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Subtle retinal degeneration in pigmented Abca4− /− Rdh8− /− mice
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A B S T R A C T

Stargardt disease type 1 is a genetic retinal disorder caused by mutations in the ABCA4 gene, leading to toxic bisretinoid accumulation in the retinal pigment 
epithelium (RPE). This study examines the retinal phenotype of Abca4− /− Rdh8− /− double knockout mice on a C57BL/6J background, excluding confounding 
variants such as the Rpe65 Leu450Met variant or the rd8 mutation in the Crb1 gene, to define the effect of combined Abca4 and Rdh8 deficiency.

Double knockout mice—confirmed free of the rd8 mutation and to not carry the protective Met variant of the Rpe65 gene—were analyzed at 4 and 9 months and 
compared to Rdh8− /− single knockouts under varying light exposure. Histological assessments included RPE autofluorescence, morphometric parameters of 
microglial activation, and retinal layer integrity.

At 4 months, no significant structural differences were observed between genotypes. By 9 months, Abca4− /− Rdh8− /− mice showed increased RPE auto
fluorescence, consistent with elevated bisretinoid accumulation. Four-fold enhanced light exposure affected microglial morphology, and a modest age-related 
thinning of retinal layers was noted in double knockouts.

In conclusion, increased RPE autofluorescence was confirmed in Abca4− /− Rdh8− /− mice on the C57BL/6J background, but only mild retinal structural and in
flammatory changes were observed. The severe early-onset degeneration reported in prior studies was not replicated, likely due to the absence of the rd8 mutation 
present in the double knockout mouse strain at its original description. This suggests that the rd8 mutation drove neurodegeneration, while the combined Abca4 and 
Rdh8 deficiency alone is comparatively well tolerated in the murine retina.

1. Introduction

Stargardt disease type 1 is a retinal disorder predominantly inherited 
in an autosomal recessive manner and classified within the group of 
macular dystrophies. It often manifests during adolescence with varying 
degrees of visual acuity impairment and central scotomas (Genead et al., 
2009). The disease typically leads to a loss of central visual acuity, while 
peripheral vision generally remains unaffected (Genead et al., 2009). In 
the early stages, funduscopic examination reveals central irregularities 
in pigmentation, followed by progressive atrophy characterized by 
yellowish-gray spots that gradually coalesce in the macular region 
(Stargardt, 1909, 1913, 1916). This specific alteration is referred to as 
fundus flavimaculatus (Rudolph et al., 2002). The disease typically 
manifests before the age of 20 and is most commonly associated with a 
mutation in the ABCA4 (ATP-binding cassette subfamily A member 4) 
gene (Allikmets et al., 1997).

ABCA4 is a retina-specific ATP-binding cassette transporter that fa
cilitates the translocation of all-trans-retinal—produced via photo
isomerization of 11-cis-retinal—across photoreceptor outer segment 
disc membranes into the cytoplasm (Allikmets et al., 1997; Sun and 
Nathans, 1997; Molday et al., 2000). In the cytoplasm, all-trans-retinal is 
reduced to all-trans-retinol (atROL) by retinol dehydrogenase 8 (RDH8), 

