cell types. Therefore, we manually traced the dendritic trees of displaced RGC types and those of their regularly 
placed neighbors of the same type through the image stacks (Fig. S1, Fig. 4).

The red dendritic skeleton originates from a displaced sONɑ RGC (Fig. 4A, B). The cell bodies of all remaining 
cells were located in the GCL. Even though SMI-32 does not reliably label the most peripheral dendrites of 
a given tree, it became obvious that all of these cells stratified at the same level in the ON layer of the IPL. 
Furthermore, displaced sONɑ RGCs completed a hole in the mosaic of their regularly placed partners, and 
together they evenly tiled the retina (Fig. 4C).

To ensure that this dendritic tiling pattern of displaced cells is not exclusively related to sONɑ RGCs, we 
also analyzed the putative integration of displaced M1 ipRGC dendrites within the mosaic of regularly placed 
M1 ipRGCs in a ventral mouse retina (Fig. 5). The red skeletons in the center of Fig. 5A indicate displaced 
M1 ipRGCs with cell bodies located in the INL. These cells completed the mosaic of the remaining, regular 
counterparts with their cell bodies located in the ganglion cell layer. All M1 ipRGCs stratified at the same level in 
the distal OFF layer of the IPL (Fig. 5B). As shown for sONɑ RGCs, displaced M1 ipRGCs completed the mosaic 
of their regularly placed partners of the same type (Fig. 5C).

Receptive field mosaic of regular and displaced sONɑ RGCs
We presented anatomical evidence that displaced RGCs tile the retina in concert with their regularly placed 
counterparts of the same type to form complete dendritic mosaics. This spatial pattern should be reflected in a 

Fig. 4.  Tiling pattern and stratification levels of M4/sONɑ RGCs. Dendrites of sONɑ RGCs were manually 
traced through a confocal image stack of a mouse retina labeled against SMI-32 and DAPI. (A) sONɑ RGC 
skeletons. Colored discs indicate the positions of the cell bodies. The red skeleton in the center belongs to a 
displaced sONɑ RGC. (B) Vertical view of the RGC skeletons in A. Gray lines indicate the inner and outer 
border of the inner plexiform layer as determined by DAPI staining. INL: inner nuclear layer, GCL: ganglion 
cell layer. (C) Convex hulls encompass the skeletons as in (A). The displaced cell is shown in red. Note that 
dendritic trees of some ganglion cells in the periphery of the image stack were not fully captured. Scale bar in 
(C): 50 μm, also applies to (A). (D), (E) as (A) for additional examples from two further animals. Scale bars 
500 μm.
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homogeneous, uninterrupted mosaic of the functional receptive fields when a displaced ganglion cell is present, 
assuming that displaced RGCs would not differ from regular cells in terms of their light response properties.

To test this hypothesis, the receptive field organization of sONɑ RGCs was characterized by MEA recordings 
of spikes from a GFP-O mouse retina in response to a random noise light stimulus (Fig. 6). GFP-O retinas were 
used to identify GFP-positive sONɑ RGCs51. We recorded from the dorso-temporal retina to increase chances 
of recording from a displaced sONɑ RGC (see Fig. 7V-X) among regular RGCs. Two nearby GFP-positive RGCs 
were recorded simultaneously (Fig. 6A), which were subsequently confirmed as a regularly placed sONɑ (traced 
in blue) and a displaced sONɑ RGC (traced in red), based on dendritic tree morphology, strong SMI-32 labeling, 
and the locations of cell bodies in GCL and INL, respectively (Fig. 6A, B). These two anatomically identified 
cells were then matched to the functional dataset from the MEA recording, by screening all candidate electrical 
images of all RGCs recorded in the corresponding area. We found matching pairs for both cells (Fig. 6A) based 
on soma positions and axon trajectories. The cells were part of the sONɑ functional mosaic (Fig. 6C) which was 
identified independently (see material and methods). The regularly placed and displaced sONɑ RGCs show 
similar receptive field properties in terms of spike response kinetics (Fig. 6D-F). The receptive field radius of the 
displaced RGC did not deviate significantly from those of regularly placed RGCs (Wilcoxon ranksum p > 0.74). In 
line with our anatomical results, the receptive field of the displaced sONɑ RGC (red ellipse in Fig. 6C) completed 
the receptive field mosaic of its presumably regular-placed counterparts (gray ellipses).

