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Introduction: The Mongolian gerbil (MG), a day-active rodent, features a 
particular retinal region of high visual acuity, the visual streak (VS). Optimized 
for vision in desert-like environments, the VS allows for a perfect view of the 
horizon between the projection areas of the sky and the ground. Here, we assess 
the structural basis of this specialized region and compare the findings to the 
conditions at the human retinal center.

Methods: The VSs of MG retinas (n = 5) were evaluated morphologically 
with immunohistochemistry for cone, rod, and RPE cell-specific markers in 
dorsoventral cross-sections, and the results were compared to data from the 
near (adjacent) and far periphery. Mass spectrometry of the VS and peripheral 
retina/RPE was used to analyze the proteomic differential expression between 
these regions.

Results: In the VS of the MG, we found an increased density of cones, elongated 
photoreceptor outer segments (OSs), and a rod-to-cone ratio lying within the 
zone of descent between the border of the macula and the fovea (macular 
shoulder). Similarly, the base area of retinal pigment epithelium (RPE) cells in the 
VS was significantly reduced, while cells were taller than those in the periphery. 
Accordingly, proteomic data provided evidence for an enhanced abundance of 
key proteins relevant to photoreceptor and RPE function and pathophysiology 
of macular diseases in the VS.

Conclusion: The high degree of conformance between the VS data of the MG 
and the human central retina renders the MG a promising rodent, non-primate 
model of the central human retina.
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1 Introduction

Human reading and color vision very much depend on the function of the cone 
photoreceptor system in the central retina at the back of the eye, in particular, the macula. 
Inherited and acquired diseases that lead to general or localized dysfunction of these sites 
impair regular vision up to legal blindness (1). The most commonly known disease is 
age-related macular degeneration (AMD), the leading cause of irreversible blindness in 
individuals over 50 years of age. It is a chronic and progressive disease characterized by the 
degeneration of photoreceptors and retinal pigment epithelium (RPE) cells in the macula. 
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In AMD, slow degeneration of the RPE cell layer and photoreceptors 
due to the accumulation of extracellular deposits (drusen and 
subretinal drusenoid deposits) are hallmarks of the disease (2, 3). To 
investigate retinal physiology and pathophysiology and to develop 
therapeutic strategies, models that have a high conformance with the 
human situation are needed. Unfortunately, mice are currently the 
most common models in terms of genetic manipulation to produce 
homologous disease genotypes but are—due to their nocturnal 
lifestyle—physiologically not optimally suited to study diseases of the 
central retina. In this study, we have assessed whether the Mongolian 
gerbil (MG), a diurnal rodent originating from an environment of 
semi-deserts and steppes (4), holds retinal properties useful in further 
research on human central retinal disease.

The mammalian retina uses rod and cone photoreceptors as 
primary sensory cells to detect light. Rods and cones translate light 
stimuli into electrical signals, which travel along the retinal network 
to the brain (5). Rods are most sensitive to light stimuli in dim light 
(scotopic) conditions, while cones provide high-acuity and color 
vision in brighter (photopic) conditions. Photoreceptors are supported 
by the RPE, a monolayer of cells that forms the outer blood–retinal 
barrier (6). The RPE provides important support to photoreceptors, 
including regulation of vitamin A supply, absorption of excess light by 
melanin, and participation in the daily renewal of ROS. RPE 
dysfunction may thus lead to retinal degeneration (7).

The human central retina is a specialized region for high-acuity 
vision with a diameter up to 6 mm (8, 9). At the center of this region, 
the fovea is located, featuring the highest visual acuity. It is densely 
packed with cones having elongated outer segments (OSs) but 
contains no rods. Adjacent to the fovea, para- and perifovea are 
present, which are ring-shaped regions characterized by a continuous 
increase in rod and a decrease in cone cell density with eccentricity 
that form the ‘macular shoulder’. The supporting RPE cells in the 
central retina show a reduced base area, but they are taller when 
compared to more peripheral regions (10, 11). To further improve 
visual performance, there are no retinal vessels intersecting the path 
of light in the central retina to avoid any interference with vision 
(8, 12–14).

The retinal organization of species often arises from their habitat 
and role in the animal community (e.g., predator vs. prey). The 
evolutionary pressure to effectively collect the visual information that 
fits the specific need for survival and reproduction may lead to major 
differences in retinal topography (15, 16). Mice live in a nocturnal 
environment and lack a clearly recognizable region of high-acuity 
vision throughout the outer retina (17). In the inner retina, shallow 
type-specific ganglion cell gradients have been documented (18). 
Humans, on the other hand, are diurnal and rely on binocular vision 
that stimulates the development of a very advanced cone system 
organization (i.e., macula and fovea). In many mammalian species, a 
horizontal VS is found, which is ideal for habitats with visual scenes 
dominated by the horizon and a clear separation of sky and ground. 
Predators with a higher demand for acuity often develop an additional 
area centralis within or adjacent to the VS (19, 20). Examples of these 
different retinal organization types are given in Figure 1.

Mice are currently the most widely used animal models for 
research on retinal diseases. While major advances in understanding 
rod-based disease mechanisms have been feasible, research on cone-
based disorders has been limited by the anatomically and 
physiologically aberrant cone system when compared to humans. 

Although the fraction of cones within all photoreceptors 
(approximately 3–5%) is similar to the human ratio, their build-up 
and topographical organization are very different, as shown above. 
Most importantly, the majority of cones in mice co-express the cone-
specific optical pigments S-and M-opsin, which follow counter-
directional dorsoventral gradients (21–23). In contrast, there is only 
one type of opsin per cone expressed in both human and MG retinas, 
and the expressions of different opsins do not follow a similar gradient 
(24). Although the VS of the MG is not a rod-free region like the very 
central fovea, it nevertheless shares important characteristics with the 
macular shoulder, a region outside the fovea but within the central 
retina. The macular shoulder has been identified as an area where 
initial pathological changes are found in a number of disorders, 
including AMD, so an animal model of this area would be of great 
relevance (25, 26). For these reasons, it was investigated in this study 
whether the MG may satisfy the high unmet need for small animal 
models with a cone system organization that better matches the 
human situation.

2 Materials and methods

2.1 Experimental animals

All animal experiments and procedures performed in this study 
adhered to the Association for Research in Vision and Ophthalmology 
(ARVO) statement for the Use of Animals in Ophthalmic and Vision 
Research and were approved by the competent legal authority 
(Regierungspräsidium Tübingen, Germany). All efforts were made to 
minimize the number of animals used and their suffering. MGs were 
housed under an alternating 12-h light and dark cycle, with free access 
to food and water, and were used irrespective of gender. Five adult MGs 
aged 2–3 months were used for immunohistochemical experiments, 
and two MGs aged 2 years were used for proteomics analysis.