which catalyzes the first step in the visual cycle’s regeneration of 11-cis-
retinal (Kiser et al., 2014; Arrigo et al., 2025). The retinal pigment 
epithelium (RPE), located beneath the neuroretina and in direct contact 
with photoreceptor outer segments, plays a central role in the visual 
cycle. It also expresses ABCA4, albeit at much lower levels than photo
receptor outer segments (Molday et al., 2018), takes up atROL from 
photoreceptors, and completes the conversion of the latter back into 
11-cis-retinal. This is then returned to photoreceptors to sustain light 
sensitivity (Choi et al., 2021). In healthy photoreceptors, 
all-trans-retinal released after photoisomerization can react with phos
phatidylethanolamine (PE) in the disc membranes to form N-reti
nylidene-PE, which is then flipped to the cytoplasmic leaflet by the 
ATP-binding cassette transporter ABCA4 and reduced to atROL. In 
Stargardt disease, loss-of-function mutations in ABCA4 impair this 
transport step, trapping N-retinylidene-PE within the disc lumen. This 
promotes secondary condensation reactions between all-trans retinal 
and PE, yielding bisretinoid adducts such as N-reti
nylidene-N-retinylethanolamine (A2E) (Choi et al., 2021). These bisre
tinoids are non-enzymatically formed, cannot be degraded by lysosomal 
enzymes, and are transferred to the RPE during daily phagocytosis of 
photoreceptor outer segment discs. Over time, they accumulate within 
RPE lysosomes as lipofuscin, which exhibits strong autofluorescence 
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detectable by fundus autofluorescence imaging in patients with Star
gardt’s disease (Burke et al., 2014). The buildup of bisretinoid lipofuscin 
is toxic to RPE cells through mechanisms including phototoxic reactive 
oxygen species generation, disruption of lysosomal function, and com
plement activation, ultimately contributing to photoreceptor degener
ation in Stargardt disease (Burke et al., 2014). In line with this, previous 
studies have shown that bisretinoid fluorophores (e.g. N-reti
nylidene-N-retinylethanolamine (A2E)) accumulate in the RPE of both 
pigmented and albino Abca4− /− single knockout mice, accompanied by 
increased oxidative stress, inflammation, and complement activation at 
the level of RPE, but little neurodegeneration (Radu et al., 2011; Charbel 
Issa et al., 2013; Jabri et al., 2020). Consistent with this, even stronger 
elevations of A2E and retinaldehyde dimers (RALdi) levels in an 
Abca4− /− Rdh8− /− double knockout strain have been reported (Maeda 
et al., 2008; Kiser et al., 2014). Additionally to that and in contrast to the 
Abca4− /− single knockout mice, Maeda et al. reported regional neuro
degeneration as early as 4–6 weeks, which manifested after 3 months as 
reduced photoreceptor layer thickness, rosette formation and cell count 
(Maeda et al., 2008). By 5 months, only 4–6 rows of disorganized pho
toreceptors were detectable, and by 12 months, no cells of the ONL 
survived (Maeda et al. 2008, 2009; Shiose et al., 2011; Chen et al., 
2012). Overall, the Abca4− /− Rdh8− /− double knockout therefore seems 
to better phenocopy the pathology observed in Stargardt patients than 
the single knockouts (neither Abca4 nor Rdh8 knockouts show major 
signs of neurodegeneration), making it a potentially valuable mouse 
model for Stargardt-related research also in light of therapy develop
ment that could potentially also be of benefit for patients suffering from 
age-related macular degeneration.

Noteworthy, Maeda and colleagues mention the presence of the rd8 
mutation in their mouse strain in addition to ABCA4 and RDH8 defi
ciency, in a study from 2013 (Chen et al., 2013), but most likely this 
holds true for the older work as well (Maeda et al. 2008, 2009; Shiose 
et al., 2011; Chen et al., 2012). This mutation in the Crb1 gene does not 
cause a complete knockout, but rather a frameshift mutation that 
severely disrupts the function of the resulting truncated CRB1 protein 
leading to rosette formation and focal photoreceptor degeneration 
particularly in the inferior-nasal regions of the retina at timelines similar 
to that initially also described for the Abca4− /− Rdh8− /− double 
knockout mice (Mehalow et al., 2003; Mattapallil et al., 2012). This 
suggests that the extensive retinal degeneration described in the early 
studies characterizing the Abca4− /− Rdh8− /− mice is likely due to this 
additional inbred rd8 mutation rather than the combined absence of 
functional ABCA4 and RDH8 (Maeda et al., 2008). Although recent 
studies have examined very young (4-week-old) Abca4− /− Rdh8− /− mice 
free of the potentially confounding rd8 mutation under light damage 
paradigms (Parmar et al. 2016, 2018; Schur et al., 2018; Yu et al., 2021), 
a systematic natural history study characterizing the phenotype in older 
mice remains lacking.