Distribution of RGC types across the retina
Here, dRGCs were observed more frequently than expected in areas other than the outer marginal zone12. 
Therefore, we investigated the general distribution patterns of dRGCs relative to regular RGCs across complete 
retinas and in a type-specific manner by a large-scale analysis of the abovementioned immunomarkers (Table 2).

We applied these marker combinations for a localization analysis of RGC bodies in immunolabeled 
wholemounts (Fig.  7). Stress-relief cuts to flatten the tissue yielded the typical cloverleaf-like shape of the 
samples. One of these cuts was placed exactly along the nasal choroid fissure during dissection for orientation 
of the retina. We manually counted each cell body in a given marker combination across complete retinas (see 
Methods), and their positions are indicated by dots in Fig. 7 (black dots in left columns of GCL and INL panels). 
We reconstructed the cloverleaf shape of the tissue back into the original, almost hemispherical structure of the 
eyecup with Retistruct to calculate the densities of cells across the complete retinas41.

Fig. 5.  Tiling pattern and stratification levels of M1 ipRGCs. (A) Melanopsin immunostaining was used 
to trace the dendrites of M1 cells through the image stack in Amira. The resulting M1 ipRGC skeletons 
are shown. The red skeletons represent tracings of displaced M1 cells. (B) Vertical view of the ganglion cell 
skeletons in (A). INL: inner nuclear layer, GCL: ganglion cell layer. (C) Convex hulls encompass the skeletons 
as in (A). Displaced cells are shown in red. Note that dendritic trees of some ganglion cells in the periphery of 
the image stack were not fully captured. Scale bar in C: 100 μm, also applies to (A).
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The local density in 3D was projected into an azimuthal equal distance plot and is indicated by the color of the 
dots (Fig. 7, colored dots in middle columns of GCL and INL panels). Density calculation in the reconstructed 
retinas allowed us to observe the averaged data of 4 or 5 retinas per analysis type (Fig. 7, colored discs in the right 
columns of GCL and INL panels).

Distribution of RGC types across the retina—GCL
We identified 51,946 ± 3165 RGC bodies throughout the GCL of complete retinas (n = 4), which was largely 
consistent with previous reports12,13. RGCs were not uniformly distributed throughout the mouse retina 
(Fig. 7A-C). Beyond a general central-to-peripheral gradient, the density distribution showed a steep increase in 
the dorsal half toward an area of highest RGC density above the optic disc and in the ventral retina.

The distribution of M1, M2, and sONɑ RGCs in the ganglion cell layer did not follow the overall density 
gradient of all RGCs and showed type-specific distribution patterns. 805 ± 57 M1 ipRGCs per retina (n = 5) were 
counted (Fig. 7G-I). This represented a fraction of 1.6 ± 0.2% of all RGCs in the GCL. They had a higher density 
in the dorsal and temporal periphery. M2 ipRGCs showed areas of higher density in the dorsal retina (n = 5, 
Fig. 7M-O)45. We counted 336 ± 43 M2 ipRGCs per retina. These were 0.7 ± 0.1% of all RGCs in the GCL. sONɑ 
RGCs had a density peak in the dorso-temporal retina11 (Fig. 7S-U). We counted 1043 ± 49 sONɑ RGCs per 
retina (n = 4). These were 2.0 ± 0.2% of all RGCs in the GCL.

