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Photoreceptors are well-differentiated neuronal cells with 
unique functions that play a critical role in visual perception. 
The outer segments of rod photoreceptors contain numerous 
discs where phototransduction occurs. Maintaining this 
complex structure requires extensive transport of molecules. 
Any defect in intracellular trafficking may cause disrupted 
recycling of visual proteins, inadequate outer segment 
renewal, and suboptimal function. Intracellular transport 
mechanisms are also essential for the complex metabolic 
processes orchestrated by the retinal pigment epithelium 
(RPE). In this work, using chemical mutagenesis and a 
forward genetic screening pipeline in mice, we identified a 

mutation in Bicdl1 (BICD family-like cargo adaptor 1, Bicdr1, 
Ccdc64) that was associated with outer retinal abnormalities. 
This is noteworthy given the expression of a large number 
of proteins implicated in intracellular transport in photo-
receptors and the RPE, suggesting potential for significant 
functional redundancy.

Cargo adaptor proteins link cargo molecules to intracel-
lular motor proteins, enabling their transport within the cell. 
They are selective for specific cargoes and specific motors. 
They can activate motor proteins and even modulate the force 
generated by the transport complex, thereby influencing 
the direction of transport. Several cargo adaptor proteins, 
including Bicd2 (bicaudal D cargo adaptor 2), Bicdl1 (BICD 
family-like cargo adaptor 1), Hook2 (hook microtubule 
tethering protein 2), and Hook3 (hook microtubule tethering 
protein 3), are involved in the transport of Golgi-derived 
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A mutation in Bicdl1 (BICD family-like cargo adaptor 1) leads to 
mild outer retina thinning and late retinal dysfunction in a mouse 
model.
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Purpose: Both photoreceptors and the retinal pigment epithelium (RPE) are highly metabolically active cell types 
that require extensive molecular transport and adequate energy production to maintain their function. We tested the 
hypothesis that cargo adaptor protein Bicdl1 has a non-redundant role in retinal health.
Methods: Using an unbiased forward genetics approach, we identified an association between outer retinal thinning and 
a point mutation in Bicdl1. We generated Bicdl1 KI (knock-in) mice carrying the same point mutation identified in the 
mutagenesis pipeline and characterized the resulting retinal phenotype using optical coherence tomography (OCT), fun-
dus photography, histology, immunofluorescence, electroretinography, electron microscopy (EM), and transcriptomics.
Results: Analysis of OCT images and histology sections demonstrated a mild decrease in outer retinal thickness and 
rod outer segment thickness. We found an increased number of fundus spots in retinal photographs and an increased 
number of Iba1+/Tmem119+ cells on RPE flat mounts of Bicdl1 KI mice. Electroretinography in aging mice showed a 
mild impairment in visual function, reflected by a reduction in a-wave amplitudes. EM revealed fewer RPE mitochondria 
in Bicdl1 KI mice. To elucidate the mechanistic basis of the observed retinal degeneration, transcriptomic studies were 
conducted, which suggested an association between low Bicdl1 expression and increased oxidative phosphorylation in 
photoreceptors.
Conclusion: Despite the expression of many cargo adaptor proteins and dynein activators in the retina, we identified a 
novel non-redundant role of Bicdl1 in retinal homeostasis. Pathway analysis of transcriptomic data suggested that Bicdl1 
deficiency may affect energy metabolism.
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vesicles, which is important for the proper distribution of 
cargoes [1,2]. Bicdl1 has a coiled-coil N-terminal domain, 
which interacts with dynein and dynactin. It mediates the 
attachment of cargoes to dynein, thereby facilitating their 
transport in the retrograde direction (towards the minus 
terminus of microtubules) [3,4].