Here, we re-characterized the retinal structure and RPE auto
fluorescence in Abca4− /− Rdh8− /− double knockout mice on a C57BL/6J 
background free of the rd8 mutation (Jackson Laboratories, strain 
#030503). Note that we made sure that the animals were carrying the 
original Leucine 450 variant of the Rpe65 gene which renders them more 
light sensitive as compared to animals carrying the Leu450Met variant 
(Danciger et al., 2000; Kim et al., 2004). RPE65 is another protein of the 
visual cycle, playing a crucial role in rhodopsin regeneration primarily 
expressed by the RPE (Kim et al., 2004). The formation of bisretinoids 
and lipofuscin is particularly dependent on a functional visual cycle and 
proper chromophore regeneration (Kim et al., 2004). Rpe65− /− mice 
exhibit minimal lipofuscin deposits in the RPE during the aging process 
(Katz and Redmond, 2001). The Leu450Met variant appears to slow the 
enzyme’s kinetics, resulting in reduced bisretinoid accumulation in the 
RPE (Kim et al., 2004) and increased tolerance to light-induced damage 
(Wenzel et al., 2001), protecting photoreceptors from excessive stress 
due to continuous phototransduction (Danciger et al., 2000). Histolog
ical assessments were performed on samples collected from four- and 

nine-month-old mice. These efforts aimed to clarify the impact of 
combined ABCA4 and RDH8 deficiencies and provide a natural history 
study of this popular murine model of Stargardt disease, which was now 
confirmed to be free of the rd8 mutation.

2. Methods

All animals were housed under a regular 12-h light/dark cycle with 
free access to water and food, in climate-controlled, pathogen-free fa
cilities. All experiments were conducted in compliance with the German 
Animal Welfare Act. Experiments were performed on knockout mice 
with the genotypes Rdh8− /− and Abca4− /− Rdh8− /− on a C57BL/6J 
background (Jackson Laboratories, strain number #030503) at the ages 
of 4 and 9 months. A subset of these animals was exposed to higher light 
intensity between the fifth and ninth months of life by placing their 
cages on the top shelves of the mouse racks, where light levels were 
approximately four times greater (190 lux) than on the bottom shelves 
(45 lux). Prior to this period, all mice were housed under lower light 
conditions, consistent with standard procedures in the animal facility.

Genotyping of the mice was performed with the KAPA Mouse Gen
otyping Hot Start Kit (Merck, Darmstadt, Germany) using primers for 
Abca4 (forward: 5′ AAGAGAAGCAATCAAATCAGGA 3’; reverse 1: 5′ 
GAAGATGCTCTGGATATC TCT GC 3’; reverse 2: 5′ TGAGTAGGTGT
CATTCTATTC TGG 3′) Rdh8 (forward 1: 5′ CACAACATCCCAGCACTCTG 
3’; forward 2: 5′ AGA CTG CCT TGG GAA AAG CG 3’; reverse: 5′ 
ACTCCGCCTTGGAAACCTG 3′), rd1 (forward 1: 5′ AAG CTA GCT GCA 
GTA ACG CCA TT 3’; forward 2: 5′ ACC TGC ATG TGA ACC CAG TAT TC; 
reverse 1: 5′ CTA CAG CCC CTC TCC AAG GTT TA 3′), rd8 (forward 1: 5′ 
GGT GAC CAA TCT GTT GAC AAT CC 3′; reverse 1: 5′ GCC CCA TTT GCA 
CAC TGA TG AC 3′), and Rpe65 (forward: 5′ ACCA
GAAATTTGGAGGGAAAC 3′; reverse: 5′ CCCTTCCATTCAGAGCTTCA 
3′). For genotyping of Rpe65 Leu450Met polymorphism a protocol as 
published recently was used (Wenzel et al., 2001). Briefly, the 
PCR-amplified DNA was digested with the MwoI restriction enzyme 
(New England Biolabs) and analyzed on 2 % agarose gels. The sequence 
variant corresponding to the Met-450 variant produced distinct frag
ments of 180 and 365 bp due to the presence of the MwoI restriction site. 
In contrast, the Leu-450 codon abolishes the MwoI site, resulting in 
undigested or partially digested products, which were interpreted as 
indicative of homozygosity or heterozygosity for Leu-450, respectively.