Distribution of ipRGC types across the retina—INL
The cell bodies of dRGCs were located in the most proximal part of the INL. They were distinguished from 
amacrine cells by their larger cell bodies and RBPMS immunoreactivity. However, the cell body size of dRGCs 
was significantly smaller compared to that of their regularly placed counterparts (Fig. 3G; soma diameters: M1 
12.8 ± 1.6 μm, n = 114; displaced M1 10.0 ± 1.6 μm, n = 81 (Wilcoxon ranksum p < 0.001); sONɑ 20.7 ± 1.3 μm, 
n = 75; displaced sONɑ 15.5 ± 1.0 μm, n = 21 (Wilcoxon ranksum p < 0.001).

Different types of regularly placed RGC types exhibited distinct density patterns across the retina, consistent 
with previous work on the distribution of RGCs in the mouse retina16. dRGCs were expected to mostly occur in 
the far periphery of the retina (outer marginal zone12) in a potentially random fashion. However, the analysis of 
displaced RGCs revealed cell-type specific patterns of cell bodies in the INL, which followed neither the general 
density distribution of all RGCs, nor those of the corresponding cell type (Fig. 7, right INL panel).

On average, 1264 ± 49 dRGCs were quantified per retina (n = 4). This represents an amount of 2.4 ± 0.2% of 
all RGCs. Cell bodies of dRGCs were accumulated in the retinal periphery, but a large fraction was also observed 
in more central parts of the retina, specifically in a region above the optic disc and in the dorso-temporal area 
(Fig. 7D-F). 154 ± 15 displaced M1 ipRGCs were counted per retina (n = 5). This represents 16.1 ± 1.9% of all M1 
cells. Displaced M1 cell bodies were primarily clustered in a streak-like region above the optic disc (Fig. 7J-L). 

Fig. 6.  Displaced and regular sONɑ RGCs share similar light response properties. (A) Epifluorescence image 
of the recorded GFP-O retina on the MEA shows native GFP fluorescence in a regularly placed sONɑ (traced 
in blue) and a displaced sONɑ RGC (traced in red), overlayed with the respective electrical image. Scale bar 
100 μm. (B) Projections of confocal image stacks of the same cells from A after staining with antibodies against 
RBPMS, GFP, and SMI-32. Left panels: Side view projections of cell bodies (arrowhead) and dendrites of 
regularly placed sONɑ (top) and displaced sONɑ RGC (bottom). INL: inner nuclear layer, GCL: ganglion cell 
layer. Right panels: Top (wholemount) view projection of GFP, RBPMS and SMI-32 staining of cell bodies from 
the marked cells in the left panels (and from (A)). Both cells are strongly immunopositive for SMI-32. Scale 
bars 20 μm. (C) Receptive field outlines of the sONɑ RGC mosaic. Blue and red ellipses indicate the receptive 
field fits of the regularly placed and displaced sONɑ RGCs in (A). Scale bar 100 μm. (D) Spike-triggered 
average stimulus time courses of all sONɑ RGCs shown in (D). Blue and red lines indicate the time courses of 
the regularly placed and displaced RGC from (A), respectively. (E) Spatial receptive field of the regularly placed 
sONɑ RGC shown in (A)-(D). (F) Spatial receptive field of the displaced sONɑ RGC shown in (A)-(D). Scale 
bar 100 μm.
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In sharp contrast, M2 cell bodies were rarely found to be displaced. On average, only 5 ± 4 displaced M2 ipRGCs 
were counted per retina (n = 5; Fig. 7P-R).