In photoreceptors, the basal body, a specialized centro-
some at the base of the cilium connecting the inner and outer 
segments, serves as a microtubule-organizing center and 
anchors the minus ends of microtubules. The transport of 
cargoes from the photoreceptor cell body to the outer segment 
on microtubules involves first retrograde transport (from the 
cell body towards the basal body by dynein- 1) followed by 
anterograde transport (from the basal body towards the outer 
segment by kinesin- 2), underscoring the importance of both 
dynein and kinesin for the maintenance of outer segment 
structure and function [5-10]. BICD family cargo adaptor 
proteins facilitate attachment of dynein to Rab6, which is an 
important regulator of post-Golgi traffic, particularly in the 
nervous system [11-13], helping transport the vesicles from 
the Golgi towards the basal body (minus end of microtubules) 
[3,14-16].

Given the importance of cargo adaptor proteins in the 
complex organization of the photoreceptor transport system 
and our findings from the mutagenesis screen, we hypoth-
esized that Bicdl1 may have a role in outer retinal health that 
cannot be entirely compensated by other adaptor proteins. 
Thus, we endeavored to generate and characterize mice with 
a replacement allele containing the identified mutation in this 
gene using CRISPR technology. We provide evidence of mild 
outer nuclear layer (ONL) thickness and photoreceptor outer 
segment thinning, significant accumulation of fundus spots 
and subretinal Iba1+/Tmem119+ cells. With aging, there was 
also evidence of a mild decrease in visual function. We also 
show transcriptomic data suggesting that, beyond its likely 
role in intracellular transport, Bicdl1 may have an impact 
(direct or indirect) on oxidative phosphorylation and energy 
metabolism. If confirmed in future studies, this could be 
consistent with a connection between Bicdl1, intracellular 
transport, and oxygen metabolism in photoreceptors.

METHODS

Animals: All Bicdl1 KI (Bicdl1 knock-in) and wild-type (WT) 
male and female mice used in this study were on a C57BL/6J 
background. The number and ages of mice used are indicated 
for each experiment. All animals were maintained in a barrier 
animal facility at the University of Texas Southwestern 
Medical Center (UTSW Medical Center) on a 12-h -on/12-h 
-off light cycle and had free access to food and water. Before 

all procedures, the mice were anesthetized by intraperitoneal 
(IP) injection of a ketamine-xylazine cocktail (100 mg/kg 
- 5 mg/kg) and the eyes were dilated with a mixture (3:1) 
of tropicamide 1% solution (Alcon Laboratories, Inc. Fort 
Worth, TX) and phenylephrine hydrochloride 2.5% solution 
(Alcon, Inc. Lake Forest, IL). In the forward genetics pipeline, 
N-ethyl-N-nitrosourea (ENU) was used to induce random 
mutations in C57BL/6 founder male mice, which were then 
bred to C57BL/6J females (see below). Bicdl1 knock in (KI) 
mice were generated using a CRISPR-Cas9 genome editing 
technique (details below). The study protocols and procedures 
were approved by the UTSW Medical Center Institutional 
Animal Care and Use Committee (IACUC, animal protocol 
# 2015-G100937). We followed all guidelines released by the 
National Institutes of Health (NIH) and the Association for 
Research in Vision and Ophthalmology (ARVO) for animal 
care and animal use in ophthalmic and vision research.

Forward genetic pipeline: ENU mutagenesis and whole-
exome sequencing: In our forward genetic pipeline, for 
each pedigree, we used ENU to induce random mutations 
in a C57BL/6J founder male mouse (generation 0, G0). The 
founder was bred with C57BL/6J females to produce G1 
mice. Whole-exome sequencing (WES) was then performed 
in male G1 mice to identify all exonic mutations. These G1 
males were then crossed with C57BL/6J females to generate 
G2, and G2 females were backcrossed with G1 males to 
generate G3 mice (Figure 1B in Wang et al.) [17]. To establish 
zygosity in G2/G3 mice, genotyping was performed at each 
of the mutated loci identified in G1 mice. Optical coherence 
tomography (OCT) imaging was then used to screen G2 
and G3 mice for retinal pathology (Appendix 1). Linkage 
Analyzer software was then used to correlate the magnitude 
of quantitative OCT phenotypes with the genotype at each 
mutation site for all mice in the pedigree [17-21]. The output 
of this automated mapping is a Manhattan plot of genotype-
phenotype associations. In the Manhattan plot, −log10 p values 
(y-axis) for an association to a given phenotype are plotted 
versus the chromosomal positions of each mutations (x-axis) 
that had been identified in the G1 founders of each pedigree 
(Figure 1). In these plots, mice homozygous for the reference 
or WT allele are referred to as REF, mice heterozygous for 
the reference allele and variant allele are referred to as HET, 
and mice homozygous for variant or mutant allele are referred 
to as VAR. Mice that had not undergone mutagenesis (naive 
C57BL/6J mice) are referred to as WT (Figure 1).