2.2 Immunohistochemistry

MGs were euthanized via CO2 administration. The eyes received 
a temporal burn mark at the cornea, were enucleated, and a small cut 
was made at the retinal eyecup adjacent to the corneal mark for the 
orientation of the tissue. Eyes were cut along the ora serrata to  
remove the cornea, lens, and vitreous and were fixed in 4% w/v 
paraformaldehyde (PFA) for 45 min. After that, they were immersed 
in 30% w/v sucrose phosphate buffer (pH 7.4) overnight at 4°C. The 
next day, eyes were embedded in Tissue-Tek optimal cutting 
temperature (OCT) compound (Sakura Finetek Europe, Alphen aan 
Den Rijn, Netherlands), slowly frozen using dry ice, and then stored 
at −80°C. Retinal dorsoventral cross-sections with a 12-μm thickness 
were collected on Superfrost glass slides (R. Langenbrinck GmbH, 
SuperFrost® plus, Emmendingen, Germany) and stored at −20°C. For 
the immunohistochemical staining process, slides were dried at 37°C 
for 30 min and rehydrated with phosphate-buffered saline (PBS) for 
10 min at room temperature (RT). As a next step, they were incubated 
for 1 h at RT with a blocking solution that consisted of 5% v/v 
chemiBLOCKER (Merck, Darmstadt, Germany) in PBS containing 
0.1% v/v Triton X-100. Afterwards, the sections were incubated 
overnight at 4°C with the following antibodies diluted in the blocking 
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solution: fluorescein isothiocyanate (FITC)-conjugated peanut 
agglutinin (PNA) (L7381; 1:100; Sigma-Aldrich, St. Louis, MO, USA), 
anti-rhodopsin (ab98887; 1:500; Abcam, Berlin, Germany), and anti-
MERTK (ab95925; 1:100; Abcam). The use of detergent in the 
blocking solution allowed for the visualization of intracellular MERTK 
+ and rhodopsin + labeled phagosomes. The next day, slides were 
washed 3x in a washing solution containing PBS with 2% v/v 
chemiBLOCKER at RT. Then, the following secondary antibodies 
diluted in the washing solution were incubated for 2 h at RT: Goat 
anti-Rabbit, Alexa Fluor 568 (A11036; 1:300; Thermo Fisher Scientific, 
Karlsruhe, Germany) and Goat anti-Mouse, Alexa Fluor 647 
(ab150119; 1:150; Abcam). As a last step, sections were rinsed with 
PBS and mounted with ROTI Mount FluorCare containing DAPI 
(4′,6-diamidino-2-phenylindole) (Carl Roth, Karlsruhe, Germany). 
DAPI was used to identify rod and RPE nuclei, and MERTK was used 
as a marker for RPE cells.

2.3 Microscopy and image analysis

Sections (12 μm thickness) used for immunohistochemistry were 
imaged on a Zeiss Imager Z.2 fluorescence microscope equipped with 
ApoTome 2, an Axiocam 506 mono camera, and an HXP-120 V 

fluorescent lamp (Carl Zeiss Microscopy, Oberkochen, Germany). 
Z-stack images (12-bit depth, 1,384 * 1,040 pixels, pixel size = 0.323 μm, 
Z-planes at 1 μm steps) were captured with the ZEN 3.3 (blue edition) 
software (Carl Zeiss Microscopy) with a 20x air objective (N.A. 0.8). The 
quantification of photoreceptor densities, cone OS length, and number 
of phagosomes/RPE cell was done by averaging measurements from at 
least four sections per animal in 1,200 μm2 sections (100 μm dorsoventral 
segments x 12 μm z dimension thickness) from the VS, the near, and the 
far peripheral retina. OSs labeled with PNA were manually counted 
through the Z-stack to determine the density of cones. The length of the 
cone OSs and RPE height were determined as an average of three distinct 
single measurements per section. To determine the density of rods, the 
average diameter of the outer nuclear layer (ONL) nuclei and the 
number of ONL rows arising from rod cells were quantified. These 
values were used to calculate the number of rods in 100 μm dorsoventral 
sections. Since the retinal sections presented a thickness of 12 μm (z 
dimension), the average ONL nuclei diameter was used to calculate the 
number of rod cells in the z dimension. After multiplying these values 
with each other, the rod density in 1200 μm2 was obtained. Finally, the 
photoreceptor densities calculated in 1200 μm2 were estimated for an 
area of 1 mm2. To determine the number of phagosomes/RPE cells, 
phagocytized OS tips that were MERTK + and rhodopsin + were 
manually counted through the Z-stack and divided by the number of 

FIGURE 1

Examples of different retinal organizations. Mice are nocturnal animals and, therefore, require a high degree of light sensitivity (provided by rods) but no 
site for high-acuity vision (provided by cones). The absence of a clearly recognizable high-acuity region in the outer retina may be observed as a rather 
homogeneous build-up of the murine retina in terms of the vasculature and rod/cone distribution (left). Diurnal rodents such as the Mongolian gerbil 
(MG) originate from the semi-deserts and steppes of central Asia and use a visual streak (VS) to scan the horizon for potential predators and their flock. 
To enhance image quality, intersecting blood vessels that would optically interfere are reduced to a minimum (second to the left). Some predators, 
such as dogs and cats, have an additional ring-shaped area of high visual acuity within or close to the VS, the area centralis. These areas allow for some 
binocular vision that cannot be obtained by the superposition of VSs. Humans heavily rely on binocular vision and have a very high-resolution area, the 
macula, with a central rod-free fovea. White circle: optic nerve head; red lines: major retinal vessels; dark yellow bar: VS; dark brown circle: area 
centralis; dark yellow circle with black dot: macula with central fovea. These regions represent higher cell densities. Created in BioRender. Mühlfriedel, 
R. (2025) https://BioRender.com/y12g151.
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RPE cells present in that section. The VS was identified in the 
dorsoventral cross-sections as a region in the dorsal mid-peripheral 
portion of the retina that is characterized by a thicker inner retina 
(visualized with DAPI) and elongated OSs, which were well visible when 
stained with a cone OS marker such as PNA. Dorsal and ventral sections 
taken approximately 300 μm from the center of the VS were considered 
as near peripheral retina. Dorsal sections taken approximately 2 mm 
from the center of the VS were considered far periphery, as well as 
ventral sections with the same contralateral position. Preference was 
given to sections with a strong adherence between the retina and RPE 
and no artificial fragmentation of the OSs. Figures were prepared using 
Adobe Photoshop CS5 (Adobe, San Jose, CA, United States) and the 
CorelDRAW X5 software (Corel Corporation, Ottawa, ON, Canada).