For morphometric analysis on retinal sections, mouse eyes were fixed 
in 4 % PFA for 1 h. Note that during enucleation, the superior part of the 
eye and retina was marked by an incision enabling to trace back retinal 
subregions during experiments. After fixation, eyes were incubated in 
sucrose (30 % w/v in PBS) for cryoprotection, embedded in OCT com
pound and cut into sections of 20 μm thickness using a cryostat. For 
cryosectioning, the eye bulbs were oriented to include both the superior 
and inferior regions of the retina equidistant from the optic nerve within 
the same section. After thawing, drying and rehydrating the sections, 
tissue permeabilization was achieved by applying 0.2 % Triton X in PBS 
for 10 min, followed by three 10-min washes with PBS. For labelling of 
microglia, sections were incubated with the primary rabbit α-IBA-1 
antibody solution (1:500 dilution, Wako Chemicals, Neuss, Germany, 
cat. no. 019–19741) overnight at 4 ◦C, while the secondary donkey anti- 
rabbit antibody (Cy5-conjugated) solution (1:500 dilution, dissolved in 
PBS with 3 % BSA and 0.1 % Tween; Dianova (Hamburg, Germany, cat. 
no. 711-175-152) was applied for 2 h at room temperature. After three 
washes in PBS, 4,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich) 
was added in a 1:1000 dilution in PBS for 10 min at room tempera
ture, followed by three additional 10-min washes with PBS. The slides 
were stored in the dark until analysis using a confocal microscope 
(custom-made VisiScope CSU-X1 confocal system equipped with high- 
resolution sCMOS camera; Visitron Systems, Puchheim, Germany). To 
quantify subretinal microglia, we counted IBA + cells in the subretinal 
space of four central sections, each running through the optic nerve, 
from each mouse and calculated the mean for each animal. This value is 
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plotted as a biological replicate in the respective graph. Measurements 
of retinal layer thickness were performed on retinal sections using the 
Fiji measurement tools.

For retinal and RPE wholemounts, the retinae or RPE were flattened 
with six radial cuts and transferred to 24-well plates for staining. The 
primary rabbit α-IBA-1 antibody solution (1:500 dilution, Wako Chem
icals, Neuss, Germany, cat. no. 019–19741) was incubated overnight at 
4 ◦C, while the secondary donkey anti-rabbit antibody (Cy5-conjugated) 
solution (1:500 dilution, dissolved in PBS with 3 % BSA and 0.1 % 
Tween; Dianova (Hamburg, Germany, cat. no. 711-175-152) was 
applied for 2 h at room temperature on a shaker. For RPE auto
fluorescence measurements, RPE wholemounts were excited with a 488 
nm laser using a confocal microscope, and a z-projection of the resulting 
stack was generated. Three separate areas were scanned from each RPE 
wholemount per animal. Each area was located at an equal distance 
(~200–300 μm) from the optic nerve head, if possible. The average pixel 
intensity was measured at using ImageJ software. The mean of these 
technical replicates was then plotted as one data point per animal, which 
was considered one biological replicate. To assess microglial 
morphology, the soma and endpoints of the processes were circled in the 
images, and the area circumscribed by these (soma area/occupied area) 
was calculated using Fiji (Schindelin et al., 2012). Up to ten microglial 
cells per image stack were analyzed for soma and total cell size, unless 
fewer cells were present in the stack. Three image stacks were obtained 
from retinal flatmounts per animal.

Data were analyzed using GraphPad PRISM 8 software, with results 
presented as mean ± standard error. Statistically significant differences 
were determined using the Mann-Whitney U test.

3. Results and discussion

For our re-characterization of Abca4− /− Rdh8− /− mice that were 
confirmed to be free from rd1 or rd8 mutations, we first studied the age- 
dependent rise in RPE autofluorescence as a major hallmark of the 
murine Stargardt model. Testing RPE autofluorescence in animals kept 
under normal light conditions, we found little difference between 
Rdh8− /− single-knockout and Abca4− /− Rdh8− /− double-knockout ani
mals at 4 months of age (Fig. 1A). From this age onward, animals were 
housed either in the bottom row of the rack with minimal light exposure 
(~45 lux, hereafter referred to as low light exposure) or in the top row 
with 4-fold higher light exposure (~190 lux, hereafter referred to as 
high light exposure). Under high light exposure, 9-month-old animals of 
both genotypes exhibited a significant age-dependent increase in auto
fluorescence, but no genotype-dependent differences (Fig. 1A). Under 
low light exposure, RPE flatmounts from 9-month-old Abca4− /− Rdh8− / 