Generation of Bicdl1 KI mice using the CRISPR-Cas9 system: 
For easy reference, we arbitrarily named the mutated Bicdl1 
allele identified in the mutagenesis pipeline the “bargain 
allele”. CRISPR-Cas9 technology was used to generate Bicdl1 
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KI mice expressing a replacement allele that precisely repli-
cates the bargain allele (Appendix 2). This allele contains a 
single base substitution of guanine to adenine at coordinate 
115,808,212 bp of mouse chromosome 5 (Genome Reference 
Consortium Mouse Build 39), corresponding to the first 
nucleotide of Bicdl1 intron 4 (transcript variant 1 [NCBI 
reference sequence NM_001080808]; genomic sequence 
context: 5′-aaagacctacagGtactgggcagagaggct-3′, mutation site 
in uppercase). For both the bargain allele and the CRISPR-
generated replacement allele, the predicted translation is a 
null protein product. Specifically, a single base pair substi-
tution affecting a cryptic splicing site in intron 4 results in 
the insertion of 45 nucleotides from intron 4, leading to a 
shifted protein product beginning after amino acid 306 of the 
protein (which is normally 577 amino acids in length), and 
terminating after the inclusion of eight aberrant amino acids.

Bicdl1 KI mice harboring a replacement allele identical 
to the bargain allele (Appendix 2); mutated G to A at the 
splice donor site at coordinate 115,670,153 of GRCm38) on a 
C57BL/6J background were generated using CRISPR-Cas9 
reagents at the Transgenic Center of UTSW Medical Center. 
The position of the G base to be mutated is 1nt from the 3′ 
end of exon 4 (ENSMUST00000055408.13 Bicdl1-201). The 
single guide RNA (sgRNA) sequence used was 5′TGA CAA 
AGA CCT ACA GGT ACT GG 3′. The guide was selected 
using the CRISPOR Design Tool. crRNA and tracRNA 
were annealed and mixed with Cas9 protein to form a ribo-
nucleotide protein complex (RNP). The HDR template was 
158nt with a silent mutation at the PAM site (TGG to TCG) 
to prevent the gRNA from cutting back the HDR knock-in 
template. The sequence of the HDR template was: 5′-CTG 
GAG CAT CGG CTC AGC GCC ACC TTG GAG GAG AAT 