2.4 Calculation of RPE cell area

For the calculation of RPE cell areas in the VS and the periphery 
of the MG retina, the distances between the center of RPE cell nuclei 
were quantified in 250 μm dorsoventral retinal segments. As some 
RPE cells are binucleate, we  had to consider this fact in our 
calculations. Within the 454 RPE nuclei analyzed in the VS, 64 (14%) 
were classified as binucleate cells, and in the peripheral retina, the 
fraction was 73 of 703 (10%). Internuclear distances that were below 
half the median of the VS data (17.12 μm) or of that of the peripheral 
retina (20.57 μm) were considered artifacts arising from binucleate 
RPE cells, and distances that were above twice the medians were 
considered artifacts from sections where a correct intermediate 
nucleus was missing (4% for the VS and 5% for the peripheral retina) 
(Supplementary Figure 1C). For binucleate RPEs, the center between 
the nuclei was used to calculate the distance to the next RPE cell 
nucleus. The quantification of distances between RPE nuclei from the 
above-corrected data is shown in Supplementary Figure 1A.

As a next step, the RPE internuclear distances were used to 
calculate the resulting RPE cell areas. In detail, the calculation uses 
two basic formulas for equilateral triangles of side length a (see the 
sketch in Supplementary Figure 1B):
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2.5 Mass spectrometry

Eyes from MGs were enucleated, and the VS was isolated with a 
scalpel under a dissection microscope. The VS appears as a light 
horizontal band visible in the retina. Accordingly, a dorsal region 

adjacent to the VS was isolated and was the same size as the former one. 
Tissue from these regions was sent for mass spectrometry as (1) 
RPE + retina combined or (2) as isolated RPE, which was mechanically 
separated from the retina in a phosphate buffer (PB) solution. Both 
tissue preparations (1) and (2) also contained elements of the choroid 
and sclera. All tissues were put in liquid nitrogen immediately after 
preparation and stored at −80°C. The analysis was performed on an 
Ultimate3000 RSLC system coupled to an Orbitrap Tribrid Fusion mass 
spectrometer (Thermo Fisher Scientific), as previously described (27).

Spectra were acquired in data-independent acquisition (DIA) 
mode using 50 variable-width windows over the mass range of 
350–1,500 m/z. The Orbitrap was used for MS1 and MS2 detections, 
with an AGC target for MS1 set to 20×104 and a maximum injection 
time of 100 ms. The MS2 scan range was set between 200 and 
2000 m/z, with a minimum of 6 points across the peak. Orbitrap 
resolution for MS2 was set to 30 K, the isolation window was set to 
1.6, the AGC target was set to 50×104, and the maximum injection 
time was set to 54 ms. MS1 and MS2 data were acquired in centroid 
mode. To reduce the possibility of carry-over and cross-contamination 
between the samples, one TRAP and two BSA washes were used 
between sample groups. We used quantification based on MS2 spectra, 
which is a superior method to the standard data-dependent 
acquisition relying on MS1 quantification.

2.6 Statistical analysis

For the immunohistochemical data, two-tailed paired Student’s 
t-tests (two groups) and a repeated-measures one-way ANOVA (three 
groups), followed by a Bonferroni correction for multiple comparisons 
with a confidence interval of 95%, were used to assess statistical 
differences between quantitative data from two and three groups, 
respectively. The Shapiro–Wilk normality test was used to support the 
assumption of normality of the data, and the homogeneity of variance 
(sphericity) for the repeated-measures one-way ANOVA was sufficient 
according to the Geisser–Greenhouse correction. All analyses were 
based on five individual animals. Values of p < 0.05 were considered 
to be statistically significant and labeled with an asterisk (*) in the 
graphs. To indicate a higher degree of statistical significance, values of 
p < 0.01 were marked with two (**), p < 0.001 with three (***), and 
p < 0.0001 with four (****) asterisks. Graphical results are represented 
as mean ± standard deviation for photoreceptor density, OS length, 
normalized RPE height, and number of phagosomes/RPE cell metrics. 
In boxplots, used to display ratios, the distance between RPE cell 
nuclei, and RPE cell areas, the box limits represent the 25–75% 
quantile range, the central line represents the median, and the 
whiskers designate the 5 and 95% quantiles. The statistical analysis was 
performed with GraphPad Prism 10.1 for Windows (GraphPad 
Software, La Jolla, CA, United States).

Mass spectometry raw data were analyzed using DIA-NN 1.8.2 
beta 27 (28) in library-free mode against the NCBI Gerbil database 
(release December 2023, 21,261 proteins). First, a precursor ion 
library was generated using FASTA digest for library-free search in 
combination with deep learning-based spectra prediction. An 
experimental library generated from the DIA-NN search was used for 
cross-run normalization and mass accuracy correction. Only high-
accuracy spectra with a minimum precursor FDR of 0.01 and only 
tryptic peptides (two missed tryptic cleavages) were used for protein 
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quantification. The match-between-runs option was activated, and no 
shared spectra were used for protein identification.

Data were further analyzed using the Perseus platform (29). First, 
data were log2-transformed to facilitate the identification of 
proportional changes in protein abundance between the different 
groups. Only proteins identified and quantified in all replicates of at 
least one biological group were retained for further analysis. This 
transformation helps normalize the data and stabilize the variance, 
making it more suitable for subsequent statistical analysis. To 
determine significant differences in protein abundance between 
groups, a two-sample t-test was used. This test was complemented by 
a permutation-based false discovery rate (FDR) control method, set 
at a threshold of 0.05, to account for multiple comparisons and reduce 
the likelihood of type I errors. Specifically, 250 random permutations 
of the data were performed to generate the null distribution and 
calculate the FDR-adjusted p-values. This approach ensures robust 
identification of statistically significant changes in protein abundance.