For this large-scale analysis of cell body positions across tile scans, we had to rely on epifluorescence imaging 
(see Methods), unlike the confocal scans for the SMI-32 tracings above (Fig. 4). Due to the associated limitations 
in optical resolution, it was not possible to reliably quantify the number and distribution of displaced sONɑ 
RGCs. They were positive for SMI-32 and calbindin, like their regularly placed counterparts, but the cell 
bodies were smaller (Fig. 3G), the staining intensities were relatively low, and often superimposed by intense 
fluorescence of horizontal cells. Thus, we relied on the combination of RBPMS, melanopsin, and osteopontin 
to analyze the population of displaced ɑRGCs without any differentiation of the four types (206 ± 35 displaced 
ɑRGCs per retina, n = 4). The distribution of displaced ɑRGCs resembled the distribution of sONɑ RGCs in 
the GCL only to a certain extent (Fig. 7V-X). Similar to regularly placed sONɑ RGCs (Fig. 7S-U), the analysis 
of displaced ɑRGCs (7.5 ± 1.1% of the total population of ɑRGCs) revealed a density peak region located in the 
dorso-temporal retina. However, the density peak of displaced ɑRGCs was located closer to the peripheral edge 
of the retina than the peak region of sONɑ RGCs in the GCL.

Discussion
In this study, we introduced osteopontin as a marker for alpha RGCs and M2 ipRGCs which allowed us to analyze 
the type-specific distribution and spatial arrangement of dRGCs across complete retinas in direct relationship 
with their partners in the GCL. We show that the distribution of dRGCs does not follow the overall density 
distribution of cells in the GCL, in line with results from rat retinas52. Furthermore, we found that a displacement 

Fig. 7.  Population densities across the retina. (A) Each dot indicates the position of an individual RGC with 
its cell body located in the ganglion cell layer of a retina (gray outlines) from a left mouse eye, labeled with 
the RGC marker RBPMS. Scale bar in (A) 500 μm, applies to all cloverleaf-shaped samples. (B) Azimuthal 
equal-distance projection of the reconstructed retinal sphere. The color of the dots represents the local density 
within a radius of 10 deg (spherical distance of ~ 262 μm) of the corresponding cell. Color bar: density of cells/
mm2. (C) Density distributions as in (B), averaged across 4 retinas. For the averages across multiple retinas, 
the retina orientation was adjusted based on the individual incisions along the nasal choroid fissure. Solid 
gray line: average fissure incision for all retinas used for analysis (n = 10); dashed line: standard deviation. 
(D = dorsal, V = ventral, N = nasal, T = temporal) (D)–(F) as (A)–(C) for displaced RGCs. (G)–(L) as (A)–(F) 
for M1 ipRGCs (melanopsin positive, osteopontin negative), averaged across 5 retinas. (M)–(R) as (A)–(F) 
for M2 ipRGCs (melanopsin positive, osteopontin positive), averaged across 5 retinas. (S)–(U) as (A)–(C) for 
sONɑ RGCs in the GCL (SMI-32 positive, calbindin positive, osteopontin positive) and (V)–(X) as (D)–(F) for 
all ɑRGCs in the INL (melanopsin negative, osteopontin positive), averaged across 4 retinas. All alpha RGCs 
instead of sONɑ were analyzed for technical reasons, see Results for further explanations.
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of cell bodies is type dependent, and we provide anatomical as well as electrophysiological evidence that dRGCs 
complete the tiling pattern of regular RGCs to form mosaics.

Ganglion cell density gradients across the mouse retina
Originally, the general density distribution of mouse RGCs was described to be rather uniform, with a slight 
central-to-peripheral gradient12,53. With ongoing methodological progress regarding the use of molecular 
cell markers and functional analyses for cell type classification, it was shown that complex patterns of density 
gradients exist16. Here, we provide further evidence for distinct density distributions of all RGCs and those of 
individual types. In line with previous results from mouse and rat retinas13,54, the overall RGC density showed 
a steep increase from low density in the far dorsal retina to highest densities in a region above the optic disc 
and generally high densities in ventral retina. The density increase is roughly aligned with the transition zone of 
photoreceptor opsin expression (data not shown) and should therefore correspond to the horizon in the visual 
environment of the animal55,56.