Figure 1. Association between the bargain allele of Bicdl1 and thinning of the outer retina identified in a forward genetic screen in mice. Male 
C57BL/6J mice were mutagenized using ENU, and induced mutations were transmitted by breeding to third-generation (G3) descendants, 
which were screened for phenotypes. OCT imaging was used to screen the G3 mice. A, C: Linkage analyzer software was used to analyze 
gene-phenotype associations, resulting in Manhattan plots in which the x-axis represents chromosome numbers, while the y-axis indicates 
the strength of the association between each mutation (blue dots) and a given OCT parameter. ORT is shown in (A), TRT is shown in (C). 
One mutation (in the bargain allele) is significantly associated with thinning in ORT and TRT (p-values = 1.657e−6 and 6.723e−6, respectively). 
Two horizontal lines are shown: the lower and lighter line represents a p-value of 0.05, while the higher and darker line shows the threshold 
of significance after Bonferroni correction. B, D: Analysis of the screening data shows statistically significant thinning in ORT and TRT in 
only 4 mice, which have Bicdl1 homozygote mutation, suggesting a recessive mode of inheritance. The graphics display the normalized ORT 
and TRT thicknesses as means ± SD across different groups of mice at 19-29 weeks of age. WT: wild type (non-mutagenized) mice (B, D; n 
= 13), REF: mice homozygous for the reference (wild type) sequence of Bicdl1 (B, D; n = 6), HET: mice heterozygous for the Bicdl1 mutation 
(B, D; n = 15), VAR: mice homozygous for the Bicdl1 mutation (B, D; n = 4). ORT: outer retinal thickness, TRT: total retinal thickness.
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GAC CTG CTT CAA GGG ACT GTG GAG GAG CTG CAG 
GAC CGG GTG CTG ATC CTA GAA AGG CAG GGC CAT 
GAC AAA GAC CTA CAG ATA CTC GGC AGA GAG GCT 
ACT GCA TAG AGC TAG GGC CAG AC-3′.

All reagents were synthesized by Integrated DNA Tech-
nologies (IDT; Coralville, IA). The mix of CRISPR reagents, 
RNP complex, and HDR template was delivered into the 
cytoplasm of fertilized one-cell eggs isolated from super-
ovulated females via cytoplasmic injection or electropora-
tion using a NEPA21 electroporator (Nepa Gene Co., Ltd., 
Chiba, Japan), with a concentration range of 50- 400 ng for 
Cas9 protein, gRNA, and HDR template. The surviving eggs 
were transferred into the oviducts of day 0.5 pseudo-pregnant 
recipient ICR females (Envigo, Indianapolis, IN) to produce 
putative founder mice. To generate the Bicdl1 KI line, we 
first crossed a Bicdl1 KI founder male mouse with a female 
C57BL/6J mouse. We then crossed the resulting Het females 
with male C57BL/6J mice again to generate F2 pups. After 
this, we used a Het × Het breeding approach to generate 
Bicdl1 WT and KI mice.

OCT acquisition and retinal thickness analysis: Mice were 
anesthetized one at a time, and the pupils were dilated before 
each experiment. GenTeal gel (Novartis, East Hanover, 
NJ) was applied to each eye to prevent corneal dryness. A 
Micron-OCT2 system (Phoenix-Micron Inc., Bend, OR) was 
used to acquire in vivo image-guided OCT images of both 
eyes of Bicdl1 KI mice and WT littermates. After gently 
contacting the gel-covered cornea with the camera eyepiece 
and centering the fundus image on the optic nerve head 
(ONH), we focused on the retina to acquire a B-scan. We 
obtained a half-size horizontal line scan superior to the ONH 
at a distance of two disc diameters from the center of the 
ONH. Total retinal thickness (TRT, measured from Bruch’s 
membrane to internal limiting membrane), outer nuclear 
layer (ONL) thickness, inner nuclear layer (INL), ganglion 
cell complex (GCC; top of the internal limiting membrane 
[ILM] to the top of the INL), and outermost retinal thickness 
(ORT, measured from Bruch’s membrane to external limiting 
membrane) were obtained from analysis of each OCT image 
using ImageJ (NIH, Bethesda, MD) as described previously 
[21,22]. For each parameter, three measurements were taken: 
one at the center of the OCT image and two at distances of 
100 microns on either side of the center. These three measure-
ments were averaged for statistical comparisons between 
Bicdl1 WT and KI mice. The number of mice used at different 
age groups is summarized as follows: 3-week-old (n = 7 WT 
and 5 KI), 2-month-old (n = 16 WT and 20 KI), 4-month-old 
(n = 16 WT and 17 KI), 6-month-old (n = 14 WT and 17 KI), 

9-month-old (n = 19 WT and 19 KI), 12-month-old (n = 9 WT 
and 10 KI), and 15-month-old (n = 8 WT and 8 KI) per group.