3 Results

3.1 The visual streak of the Mongolian 
gerbil: cone photoreceptor density, OS 
length, and rod-to-cone ratio

A key feature of high-acuity vision is a substantially increased 
density of cone photoreceptors in respective topographic areas. Our 
data show that this is also true for the VS of the MG but with a less 
steep slope than the one observed in its human counterpart (30). 
We  found a cone density of 50,660 ± 3,370 cones/mm2 in the VS, 
much higher than the densities of 37,743 ± 2054 cones/mm2 and 
28,476 ± 1,696 cones/mm2 in the near and far periphery, respectively 
(Figures 2A,C; Table 1). In contrast, the rod photoreceptor density 
does not usually vary to a similar degree between the center and 
periphery, as spatial resolution is less relevant than sensitivity in dim 
light conditions. We recorded a rod density of 345,014 ± 15,774 rods/
mm2 in the VS, 339,391 ± 11,337 rods/mm2 in the near periphery, and 
312,946 ± 10,978 rods/mm2 in the far periphery (Figure 2C; Table 1). 
These distribution characteristics are in agreement with a high-acuity 
topography of the MG retina, unlike that found in mice (31).

Furthermore, a specific finding in the human central retina is the 
elongation of the cone OSs (32). In the MG, we observed a comparable 
elongation of cone OSs (22.47 ± 2.71 μm) in the VS relative to those 
in the near (14.3 ± 2.53 μm) and far (11.59 ± 1.2 μm) peripheral 
retinal regions (Figures 2A,B). This similarly applies to rod cells (24) 
to allow for physical contact with the supporting RPE. A proteomic 
differential expression analysis between the VS and the peripheral 
retina/RPE interface was performed to obtain further insight into 
possible changes in protein regulation. We found that rod OS markers, 
such as rhodopsin, and cone OS markers, such as M-opsin, were 
relatively upregulated in the VS, which supports the elongation of 
cone OSs in our study (Supplementary Figure 2A). A list of all proteins 
identified and quantified across the VS and periphery is presented in 
Supplementary Spreadsheet 1.

An important marker amalgamating the distribution topography 
of rods and cones is the rod-to-cone ratio (RCR). The fraction is 
formed as rod density may become zero (in the fovea), but cone 
density does not; therefore, rod density is not suitable as a 

denominator. This means that the RCR is low in regions of high acuity 
and high in less specialized areas. In the VS of the MG, we found an 
RCR of 6.8 ± 0.2, significantly lower than the ratios of 9 ± 0.31 in the 
near periphery and 11 ± 0.48  in the far periphery (Figure  2D). A 
comparison with the human data of the macular shoulder area is given 
in Table 1. We found that both the ratios in the VS of the gerbil (RCR 
6.8) and the human central retina (RCR of 7 at 1.5 mm eccentricity), 
as well as the ratios in the peripheral retina (RCR 11 in the MG) and 
the far peripheral region of the human retina, were comparable.

3.2 The visual streak of the Mongolian 
gerbil: RPE cell area and shape

In addition to the conformance between the VS of the MG and the 
human central retina in terms of photoreceptor morphology and 
distribution, we  moved on to an analysis of the morphology and 
distribution of the underlying RPE cells. In human studies, it has been 
observed that the horizontal extensions (and thus the area) of RPE cells 
in the central retina are smaller than in the periphery (11, 33, 34) 
(Table 1), while in mice, the opposite gradient is observed, with central 
RPE cells capturing the largest area in comparison to other subpopulations 
of RPE cells (31, 35). In the MG, we recorded the distances between RPE 
cell nuclei as a measure of horizontal extension and calculated the 
respective average area per cell (Figures 3A,B) based on a formula as 
shown in the Methods section and Supplementary Figure 1B.

RPE cells form a monolayer that can replace gaps by the division 
of neighboring cells, so a certain number of RPE cells are known to 
be binucleated (i.e., having two nuclei). We, therefore, checked the 
abundance of such binucleate cells in our samples and removed these 
from the calculations of cell area. The average horizontal extension of 
RPE cells in the VS of the MG (19.16 ± 0.62 μm) was smaller in 
comparison to the 22.59 ± 1.01 μm found in the periphery (Figure 3A; 
Supplementary Figure 1A). The extension data were used to calculate 
the cell area, resulting in an RPE cell area of 317.9 ± 20.34 μm2 in the 
VS, significantly smaller than the area of 442.1 ± 38.97 μm2 in the 
peripheral retina (Figure 3B).

In addition to the reduced area, human RPE cells in the macula 
are also taller when compared to those in the periphery (10). We found 
the same effect in the VS of the MG based on a Mer tyrosine kinase 
(MERTK) staining, indicating an increase of 71.6 ± 17.5% in height 
compared to the peripheral retina (Figures 3C,D). This increase in 
height (~70%) is more than what would be needed to compensate for 
the reduced area (~30%) in terms of an increase in RPE cell volume, 
suggesting an increased content of intracellular phagosomes 
containing material from photoreceptor OS tips (Figure 3C). Indeed, 
there was an elevation of 39.3 ± 13.2% in the number of Phagosomes/
RPE cell in the VS compared to the peripheral retina (Figure 3E). This 
is supported by a proteomic differential expression analysis between 
the VS and the peripheral retina/RPE interface, which confirmed an 
enhanced abundance of MERTK (Supplementary Figure 2A) together 
with non-membrane-bound RPE proteins that directly interact with 
MERTK for the engulfment of OS phagosomes such as Gas6 and focal 
adhesion kinase (FAK) (Supplementary Figure 2B) (36). In line with 
these findings, OS and RPE proteins related to the visual cycle were 
also more abundant in the VS of the MG when compared to the 
peripheral retina (Supplementary Figures  2A,B). Gene expression 
analysis between the human macula and the periphery showed a 
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TABLE 1 Comparison of photoreceptor and retinal pigment epithelium (RPE) characteristics of Mongolian gerbils and humans.

Mongolian gerbil (MG) Rod count per mm2 
(x1,000)

Cone count per mm2 
(x1,000)

Rod-to-cone ratio 
(RCR)

RPE cell area in 
μm2

Visual streak (VS) * 354 [328–357] (87%) 51 [47–54] (13%) 6.84 [6.64–6.98] 317.9 [294.9–329.1]

Far periphery *

313

[304–322]

(92%)

29

[27–30]

(8%)

11

[10.55–11.47]

442.1

[392.5–467.2]

Human
Rod count per mm2 

(x1,000) †
Cone count per mm2 

(x1,000)†
Rod-to-cone ratio 

(RCR)†
RPE cell area in 

μm2 (‡, §)

Central retina # (Macular shoulder,

at 1.5 mm eccentricity)
100 (87%) 15 (13%) 7 177.55 ± 15.69

Far periphery #

(20 mm eccentricity)
50 (91%) 5 (9%) 10 331.87 ± 27.23

*Median [25–75% quantiles] (fraction of the total photoreceptor count). †Human photoreceptor data from (9, 30). # (fraction of the total photoreceptor count). ‡Human RPE data from (11). 
§Median ± SD.