The distribution patterns we observed for regular sONɑ and M1 ipRGCs also resembled previously reported 
results11,45,57, where it was shown that the dorso-temporal density peak of sONɑ RGCs aligns with the binocular 
region of the visual field of the mouse. However, the density of M2 ipRGCs appeared different from previous 

Animal # RGCs in the GCL dRGCs in the INL Total number of RGCs

1 49,199 1200 50,399

2 50,226 1273 51,499

3 51,990 1318 53,308

4 56,369 1265 57,634

Mean 51,946 1264 53,210

SD 3166 49 3184

M1 ipRGCs in 
the GCL

Displaced M1 
ipRGCs in the 
INL

Total number of M1 
ipRGCs

1 847 156 1003

2 800 173 973

4 833 139 972

5 708 138 846

6 837 164 1001

Mean 805 154 959

SD 57 15 65

M2 ipRGCs in 
the GCL

Displaced M2 
ipRGCs in the 
INL

Total number of M2 
ipRGCs

1 356 11 367

2 384 2 386

4 302 3 305

5 281 2 283

6 356 9 365

Mean 336 5 341

SD 43 4 45

sONɑ RGCs in 
the GCL

7 1029

8 1092

9 1070

10 981

Mean 1043

SD 49

ɑRGCs in the 
GCL

Displaced ɑRGCs 
in the INL

Total number of 
ɑRGCs

1 2285 193 2478

2 2367 218 2585

3 247

4 2449 164 2613

Mean 2367 206 2559

SD 82 35 71

Table 2.  Cell counts.
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reports20,45, i.e. about two times lower in our study. This discrepancy is likely caused by the analysis of whole 
retinas here versus quantification of much smaller tissue regions in other studies. Extrapolation of values from the 
M2 ipRGC density from the dorsal peak regions (Fig. 7O) for a whole retina, for instance, would yield numbers 
that matched previously published results. It is rather unlikely that we missed a large fraction of cells in our 
quantification due to potentially weak melanopsin immunostaining, because weakly melanopsin-positive sONɑ 
RGCs were frequently observed in our samples without using further enhancement techniques32. Therefore, the 
observation of melanopsin-positive sONɑ RGCs served as an intrinsic control for optimal staining intensities.

Density gradients and spatial arrangement of displaced ganglion cells
Displaced ganglion cells have been shown to exist in various vertebrate species, such as fish, birds, and mammals 
including human retina [e.g. 12,13,52,54,58–65. However, it remained unclear whether displaced RGCs represent 
independent cell types, an odd part of the population of regular types, or just futile remnants of disordered 
neuronal development. Hallmark features of regular RGC types within local retinal regions are their uniform 
dendritic morphologies and the corresponding formation of independent mosaics, as well as uniform light 
response properties66. While the existence of dRGCs was known, neither their spatial arrangement relative to 
regularly placed RGCs nor their light response properties have been explored.

Our data now shows that, at least for two identified RGC types of the mouse retina, dRGCs are part of the 
population of their regularly placed counterparts and that they are arranged as proper cellular components of the 
corresponding mosaic. The dendritic structure of dRGCs and the dendritic overlap with their neighbors was not 
obviously different from regularly placed RGCs. Interestingly, the frequency of their occurrence was not dictated 
by the densities of their regular counterparts, assuming that higher numbers of regular cells would increase 
the chance of a displacement to happen. Previous studies suggested that dRGCs in the mammalian retina are 
misplaced due to ontogenetic aberrations34. While the cause of displacement remains elusive, it is unlikely to 
happen randomly, as the patterns of displacement shown here occurred in a type-specific manner, consistently 
across multiple samples. Nevertheless, cell-type-specific gene expression levels during development may play a 
role in the formation of dRGC patterns. It was shown that the extracellular matrix protein glycogen synthase 
kinase 3 (GSK3) contributes to the spatial organization of RGCs67. The lack of one GSK3 allele led to increased 
numbers of dRGCs, but not by overproduction of cells as total RGC numbers were stable. It remains a matter of 
speculation that sONɑ and M1 RGCs may express lower levels of GSK3 during development, and that, therefore, 
their migration to the GCL is more frequently disturbed than in M2 RGCs, for instance. M2 cells were rarely 
found to be displaced, further supporting the notion of a cell-type dependent mechanism.