Fundus photography and fundus spot grading: A Micron IV 
Retinal Imaging Microscope (Phoenix-Micron Inc., Bend, 
OR) was used to take color fundus images of both Bicdl1 WT 
and KI mice, as previously described [19,21]. Fundus photog-
raphy and fundus spot grading were obtained at the following 
ages: 2-month-old (n = 16 WT and 20 KI), 4-month-old (n 
= 15 WT and 17 KI), 6-month-old (n = 10 WT and 14 KI), 
9-month-old (n = 10 WT and 9 KI) and 15-month-old (n = 
8 WT and 8 KI). The fundus photos were graded for the 
accumulation of white/yellow fundus spots using a modified 
version of a previously described grading system [20,21]. The 
scale is as follows: Grade 0: no spots, grade 1: 1-3 spots, grade 
2: 4-10 spots, grade 3: 11 spots - up to a quarter of retina 
covered with spots, grade 4: up to half of the retina covered 
with spots, grade 5: more than half of the retina covered with 
spots. A score is recorded for each eye, and the scores from 
both eyes are added to give the final mouse score.

A separate Spectralis® OCT (Heidelberg Engineering, 
Heidelberg, Germany) was used to examine the anatomical 
correlate for fundus spots. Images were acquired according 
to the manufacturer protocols.

Preparation of retinal sections for histology, TUNEL assay, 
and immunohistochemistry: To prepare histological speci-
mens, we used a modified freeze-substitution protocol [23], 
which helped us preserve the retinal anatomy and cellular 
morphology in retinal sections. Mice were anesthetized 
by IP injection of a ketamine/xylazine cocktail, and their 
left eyes were enucleated and immediately fresh-frozen in 
liquid nitrogen-cooled isopentane. The frozen eye samples 
were transferred to a pre-cooled freeze substitution solu-
tion of methanol 97%/ acetic acid 3% (v/v) and stored in a 
−80 °C freezer for at least 48 h. The eyes were gradually 
warmed to room temperature, transferred to 100% ethanol, 
and submitted to the UTSW Medical Center Histo Pathology 
Core for paraffin embedding using routine techniques. 
Retinal cross sections (5 µm) were prepared for hematoxylin/
eosin (H&E) staining, terminal deoxynucleotidyl transferase-
mediated UTP end labeling (TUNEL) assay, and immuno-
histochemistry staining with caspase-3, rhodopsin, cone 
arrestin, and Iba1.

H&E staining was performed on mouse sagittal brain 
sections and retinal cross-sections using standard automated 
stainer procedures. Briefly, following appropriate fixation 
for each tissue, samples were paraffin-processed, embedded, 
and sectioned by members of the UT Southwestern Histo 
Pathology Core. Paraffin sections were prepared concomi-
tantly and examined by dark-field microscopy. Sections were 
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stained for routine histopathologic evaluation by regressive 
H&E on a Sakura Prisma Plus x-y-z robotic stainer (Sakura 
Finetek USA, Inc., Torrance, CA) using Leica Selectech 
reagents (Hematoxylin 560 and Alcoholic Eosin Y 515, 
Leica Microsystems, Wetzlar, Germany). The H&E sections 
were imaged using a 20x objective lens (NA 1.0) on both 
sides of the ONH using a Leica DM2000 Upright Compound 
microscope (Leica Microsystems). The ONL thickness (in 
micrometers) and number of nuclei per ONL column (average 
of three columns) on the H&E images were measured at 500 
µm intervals on both sides of the ONH (starting 300 µm from 
the edge of the ONH) using ImageJ.

The TUNEL assay was performed using the DeadEnd 
Fluorometric TUNEL system (Appendix 3) following the 
supplied protocol and previously published work [24]. Images 
were acquired using a Leica TCS SP8 confocal laser scanning 
microscope (Leica Microsystems) with a 25x objective lens 
(NA 1.0). The TUNEL-positive cells were quantified as the 
total number of TUNEL+ cells per mouse on the acquired 
images.