− double-knockout animals showed a trend (p = 0.1) toward higher 
autofluorescence intensity compared to age-matched Rdh8− /− animals. 
Additionally, the relative age-dependent increase was more pronounced 
in Abca4− /− Rdh8− /− mice, with a fold change of up to 2.6, compared to 
1.5 in Rdh8− /− mice. These findings – especially those performed under 
low light conditions - align with what was originally found also in the 
Abca4− /− Rdh8− /− double-knockout stain that in addition carried the 
rd8 mutation (Maeda et al., 2008; Kiser et al., 2014). However, 
moderately increased light exposure also promotes buildup of auto
fluorescent material in RPE of Rdh8− /− mice.

Following injury, microglia transition through various activation 
states, which are partially also reflected in distinct morphological 
changes. In their homeostatic state, they exhibit a highly ramified 
morphology, characterized by small somata and long, extensively 
branched processes. Under acute or chronic stress, these processes 
retract toward the cell body, which then adopts a rounded, amoeboid 
shape (Stence et al., 2001; Walker et al., 2013; Paolicelli et al., 2022). In 
this activated state, microglial somata enlarge, while the total area 
occupied by their processes decreases (Fig. 1B and C). When inflam
mation is resolved and a new tissue immune homeostasis is established, 
microglia may subsequently extend new, shorter processes (Stence et al., 

2001). Previous studies on Abca4− /− single-knockout mice in the CD1 
albino background revealed an increased number of microglial cells 
accompanied by a reduction in total microglial area compared to 
wild-type animals, particularly in the inner retinal layers (Jabri et al., 
2020). Based on these expected morphological changes, we also assessed 
microglial activation in our double-knockout model determining the 
following parameters in retinal flatmounts stained for IBA1 delineating 
microglia and macrophages: the number of microglia per scan field 
(Fig. 1B), soma area, and the total area occupied by microglia and their 
processes (Fig. 1C). These parameters were assessed separately for the 
inner retina (ganglion cell layer to inner nuclear layer) and outer retina 
(outer plexiform layer to subretinal space). Notably, microglia in the 
outer retinal layers were fewer in number and exhibited a more highly 
ramified, potentially less activated morphology compared to those in the 
inner retina. At 4 months of age, no significant genotype-dependent 
differences were observed for any of these parameters. The only sig
nificant difference was detected in 9-month-old mice exposed to high 
light intensities: specifically, Abca4− /− Rdh8− /− mice exhibited fewer 
microglia in the inner retina compared to Rdh8− /− mice. This might be 
due to increasing migration of microglia into the subretinal space – a site 
of inflammation because of stressed RPE in this mouse model as also 
indicated by the pattern of autofluorescence in aging mice and SLO 
images (Kohno et al., 2014). However, quantification of IBA1-positive 
cells along the full length of central eye sections from mice of both ge
notypes revealed only very few subretinal cells. No genotype-dependent 
differences could be detected (Fig. 1C). Additionally, Abca4− /− Rdh8− /−

mice showed a significant, age-dependent increase in microglial soma 
area in both the inner and outer retinal layers, indicating the onset of 
microglial activation (Fig. 1D). In contrast, no such changes were 
observed in Rdh8− /− mice in either retinal layer. This supports findings 
from earlier findings in rd8 mutation free Abca4− /− Rdh8− /− mice that 
demonstrate low-grade chronic inflammation driven by microglia as 
deduced from chemokine profiling in aging mice under room light 
conditions or after bright light exposure (Kohno et al., 2014; Maeda 
et al., 2014; Palczewska et al., 2016). Please note that in all these 
studies, wild type animals and not Rdh8− /− mice served as controls and 
in most cases, animals were younger than four months of age at the time 
point of the analysis.