It has been shown in murine retinas that dRGCs are a highly diverse group that comprises cells with a large 
morphological variety33,34. The displaced alpha RGCs together with the displaced M1 and M2 ipRGCs added up 
to only ~ 30% of all displaced RGCs which we observed (with M2 ipRGCs accounting for < 1%). Morphological 
changes across cell types according to regional variations and density gradients16 could have led to a slight 
overestimation of dRGC variety in previous studies. Nevertheless, one would still expect to find displaced cell 
bodies from many other RGC types beyond the three types investigated here. Whether all mouse dRGCs follow 
the rules which we found to apply to this group of cells remains to be elucidated.

Do displaced ganglion cells serve special functional roles?
Our data shows that dRGCs complete the dendritic and corresponding functional receptive field mosaics of their 
regularly placed partners and that the basic light response properties do not differ between dRGCs and other 
cells of that mosaic. Therefore, we conclude that they belong to the same type and serve the same functional 
roles. However, the type-specific patterns of displacement, and the formation of a streak-like area by displaced 
M1 ipRGCs that is not apparent in their regularly placed partners, for instance, fuel the idea that a special role of 
mouse dRGCs remains to be discovered.

In the avian retina, a subpopulation of dRGCs is indeed thought to be an independent cell type68. dRGCs 
project exclusively to the nucleus of the basal optic root (nBOR) and are therefore thought to be responsible for 
the optokinetic nystagmus and involved in retinal image stabilization35–37,69. The mammalian homolog of the 
avian nBOR is the medial terminal nucleus (MTN). It was shown that this region receives little or no input from 
dRGCs in rabbit70. However, an increased number of dRGCs in genetically modified mice was accompanied 
by higher numbers of RGC axon terminals in MTN67. Therefore, results regarding the innervation of the 
mammalian MTN from dRGCs remain inconclusive and require further studies to allow insights into potential 
roles of displaced RGC types in eye movements.

It has been shown that displaced ipRGCs are accumulated in an area above the optic disc in mouse retinas71. 
Here, we provide evidence that this phenomenon occurs due to a streak-like density peak of displaced M1 
ipRGCs. A conclusive classification of M1 ipRGCs remains a challenge, as they may comprise subtypes, which 
exhibit functional differences, different levels of melanopsin, distinct gene expression patterns and project to 
different target areas50,72–75. It is tempting to speculate that a specific M1 subtype is responsible for the enrichment 
of dRGCs in this streak-like area considering that ipRGC subtypes may form independent mosaics31. However, 
this remains a subject of future studies once reliable tools are available to specifically distinguish putative M1 
subtypes76.

How could dRGCs potentially benefit from a targeted, cell-type specific displacement of their cell bodies? 
Changes in the common synaptic circuitry can now be ruled out, as all dendritic trees stratify at the same level 
and would presumably interact with the same synaptic partners. However, direct synaptic inputs to the cell bodies 
of dRGCs may play a key role, formed by presynaptic cells stratifying in the most distal IPL layer. An example of 
such a circuitry at the IPL-to-INL border is the perinuclear nests which are formed by dopaminergic amacrine 
cells around the cell bodies of postsynaptic AII amacrine cells77–79. Dendro-somatic synaptic interactions were 
also shown to occur at regular ganglion cell bodies with great functional impact80 and could represent a circuit 
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motif for amacrine-dRGCs interactions in the INL as well. Furthermore, it is known from a subset of dRGCs 
to express distinct voltage-gated calcium channel subunits in murine retinas, which were not found in regular 
RGCs, suggesting that those dRGCs may have distinct functional properties81.

Thus, our data suggests that mouse dRGCs primarily fulfill the same functional role like their regular 
counterparts. However, additional functional features may be discovered by a detailed study of physiological 
and genetic properties of dRGCs in direct association with their regularly placed partners.

Data availability
Data are available from the corresponding author upon reasonable request.
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