For caspase-3 staining, the retinal sections were depar-
affinized and subjected to heat-induced epitope retrieval in 
citrate buffer (pH 6.0) at 95°C for 20 min. Following blocking 
of endogenous peroxidases using 3% hydrogen peroxidase 
and secondary antibody host-serum affinity using 5% 
normal goat serum (S-1000; Vector Laboratories, Newark, 
CA), sections were incubated at 4 °C overnight with a rabbit 
polyclonal antibody against cleaved caspase-3 (Appendix 3). 
Detection involved incubating the sections with a biotinyl-
ated secondary goat anti-rabbit IgG (H+L) (Appendix 3), and 
amplification with avidin-biotin complex and streptavidin 
peroxidase (SA-5004-1; Vector Laboratories). Visualization 
was performed using 3,3′-diaminobenzidine (DAB, Appendix 
3), followed by nuclear counterstaining with hematoxylin. 
Images were acquired using a Keyence BZ-X1000 micro-
scope (Keyence Corporation, Osaka, Japan) with a 20x 
objective lens (NA 0.75) and the caspase-3-positive cells were 
quantified.

Rhodopsin staining was performed on 9-month-old 
(n = 4 WT and 5 KI) and 19-month-old Bicdl1 (n = 5 WT 
and 5 KI) mice. Cone arrestin and microglia Iba1 staining 
were performed on 19-month-old Bicdl1 (n = 5 WT and 5 
KI) mice. The additional paraffin-embedded retinal sections 
were deparaffinized, and antigen retrieval was performed 
using the heat-induced epitope retrieval (HIER) method [25] 
by heating in citrate buffer (pH 6.0) in a 95°C water bath for 
30 minutes. The sections were then blocked and incubated 
overnight with anti-Rhodopsin or anti-cone arrestin antibody, 
followed by an appropriate secondary antibody (Appendix 

3). DAPI was used for nuclear counterstaining. All sections 
were imaged using a 25x objective lens (NA 1.0) on a Leica 
TCS SP8 confocal laser scanning microscope (Leica Micro-
systems). Images of rhodopsin-stained midperipheral retina 
were measured on both sides of the ONH. The total area of 
rhodopsin staining was measured in ImageJ and divided by 
the total length of the retina in every image, thus providing 
a measure of the average thickness of the rhodopsin staining 
over the entire section. We report values normalized to WT. 
Cone arrestin-stained images were taken at the central region, 
mid-periphery, and periphery on both sides of the ONH. In 
sum, a total of 6 fields were imaged for each mouse (three 
antero-posterior regions/side x 2 fields/region). For analysis, 
fields were grouped according to retinal region. Specifically, 
two peripheral fields were captured per eye (one per side), 
and with five eyes from five individual mice per experimental 
group, a total of ten peripheral fields were analyzed for each 
mouse line (similar for the central and midperipheral fields). 
We counted all cone-arrestin+ cells in each field. Retinal 
sections were examined for Iba1+ subretinal microglia and 
imaged with the same microscope and settings.