Regarding the total area occupied by microglial processes, a signif
icant reduction—approximately one-third of the initial value—was 
observed in both genotypes when comparing 9-month-old mice to their 
4-month-old counterparts (Fig. 1D). This suggests that aging has a strong 
effect on this parameter, while genotype exerts only a minor influence. 
However, Abca4− /− Rdh8− /− mice exhibited a more pronounced reor
ganization of microglial processes, particularly under low light condi
tions in the inner retina, where the total area decreased to one-quarter of 
the initial value (Fig. 1C). Despite these differences in process reorga
nization, no significant difference was observed in the area occupied by 
microglial processes between the two genotypes. Potentially, the subtle 
stress also present in the Rdh8− /− single knockouts is sufficient to drive 
age-dependent microglial changes – a hypothesis that be considered and 
validated in future studies.

Maeda et al., 2008 reported an early onset of retinal degeneration in 
Abca4− /− Rdh8− /− double knockout mice that however were also ho
mozygous for the rd8 mutation. Given the predominant photoreceptor 
localization, the ABCA4-related pathology is expected to manifest pri
marily in the outer retina—namely the outer nuclear layer (ONL) and 
outer plexiform layer (OPL)—once photoreceptor loss, including 
degeneration of synaptic terminals, occurs. Consistently, a reduced ONL 
thickness and decreased photoreceptor nuclei count as early as three 
months of age was reported in Abca4− /− Rdh8− /− double knockout mice 
(Maeda et al., 2008). Other studies have documented degeneration of 
the ONL beginning at 8 months (Wu et al., 2010) and degeneration of the 
ganglion cell layer (GCL) after 6 months in Abca4− /− albino mice (Jabri 
et al., 2020). Given that Maeda et al. found an even more pronounced 
degeneration in the central inferior compared to the superior retinal 
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areas (Maeda et al., 2008), we conducted a differential analysis of these 
retinal regions in 9-month-old animals including both nuclear and 
plexiform layers; inner retinal layers were examined as a control. We 
found a trend of 10–20 % fewer nuclei in the INL and ONL of the inferior, 
but also the superior, retina of Abca4− /− Rdh8− /− double knockout mice 
compared to Rdh8− /− single knockout mice that only reached signifi
cance levels for the ONL in the inferior subregion (Fig. 2B). Additionally, 
we studied the region-dependent changes in thicknesses of the individ
ual retinal layers (Fig. 2B). Similar trends were also observed for these 
readouts, with a thinner inner plexiform layer (IPL), inner nuclear layer 
(INL) and outer plexiform layer (OPL) in Abca4− /− Rdh8− /− knockout 
mice compared to Rdh8− /− knockouts. However, only the difference in 
IPL thickness in the inferior retina was significant (Fig. 2B). In contrast 
to Maeda et al. (2008), we did not find overt regional differences 
regarding the progression of retinal degeneration in any of the applied 
readouts. The cross comparisons between superior and inferior regions 
did not reach significance levels. Several mouse models of retinal 
degeneration display hemispheric asymmetry in disease severity, with 
the inferior retina being particularly vulnerable in some contexts. For 
example, in C57BL/6J mice exposed to hyperoxia, photoreceptor loss 
begins at a locus ~0.5 mm inferior to the optic disc, coinciding with 
region-specific transcriptional changes (Zhu et al., 2010). Similarly, the 
Crb1^rd8/rd8 mutation, present in C57BL/6N substrains, produces focal 
inferior retinal dysplasia and degeneration, often with pseudorosettes 
(Mattapallil et al., 2012; Mehalow et al., 2003). It has been suggested 
that the more rapid disease progression in the inferior retina may be 
driven by differential light exposure, as the inferior retina receives more 
illumination due to most light sources being positioned in the superior 
visual field, thereby accelerating degeneration (Paskowitz et al., 2006). 
This seems to hold true for some murine models of retinal degeneration 
(Naash et al., 1996), but also for instance for patients suffering from 
retinitis pigmentosa (Heckenlively et al., 1991). However, this pattern is 
not universal across inherited retinal degeneration models and cell 
types: in rd1 mice, M/L-cones are better preserved superiorly while 
S-cones survive longer inferiorly (LaVail et al., 1997; Narayan et al., 
2019). Recent spatial transcriptomics studies further suggest that 
regional gene-expression differences may underlie these 
location-specific susceptibilities, which can vary by genotype, cell type, 
and environmental stress factors (Schumann et al., 2025). However, in 
the present study, we did not perform a photoreceptor subtype specific 
analysis. This question should be addressed in future studies potentially 
combined with functional readouts like electroretinogramm recordings 
to further pinpoint the phenotype of the Abca4− /− Rdh8− /− mice. All in 
all, we observed only few signs of neurodegeneration and microglial 
activation in our Abca4− /− Rdh8− /− strain that went beyond the 
age-related changes also observed in the single knockouts.