FIGURE 2

Densities of photoreceptors and RCR in the VS of the MG. (A) Cone outer segment (OS) immunohistochemistry (PNA-based) indicates an increase in 
OS length in the VS when compared to the near and far peripheral regions (white double arrows). DAPI was used for nuclear counterstaining and for 
counting photoreceptors in the outer nuclear layer (ONL). IS = inner segment; OS = outer segment; scale bar = 20 μm. (B) Quantification of the cone 
OS length in μm in the VS compared to the near and far peripheral retinas (n = 5 eyes). Error bars represent the standard deviation. (C) Quantification of 
the density of cones / mm2 and rods/mm2 in the VS compared to the near and far peripheral retinas (n = 5 eyes). Error bars represent the standard 
deviation. (D) Quantitative evaluation of the RCR (box-and-whisker-plot) in the VS compared to the near and far peripheral retinas (n = 5 eyes). Boxes: 
25–75% quantile range, whiskers: 5 and 95% quantiles, central line: median; * = p < 0.05, ** = p < 0.01, *** = p < 0.001 and **** = p < 0.0001. 
VS = visual streak, NP = near periphery, and FP = far periphery.
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higher expression of key OS phagocytosis (37) and visual cycle (38) 
markers in the macula.

4 Discussion

In this study, we assessed the degree of conformance between 
the VS of the MG and the human central retina as part of the 

search for a rodent, non-primate model system for central human 
retinal disorders. Specifically, we  characterized photoreceptor 
density, cone OS length, RCRs, RPE cell extension, height, area, 
and the number of phagosomes/RPE cell between the VS and the 
retinal periphery. We found that the maximal RCR in the VS of the 
MG lies within the RCR range in the human macular shoulder 
area. Moreover, similar to the human macular shoulder, the RPE 
cell area in the VS was smaller, and the cells were taller in 

FIGURE 3

RPE cell characteristics in the VS of the MG. (A) Immunohistochemical staining of nuclei (DAPI) in the RPE monolayer of the VS (top) and the peripheral 
retina (bottom). MERTK was used to mark the RPE layer. RPE = retinal pigment epithelium; scale bar = 20 μm. (B) Quantitative evaluation of the cell 
area in μm2 (box-and-whisker-plot) in the VS compared to the peripheral retina (samples from n = 5 eyes). Boxes: 25–75% quantile range, whiskers: 5 
and 95% quantiles, central line: median. (C) Increased height of RPE cells (marked by MERTK staining) in the VS when compared to those in the 
periphery (white double arrows). CH = choroid; OS = outer segment; ONL = outer nuclear layer; scale bar = 20 μm. (D) Quantification of relative RPE 
height in the VS normalized to the peripheral retina (n = 5). (E) Quantitative evaluation of the relative number of Phagosomes/RPE cell in the VS 
normalized to the periphery (n = 5). The error bar represents the standard deviation; ** = p < 0.01 and *** = p < 0.001.
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FIGURE 4

Degree of conformance of retinal photoreceptor densities and RCR between the MG and the human retina. Left: MG data for the three eccentricity 
regions VS, mid-periphery (MP), and far periphery (FP). Right: Human eccentricity data redrawn from (9), Figure 2. The courses of rod (green) and cone 
(red) photoreceptor density (scale (cells*1,000)/mm2) and the resulting rod-to-cone ratio RCR (blue) indicate a similar topographic transition 
characteristics from the periphery (left end in the MG and right end in humans) toward the retinal center, which is characterized by the VS in the MG 
(right end of the left partial graph) and the macular shoulder/fovea in the human retina (left end of the right partial graph). The VS data match the 
human situation in the central retina at approximately 1.5–2 mm eccentricity (macular shoulder range).

comparison to the peripheral retina. The increase in height 
(approximately 70%) exceeded the reduction in area 
(approximately 30%), indicating an increased volume of central 
RPE cells. This may explain the enhanced abundance of key 
proteins for photoreceptor OS phagocytosis and RPE visual cycle 
in the VS of the MG found in the proteomic data.

In terms of research on macular degenerations such as AMD, the 
macular shoulder has been identified as an important area for 
understanding disease onset, as this region is particularly vulnerable to 
age-related changes (25, 39). Before the occurrence of characteristic 
visible disturbances in the RPE cells, AMD starts in the macular shoulder 
area with the cell death of mainly rods during the early stages of this 
disease, together with a severely reduced rod sensitivity in this region (9, 
26). Since the VS of the MG showed an RCR within the human macular 
shoulder range, it appears to be a promising model for future study to 
understand the pathophysiology of AMD. Beyond that, the overall 
photoreceptor densities and the resulting RCR of the MG showed a 
topographic transition from the retinal periphery to the center, as does 
the human retina (Figure 4). In comparison, mice show the lowest RCR 
of 29, which does not lie within the range of the human macular shoulder 
or even the near periphery (9, 31) due to their species lifestyle (15).

To further understand the pathophysiology of macular diseases, 
a detailed assessment of the interaction of photoreceptors with RPE 
cells is of great importance. However, this appears to be dependent on 
a valid representation of macular RPE cells in a model system, as these 
are different from peripheral ones. To address this aspect, we initially 
compared the morphological RPE cell features of humans and the 
MGs. Our results regarding RPE cell height indicate that the human 
RPE cell characteristics (macular height of 10–15 μm vs. peripheral of 
approximately 7 μm) (10, 40, 41) were close to those found in the VS 
(12.08 ± 4.1 μm) and periphery (7 ± 2.1 μm) of the MG. In terms of 
photoreceptors, the OS length of human cones (22 μm in the macular 
shoulder vs. 6.5–13 μm in the periphery) (42) is also comparable to 
the values found in the VS (22.47 ± 2.71 μm) and periphery 
(11.59 ± 1.2 μm) of the MG.