RPE and retina flat mount preparation for microglia/macro-
phage staining and analysis: RPE and retina flat mounts 
were prepared from 9- and 15-month-old Bicdl1 WT and 
KI mice (n = 3 per group per age). After anesthesia via IP 
injection of a ketamine-xylazine cocktail, both eyes were 
enucleated and fixed in 4% paraformaldehyde (PFA) for 2 
h. The fixed eyes were then dissected to remove the anterior 
segment (cornea, iris, and lens) and the retina was separated 
from the RPE-choroid-sclera. Both retinal and RPE-choroid-
sclera flat mounts (hereafter referred to as RPE flat mounts) 
were prepared separately by making four radial cuts in the 
tissues, which were then flat-mounted on glass slides for 
immunostaining, as described previously [20,23]. In brief, 
the fixed retinal and RPE flat mounts were blocked in 5% 
donkey serum (v/v) with 0.3% Triton X-100 (v/v) & 0.2% 
bovine serum albumin (BSA) and 5% BSA (w/v) with 0.3% 
Triton X-100 (v/v), respectively, and then stained with anti-
Iba1 (pan-microglia/macrophage marker), anti-Tmem119 
(resident microglia-specific marker), and anti-CCR2 (marker 
for infiltrating monocyte-derived macrophages) primary 
antibodies followed by appropriate secondary antibodies 
(Appendix 3). A laser confocal microscope (see above) was 
used to image the paracentral and mid-peripheral regions 
in each of the four quadrants of each RPE flat mount. The 
images were analyzed using ImageJ, and the numbers of Iba1+ 
or Tmem119+ cells were counted separately in the paracentral 
and mid-peripheral regions of each RPE flat mount. The cell 
counts from these two regions were obtained for each eye and 



286

Molecular Vision 2026; 32:281-306 <http://www.molvis.org/molvis/v32/281> © 2026 Molecular Vision 

statistically compared between Bicdl1 WT and KI groups (n 
= 6 RPE flat mount per group).

Electron microscopy (EM): The right eyes of 9-month-old 
mice (n = 3 WT and 4 KI) were collected for transmission 
electron microscopy. The samples were collected after the 
mice were deeply anesthetized by IP injection of ketamine-
xylazine cocktail and processed for EM, as described before 
[18]. Briefly, enucleated eyes were fixed in 2% glutaraldehyde 
and 2% PFA in 0.2 M cacodylate buffer (v/v). After fixa-
tion, the cornea and lens were removed, and the resulting 
posterior cup was trimmed for EM processing. Then, 70 nm 
thin sections were cut and stained with 2% aqueous uranyl 
acetate/lead citrate (v/v) and imaged with a JEOL 1200EX II 
transmission electron microscope (JEOL USA, Inc., Peabody, 
MA) at the UTSW Medical Center Electron Microscopy Core. 
EM fields were imaged in a masked and standardized fashion 
(the whole sample was scanned, and every other EM field 
was photographed). Thickness measurements were obtained 
for Bruch’s membrane (BM), RPE basal infoldings, RPE cell 
body (excluding the microvilli), and from the bottom of the 
BM to the top of the RPE on each EM image at three equally 
spaced points using ImageJ. The average of these three 
measurements for each EM was reported for each parameter. 
The number of mitochondria in the apical and basal halves of 
RPE cells was also counted on each EM image.

Single-cell RNA sequencing (scRNA-seq) analysis and bulk 
RNA sequencing (bulk RNA-seq) confirmation: We extracted 
Bicdl1 expression in 90-day-old C57BL/6J retina from a 
publicly available scRNA-seq dataset deposited by Li et. al. 
[26], under GEO accession # GSE243413 (WT_P90 mouse 
retina, GEO accession # GSM7785354). Cells in the rod 
photoreceptor cluster were categorized as being high Bicdl1 
expressors (“Bicdl1-hi”, expression >2.5), medium expres-
sors (“Bicdl1-med”, expression between 1.5 and 2.5), or low 
expressors (“Bicdl1-lo”, expression >0 and <1.5). Ingenuity 
pathway analysis (IPA) was performed by comparing Bicdl1-
hi with Bicdl1-lo cells. For confirmation purposes, bulk 
RNA-seq was done following our published protocol [19,21]. 
Briefly, retinas from deeply anesthetized 9-week-old Bicdl1 
WT and KI mice (n = 4 per group) were collected. Three 
retinas (obtained from three different mice) were pooled 
to prepare each bulk RNA-seq sample. For each group we 
prepared 4 different pooled samples for total RNA isolation 
using a miRNeasy Tissue/Cells Advanced Micro Kit (Cat# 
217684, Qiagen, Germantown, MD) according to the protocol 
supplied with the kit. After checking sample quality control, 
1 µg total RNA/sample was submitted to the Next Generation 

Sequencing Core at UTSW Medical Center for bulk RNA-seq 
and pathway analysis.