Enhanced neurodegeneration in response to acute light dam
age—specifically, a 30 to 60-min exposure to 10,000 lux in 4-week-old 

Abca4− /− Rdh8− /− mice lacking the rd8 mutation—has been previously 
reported (Maeda et al., 2014; Parmar et al. 2016, 2018; Schur et al., 
2018; Yu et al., 2021). In this study, we investigated whether chronic, 
moderately (~4 fold) increased light exposure would influence the 
development of the otherwise mild phenotype observed in our double 
knockout strain. To test this, beginning at 4 months of age, a subgroup of 
mice was housed in cages on the top row of the racks, where light 
exposure inside the cages reached up to 190 lux, for a duration of 5 
months. The control group remained on the bottom row, where light 
levels in the cages averaged ~45 lux. This experimental setup only 
revealed a significant age-related thinning of the plexiform layers in 
both genotypes (Fig. 2C). 9-Months-old Abca4− /− Rdh8− /− mice gener
ally started to show slightly lower cell counts compared to Rdh8− /−

mice, although these differences were not significant. Moreover, the 
relative reduction in plexiform layer thickness was more pronounced in 
the double knockouts—averaging 40–50 % of the values observed at 4 
months—compared to approximately 30 % in Rdh8− /− mice. However, 
also this difference between genotypes did not reach statistical signifi
cance. None of the investigated parameters showed a 
genotype-dependent difference (Fig. 2C). This implies that the absence 
of both ABCA4 and RDH8, in the absence of the rd8 mutation, does not 
lead to an elevated susceptibility to this mild, chronic light stress model. 
Presumably, it needs much higher light intensities to elicit comparable 
effects as observed by others (Maeda et al., 2014; Parmar et al. 2016, 
2018; Schur et al., 2018; Yu et al., 2021).

Overall, Abca4− /− Rdh8− /− double knockout mice on the C57BL/6J 
background, free of the confounding rd8 mutation, presented a limited 
retinal pathology and microglial activation profile when compared to 
Rdh8− /− single knockouts. The observed retinal changes included 
increased autofluorescence and specific minor alterations in retinal 
morphology. Despite these changes, the degree of retinal degeneration 
in the double knockout mice was less pronounced than anticipated based 
on previous reports. The discrepancies are likely due to the inbred rd8 
mutation in the mixed C57BL/6N mouse strain studied in previous re
ports (Mehalow et al., 2003; Mattapallil et al., 2012), rather than the 
combined lack of ABCA4 and RDH8. Support for our observation of a 
much milder phenotype than initially described comes from Pan et al., 
(2021). They report a largely intact ONL in animals up to 30 months old, 
with significant disorganization occurring only near regions of extensive 
RPE shedding. Also, more recent studies from the Maeda lab investigate 
a double knockout genotype that should match the one we describe - 
Abca4− /− Rdh8− /− with RPE65 leucine variant, but free of the rd8 
mutation (Kohno et al., 2014; Maeda et al., 2014; Palczewska et al., 
2016). Both OCT analysis (Kohno et al., 2014) as well as electron 
microscopic images from the photoreceptor segments and part of the 
ONL (Palczewska et al., 2016) imply that in contrast to the earlier 
publications, there is a clearly maintained ONL as well as photoreceptor 
segments in 6 months old double knockout mice.