Additionally, we obtained proteomic profiles of the retina and 
RPE in the VS of the MG and compared those to data from the 
peripheral retina. This analysis supports the difference between 
central and peripheral RPE cells in the MG. In the RPE of the VS, 
we found an enhanced abundance of MERTK and proteins that 
directly interact with it (Gas6 and FAK) when compared to the 
peripheral retina. MERTK is a receptor present on the apical 
membrane of the RPE that binds indirectly to exposed 
phosphatidylserine of photoreceptor OSs via a soluble ligand and is 
necessary for the intracellular engulfment of OS particles (7, 43). 
Biologically, enhanced MERTK activity is directly related to an 
increased number of phagosomes/RPE cell as found in the VS, 
which indicates higher levels of OS phagocytosis in this area. 
We hypothesize that RPE cells in the VS, due to their increased 
height, volume, and increased number of phagosomes, together 
with the increased length of photoreceptor OSs and the elevated 
cone photoreceptor density, may encounter a higher phagocytic 
load and thus may be  at risk of a pathological accumulation of 
undigested material as intracellular deposits during rod OS 
deterioration and cell death, which we believe is a further important 
asset for a model of macular degeneration. Thus, the assessment of 
markers related to RPE and photoreceptor OS phagocytosis in the 
VS of (aged) MGs may be highly relevant in future studies on the 
pathophysiology of macular diseases. Moreover, proteins of the 
visual cycle critical for the clearance of all-trans-retinal from 
photoreceptors, such as the ATP-binding cassette transporter 4 
(ABCA4) and the retinol dehydrogenase 8 (RDH8) enzymes, also 
showed enhanced abundance in the VS of the MG. In 
Rdh8−/−Abca4−/− mice, toxic byproducts of the visual cycle led to 
RPE/photoreceptor dystrophy with key features of AMD (44). The 
metabolism of these proteins in the VS of the MG may help us to 
understand disease-relevant visual cycle dynamics of the human 
central retina. In the current investigation, the limited sample size 
due to the restricted availability of biological samples from the MG 
may have prevented reaching the full potential of the proteomic 
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analysis, as our filtering and selection parameters for valid peptides 
and proteins were set to the most stringent settings to allow higher 
accuracy in protein identification and quantification.

In summary, our data indicate that the MG, with its VS, may 
serve as a non-primate model to investigate the pathophysiology of 
human central retinal and macular diseases. As a rodent, it is 
phylogenetically similar to mice, which includes the advantages of 
relatively low cost and short lifespan, but combined with a retinal 
organization closer to that of larger animal models (e.g., pigs, cats, 
and dogs). Furthermore, the majority of commercially available 
antibodies developed for mice also work in the MG. Obviously, to 
fully represent the human central retina, the presence of a fovea 
would be to strive for. However, non-human primates that do have a 
macula with a fovea are problematic to use in research in larger 
numbers due to their high cost, slow disease progression, difficulty 
with genetic manipulations, and ethical concerns (45). Importantly, 
the first CRISPR/Cas9-mediated mutant MG models have been 
generated (46, 47), indicating the availability of genetic manipulation. 
Further studies on such mutants will show whether the MG may also 
serve as a disease model in conditions of retinal dystrophy such as 
AMD and Stargardt disease.

Data availability statement

All raw files and search results including spectral library, search 
parameters and search results have been submitted to the Massive and 
ProteomeXchange databases and made fully accessible to the scientific 
community under the project IDs: MassIVE MSV000097218 
and PXD061216.

Ethics statement

The animal study was approved by Regierungspräsidium 
Tübingen, Germany. The study was conducted in accordance with the 
local legislation and institutional requirements.

Author contributions

AG: Conceptualization, Data curation, Formal analysis, 
Investigation, Methodology, Visualization, Writing – original draft. 
MJ: Data curation, Formal analysis, Investigation, Validation, 
Writing  – review & editing. RM: Funding acquisition, Project 
administration, Resources, Writing  – review & editing. MS: 
Conceptualization, Funding acquisition, Methodology, Project 
administration, Resources, Supervision, Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research and/or publication of this article. This research was funded 
by the German Ministry for Education and Research (BMBF; 
TargetRD 16GW02678). We acknowledge the support from the Open 
Access Publication Fund of the University of Tübingen.

Acknowledgments

The authors thank Gudrun Utz for excellent technical assistance, 
Dr. Susanne Gerold for support in the application for the animal test 
proposal, and the International Society for Clinical Electrophysiology 
of Vision (ISCEV) for supporting this study with the Dodt Award. The 
content of this study appears online in a preprint (48).

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Generative AI statement

The authors declare that no Gen AI was used in the creation of 
this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmed.2025.1562437/
full#supplementary-material

References
 1. Reinhard J, Messias A, Dietz K, Mackeben M, Lakmann R, Scholl HP, et al. 

Quantifying fixation in patients with Stargardt disease. Vis Res. (2007) 47:2076–85. doi: 
10.1016/j.visres.2007.04.012

 2. Wong JHC, Ma JYW, Jobling AI, Brandli A, Greferath U, Fletcher EL, et al. 
Exploring the pathogenesis of age-related macular degeneration: a review of the 
interplay between retinal pigment epithelium dysfunction and the innate immune 
system. Front Neurosci. (2022) 16:1009599. doi: 10.3389/fnins.2022.1009599

 3. Agrón E, Domalpally A, Cukras CA, Clemons TE, Chen Q, Lu Z, et al. Reticular 
pseudodrusen: the third macular risk feature for progression to late age-related macular 
degeneration: age-related eye disease study 2 report 30. Ophthalmology. (2022) 
129:1107–19. doi: 10.1016/j.ophtha.2022.05.021

 4. Scheibler E, Waiblinger E. Mongolian gerbils (Meriones Unguiculatus) In: M James 
Yeates, editor. Companion animal care and welfare. Hoboken, NJ: John Wiley & Sons, 
Inc. (2018). 218–32.

https://doi.org/10.3389/fmed.2025.1562437
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmed.2025.1562437/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmed.2025.1562437/full#supplementary-material
https://doi.org/10.1016/j.visres.2007.04.012
https://doi.org/10.3389/fnins.2022.1009599
https://doi.org/10.1016/j.ophtha.2022.05.021


Günter et al. 10.3389/fmed.2025.1562437

Frontiers in Medicine 10 frontiersin.org

 5. Kolb H. How the retina works. Am Sci. (2003) 91:28–35. doi: 10.1511/2003. 
11.28

 6. Lakkaraju A, Umapathy A, Tan LX, Daniele L, Philp NJ, Boesze-Battaglia K, et al. 
The cell biology of the retinal pigment epithelium. Prog Retin Eye Res. (2020) 78:100846. 
doi: 10.1016/j.preteyeres.2020.100846

 7. Kevany BM, Palczewski K. Phagocytosis of retinal rod and cone photoreceptors. 
Physiology. (2010) 25:8–15. doi: 10.1152/physiol.00038.2009

 8. Hussey KA, Hadyniak SE, Johnston RJ Jr. Patterning and development of 
photoreceptors in the human retina. Front Cell Dev Biol. (2022) 10:878350. doi: 
10.3389/fcell.2022.878350

 9. Curcio CA, Kar D, Owsley C, Sloan KR, Ach T. Age-related macular degeneration, a 
mathematically tractable disease. Invest Ophthalmol Vis Sci. (2024) 65:4. doi: 10.1167/iovs.65.3.4

 10. Weiter JJ, Delori FC, Wing GL, Fitch KA. Retinal pigment epithelial lipofuscin and 
melanin and choroidal melanin in human eyes. Invest Ophthalmol Vis Sci. (1986) 27:145–52.