Fig. 1. RPE autofluorescence and microglial activation in 4- and 9-month-old Abca4− /− Rdh8− /− double knockout compared to Rdh8− /− single knockout 
mice. A: Left, representative confocal microscopy images of autofluorescent (green) RPE flatmounts from animals kept under the indicated light conditions from age 
of 4 months onwards and as determined by using 488 nm laser excitation. Before 4 months of age, cage position and thus light exposure were not tracked. Scale bars, 
50 μm. Right, quantitative analysis of RPE autofluorescence. The bars represent mean values ± SEM. A total of n = 2–7 animals per genotype and age were analyzed. 
Each dot represents a biological replicate. Statistically significant differences were determined using the Mann-Whitney U test. *P < 0.05. ADU: arbitrary digital unit. 
B: Left, Representative confocal microscopy images of immunofluorescence staining for the microglia marker IBA1 in central retinal flatmounts, focused on the inner 
plexiform layer (IPL), under the indicated conditions. Scale bars, 50 μm. Right, Quantification of IBA1+ microglia per scan field (approximately 0.2 mm2; top). Bars 
represent mean values ± SEM. A total of n = 2–7 animals per genotype, age and condition were analyzed. Each dot represents a biological replicate. Statistically 
significant differences according to the Mann-Whitney U test. *P < 0.05. C: Quantification of subretinal IBA1+ microglia per central retinal section. Left, Repre
sentative images of retinal areas with and without a presumptive subretinal microglia (asterisk). Right, Quantitative data obtained from 9-month-old animals kept 
under bright light conditions. A total of n = 4 animals per genotype was analyzed. Each dot represents a biological replicate. The Mann-Whitney U test was run for 
statistical testing. D: Morphometric analysis of microglial changes known to be associated with changes in the functional state including the size of their soma area 
(left) and the total area occupied by the processes of each microglial cell (right). A total of n = 38–208 IBA1+ cells from 2 to 7 animals per genotype, age and 
condition were analyzed for inner retinal layers, while much less microglia were found in the outer retina, determining the respective features in 10–22 cells per 
condition. Statistically significant differences according to an ordinary one-way ANOVA with multiple comparisons. *P < 0.05., ***P < 0.001. ****P < 0.0001. GCL: 
ganglion cell layer; INL: inner nuclear layer; OPL: outer plexiform layer; ONL: outer nuclear layer; PRS: photoreceptor segments; SRS: subretinal space. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Note that this study focused solely on assessing the extent of neu
rodegeneration; other notable features of this murine Stargardt mod
el—such as detailed characterization of the RPE phenotype beyond 
autofluorescent material accumulation, complement activation, drusen 
formation, and early neovascular changes—were beyond its scope. Here 
we refer the interested reader to recent studies (indirectly) addressing 
these aspects in Abca4− /− Rdh8− /− double knockout mice free from the 
rd8 mutation (Kohno et al., 2014; Maeda et al., 2014; Parmar et al. 2016, 
2018; Schur et al., 2018; Pan et al., 2021; Yu et al., 2021).

Our re-characterization of Abca4− /− Rdh8− /− double knockout mice 
revealed that a previously unrecognized confounding mutation in the 
Crb1 gene very likely was responsible for the major neurodegenerative 
phenotype including the peculiar inferior to superior pattern. This un
derscores the critical importance of rigorously controlling for genetic 
background and potential modifier genes in mouse models—though this 
of course is inherently constrained by the knowledge of the existence of 
such modifiers and their distribution across inbred strains. Furthermore, 
selecting Abca4− /− Rdh8− /− mice that lack the rd8 mutation may pose 
challenges for studies aiming to test therapeutic interventions targeting 
neurodegeneration, given the reduced severity of degeneration in the 
absence of this mutation even in animals 9 months of age. One way to 
address this issue would be to test animals at an older age. However, it is 
still necessary to verify the trend observed in our study suggesting that 
as age increases, phenotypes become more apparent, potentially leading 
to more significant neurodegeneration. Alternatively, Abca4− /− Rdh8− / 

− mice could be crossbreed with mice that express a third potential 
mechanism that leads to outer retinal pathology (e.g. as in (Kohno et al., 
2014)). Finally, the animals could be exposed to additional stressors, 
such as light damage (Kohno et al., 2014; Maeda et al., 2014) or ciga
rette smoke (Fujihara et al., 2008), to enhance the phenotype. These 
approaches could also be used to model the multifactorial mechanisms 
that contribute to Stargardt disease and age-related macular degenera
tion, a condition in which genetic factors (including ABCA4 mutations), 
environmental factors, and age drive the pathology of the outer retina. 
Thus, Abca4− /− Rdh8− /− remain a valuable basis to develop model 
systems for research into Stargardt disease and age-related macular 
degeneration and treatment strategies.
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