 11. Ortolan D, Sharma R, Volkov A, Maminishkis A, Hotaling NA, Huryn LA, et al. 
Single-cell-resolution map of human retinal pigment epithelium helps discover 
subpopulations with differential disease sensitivity. Proc Natl Acad Sci USA. (2022) 
119:e2117553119. doi: 10.1073/pnas.2117553119

 12. Ahnelt PK, Kolb H. The mammalian photoreceptor mosaic-adaptive design. Prog 
Retin Eye Res. (2000) 19:711–77. doi: 10.1016/s1350-9462(00)00012-4

 13. Kolb H. Simple anatomy of the retina In: H Kolb, E Fernandez and R Nelson, 
editors. Webvision: The organization of the retina and visual system. Lake City: 
University of Utah Health Sciences Center Copyright (2005)

 14. Seeliger MW, Beck SC, Pereyra-Muñoz N, Dangel S, Tsai JY, Luhmann UF, et al. 
In vivo confocal imaging of the retina in animal models using scanning laser 
ophthalmoscopy. Vis Res. (2005) 45:3512–9. doi: 10.1016/j.visres.2005.08.014

 15. Baden T, Euler T, Berens P. Understanding the retinal basis of vision across species. 
Nat Rev Neurosci. (2020) 21:5–20. doi: 10.1038/s41583-019-0242-1

 16. Schiviz AN, Ruf T, Kuebber-Heiss A, Schubert C, Ahnelt PK. Retinal cone 
topography of artiodactyl mammals: influence of body height and habitat. J Comp 
Neurol. (2008) 507:1336–50. doi: 10.1002/cne.21626

 17. Hughes A. The topography of vision in mammals of contrasting life style: 
comparative optics and retinal organisation In: F Crescitelli, CA Dvorak, DJ Eder, AM 
Granda, D Hamasaki and K Holmberg, editors. The Visual System in Vertebrates. Berlin: 
Springer Berlin Heidelberg (1977). 613–756.

 18. Bleckert A, Schwartz GW, Turner MH, Rieke F, Wong RO. Visual space is 
represented by nonmatching topographies of distinct mouse retinal ganglion cell types. 
Curr Biol. (2014) 24:310–5. doi: 10.1016/j.cub.2013.12.020

 19. Rapaport DH, Stone J. The area Centralis of the retina in the cat and other 
mammals: focal point for function and development of the visual system. Neuroscience. 
(1984) 11:289–301. doi: 10.1016/0306-4522(84)90024-1

 20. Hauzman E, Bonci DMO, Ventura DF. Retinal topographic maps: a glimpse into the 
animals’ visual world In: H Thomas, editor. Sensory nervous system. Rijeka: Intech Open (2018)

 21. Carter-Dawson LD, LaVail MM. Rods and cones in the mouse retina. I. Structural 
analysis using light and Electron microscopy. J Comp Neurol. (1979) 188:245–62. doi: 
10.1002/cne.901880204

 22. Wang YV, Weick M, Demb JB. Spectral and temporal sensitivity of cone-mediated 
responses in mouse retinal ganglion cells. J Neurosci. (2011) 31:7670–81. doi: 
10.1523/jneurosci.0629-11.2011

 23. Applebury ML, Antoch MP, Baxter LC, Chun LL, Falk JD, Farhangfar F, et al. The 
murine cone photoreceptor: a single cone type expresses both S and M opsins with 
retinal spatial patterning. Neuron. (2000) 27:513–23. doi: 10.1016/s0896-6273(00)00062-3

 24. Günter A, Belhadj S, Seeliger MW, Mühlfriedel R. The Mongolian gerbil as an 
advanced model to study cone system physiology. Front Cell Neurosci. (2024) 
18:1339282. doi: 10.3389/fncel.2024.1339282

 25. Sarks JP, Sarks SH, Killingsworth MC. Evolution of geographic atrophy of the 
retinal pigment epithelium. Eye. (1988) 2:552–77. doi: 10.1038/eye.1988.106

 26. Curcio CA, Medeiros NE, Millican CL. Photoreceptor loss in age-related macular 
degeneration. Invest Ophthalmol Vis Sci. (1996) 37:1236–49.

 27. Ruschil C, Gabernet G, Kemmerer CL, Jarboui MA, Klose F, Poli S, et al. Cladribine 
treatment specifically affects peripheral blood memory B cell clones and clonal 
expansion in multiple sclerosis patients. Front Immunol. (2023) 14:1133967. doi: 
10.3389/fimmu.2023.1133967

 28. Demichev V, Messner CB, Vernardis SI, Lilley KS, Ralser M. Dia-Nn: neural 
networks and interference correction enable deep proteome coverage in high 
throughput. Nat Methods. (2020) 17:41–4. doi: 10.1038/s41592-019-0638-x

 29. Tyanova S, Temu T, Sinitcyn P, Carlson A, Hein MY, Geiger T, et al. The Perseus 
computational platform for comprehensive analysis of (Prote) omics data. Nat Methods. 
(2016) 13:731–40. doi: 10.1038/nmeth.3901

 30. Curcio CA, Sloan KR, Kalina RE, Hendrickson AE. Human photoreceptor 
topography. J Comp Neurol. (1990) 292:497–523. doi: 10.1002/cne.902920402

 31. Volland S, Esteve-Rudd J, Hoo J, Yee C, Williams DS. A comparison of some 
organizational characteristics of the mouse central retina and the human macula. PLoS 
One. (2015) 10:e0125631. doi: 10.1371/journal.pone.0125631

 32. Wang YX, Pan Z, Xue CC, Xie H, Wu X, Jonas JB. Macular outer nuclear layer, 
ellipsoid zone and outer photoreceptor segment band thickness, axial length and other 
determinants. Sci Rep. (2023) 13:5386. doi: 10.1038/s41598-023-32629-x

 33. Bhatia SK, Rashid A, Chrenek MA, Zhang Q, Bruce BB, Klein M, et al. Analysis of 
Rpe morphometry in human eyes. Mol Vis. (2016) 22:898–916.

 34. Roorda A, Zhang Y, Duncan JL. High-resolution in vivo imaging of the Rpe mosaic 
in eyes with retinal disease. Invest Ophthalmol Vis Sci. (2007) 48:2297–303. doi: 
10.1167/iovs.06-1450

 35. Walmsley D, Reichert D, Li H, Bharti K, Fnu R, Ortolan D. Classifying mouse Rpe 
morphometric heterogeneity using reshape – an Ai-based image analysis tool. Invest 
Ophthalmol Vis Sci. (2024) 65:363.

 36. Finnemann SC. Focal adhesion kinase signaling promotes phagocytosis of 
integrin-bound photoreceptors. EMBO J. (2003) 22:4143–54. doi: 10.1093/ 
emboj/cdg416

 37. Kociok N, Joussen AM. Varied expression of functionally important genes of Rpe 
and choroid in the macula and in the periphery of Normal human eyes. Graefes Arch 
Clin Exp Ophthalmol. (2007) 245:101–13. doi: 10.1007/s00417-006-0266-x

 38. Mullin NK, Voigt AP, Boese EA, Liu X, Stone EM, Tucker BA, et al. Transcriptomic 
and chromatin accessibility analysis of the human macular and peripheral retinal 
pigment epithelium at the single-cell level. Am J Pathol. (2023) 193:1750–61. doi: 
10.1016/j.ajpath.2023.01.012

 39. Curcio CA, Millican CL, Allen KA, Kalina RE. Aging of the human photoreceptor 
mosaic: evidence for selective vulnerability of rods in central retina. Invest Ophthalmol 
Vis Sci. (1993) 34:3278–96.

 40. Feeney-Burns L, Burns RP, Gao CL. Age-related macular changes in 
humans over 90 years old. Am J Ophthalmol. (1990) 109:265–78. doi: 
10.1016/s0002-9394(14)74549-0

 41. Ishibashi K, Tian J, Handa JT. Similarity of Mrna phenotypes of morphologically 
Normal macular and peripheral retinal pigment epithelial cells in older human eyes. 
Invest Ophthalmol Vis Sci. (2004) 45:3291–301. doi: 10.1167/iovs.04-0168

 42. Stockman A. Outer Segment Length of Human Photoreceptors. Available online 
at: http://www.cvrl.org/database/text/intros/introlength.htm (Accessed 25 
February 2025).

 43. Ruggiero L, Connor MP, Chen J, Langen R, Finnemann SC. Diurnal, localized 
exposure of phosphatidylserine by rod outer segment tips in wild-type but not Itgb 
5−/− or Mfge 8−/− mouse retina. Proc Natl Acad Sci USA. (2012) 109:8145–8. doi: 
10.1073/pnas.1121101109

 44. Maeda A, Maeda T, Golczak M, Palczewski K. Retinopathy in mice induced by 
disrupted all-trans-retinal clearance. J Biol Chem. (2008) 283:26684–93. doi: 
10.1074/jbc.M804505200

 45. Pennesi ME, Neuringer M, Courtney RJ. Animal models of age related macular 
degeneration. Mol Asp Med. (2012) 33:487–509. doi: 10.1016/j.mam.2012.06.003

 46. Wang Y, Zhao P, Song Z, Du X, Huo X, Lu J, et al. Generation of gene-knockout 
Mongolian gerbils via Crispr/Cas 9 system. Front Bioeng Biotechnol. (2020) 8:780. doi: 
10.3389/fbioe.2020.00780

 47. Zorio DAR, Monsma S, Sanes DH, Golding NL, Rubel EW, Wang Y. De novo 
sequencing and initial annotation of the Mongolian gerbil (Meriones Unguiculatus) 
genome. Genomics. (2019) 111:441–9. doi: 10.1016/j.ygeno.2018.03.001

 48. Günter A, Jarboui MA, Mühlfriedel R, Seeliger MW. A remarkable degree of 
conformance between the visual streak of the Mongolian gerbil and the human central 
retina. Biorxiv. (2024). doi: 10.1101/2024.08.28.610039

https://doi.org/10.3389/fmed.2025.1562437
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1511/2003.11.28
https://doi.org/10.1511/2003.11.28
https://doi.org/10.1016/j.preteyeres.2020.100846
https://doi.org/10.1152/physiol.00038.2009
https://doi.org/10.3389/fcell.2022.878350
https://doi.org/10.1167/iovs.65.3.4
https://doi.org/10.1073/pnas.2117553119
https://doi.org/10.1016/s1350-9462(00)00012-4
https://doi.org/10.1016/j.visres.2005.08.014
https://doi.org/10.1038/s41583-019-0242-1
https://doi.org/10.1002/cne.21626
https://doi.org/10.1016/j.cub.2013.12.020
https://doi.org/10.1016/0306-4522(84)90024-1
https://doi.org/10.1002/cne.901880204
https://doi.org/10.1523/jneurosci.0629-11.2011
https://doi.org/10.1016/s0896-6273(00)00062-3
https://doi.org/10.3389/fncel.2024.1339282
https://doi.org/10.1038/eye.1988.106
https://doi.org/10.3389/fimmu.2023.1133967
https://doi.org/10.1038/s41592-019-0638-x
https://doi.org/10.1038/nmeth.3901
https://doi.org/10.1002/cne.902920402
https://doi.org/10.1371/journal.pone.0125631
https://doi.org/10.1038/s41598-023-32629-x
https://doi.org/10.1167/iovs.06-1450
https://doi.org/10.1093/emboj/cdg416
https://doi.org/10.1093/emboj/cdg416
https://doi.org/10.1007/s00417-006-0266-x
https://doi.org/10.1016/j.ajpath.2023.01.012
https://doi.org/10.1016/s0002-9394(14)74549-0
https://doi.org/10.1167/iovs.04-0168
http://www.cvrl.org/database/text/intros/introlength.htm
https://doi.org/10.1073/pnas.1121101109
https://doi.org/10.1074/jbc.M804505200
https://doi.org/10.1016/j.mam.2012.06.003
https://doi.org/10.3389/fbioe.2020.00780
https://doi.org/10.1016/j.ygeno.2018.03.001
https://doi.org/10.1101/2024.08.28.610039

	Exploration of the visual streak of the Mongolian gerbil as a model for the human central retina
	1 Introduction
	2 Materials and methods
	2.1 Experimental animals
	2.2 Immunohistochemistry
	2.3 Microscopy and image analysis
	2.4 Calculation of RPE cell area
	2.5 Mass spectrometry
	2.6 Statistical analysis

	3 Results
	3.1 The visual streak of the Mongolian gerbil: cone photoreceptor density, OS length, and rod-to-cone ratio
	3.2 The visual streak of the Mongolian gerbil: RPE cell area and shape

	4 Discussion

	References