Pathway analysis for both the scRNA-seq and the bulk 
RNA-seq data was performed using IPA on a set of differen-
tially expressed genes meeting statistical cutoffs of p-value 
<0.05, and log2FC > 0.58 (~ fold change >1.5). After applying 
filters (p < 0.001, |Z-score| > 2, and ratio > 0.15), the top 
upregulated and downregulated pathways (up to 20 for each 
direction, if available) were graphed using dot plots. Only 
five downregulated pathways met the criteria in each of the 
data sets (bulk RNA-seq and scRNA-seq). Thus, a total of 
25 pathways were selected for each dataset (green highlights 
in Appendix 4 and Appendix 5). Violin plots were generated 
using the VlnPlot module in Seurat. Meanwhile, the volcano 
plots were generated using an EnhancedVolcano package in 
R.

Electroretinography (ERG): A full-field ERG system (Celeris 
System, Diagnosis LLC, MA) was used to test the retinal 
function in Bicdl1 WT and KI mice at different age groups 
(12-, 15-, and 17-19-month-old). After dark adaptation over-
night for at least 16 hours, scotopic ERG recordings were 
performed under a dim red light on deeply anesthetized mice, 
as detailed previously [19-21]. Briefly, after pupil dilation and 
application of GenTeal gel (Novartis, East Hanover, NJ), both 
eyes were contacted with electrodes for full-field stimulation, 
producing two-channel recordings with 10 sweeps for each of 
three different light stimuli (0.01, 0.1, and 1 cd⋅s/m2). Both 
the scotopic a-wave and scotopic b-wave were analyzed using 
Diagnosys Espion Software (Diagnosys, Lowell, MA). The 
photopic a-wave and b-wave were analyzed with the same 
system using two light stimuli (3 and 10 cd⋅s/m2).

Statistical analysis: Data are presented as the mean ± standard 
error of the mean (SEM). For all figures, groups of measure-
ments were taken from distinct samples, rather than from 
repeated measurements. Sample sizes are included in each 
figure legend. Given the assumption of normal distribution 
of the data, comparisons between two groups were made 
using a two-tailed unpaired Student’s t-test. One exception 
was the quantification of fundus spots, which was based on 
a non-continuous, ordinal scale and required non-parametric 
Mann-Whitney U testA linear regression analysis was done 
to test trends in fundus spot accumulation over time using age 
in months as the independent variable. In all comparisons, a 
p-value statistic of < 0.05 is considered significant. Graphs 
and statistical analysis were done using GraphPad Prism 
9.4.1 (GraphPad Software, La Jolla, CA) and Microsoft Excel 
16.63.1 (Microsoft, Redmond, WA).
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RESULTS

Association between a Bicdl1 mutation and outer retinal thin-
ning in a forward genetic screen in mice: Third-generation 
(G3) descendants in a pedigree of mice carrying mutations 
induced by ENU in G0 male mice [17] were screened for 
retinal phenotypes [18,19,21]. A pedigree containing 80 G3 
mice was imaged using the OCT2 imaging system. TRT, 
ONL, and ORT were measured using ImageJ, as described 
before [19]. Automated meiotic mapping and evaluation of 
candidate mutations, respectively, by the Linkage Analyzer 
and Candidate Explorer software [17,27] led to the identifica-
tion of a point mutation in Bicdl1 (which we named “bargain 
allele” for easy reference). It was a substitution of guanine to 
adenine in coordinate 115,808,212 bp of the mouse genome 
(GRCm39), corresponding to the first nucleotide of Bicdl1 
intron 4. This was associated with a mild but highly signifi-
cant decrease in ORT and TRT in four homozygous mice 
(Figure 1A,C; p = 1.7 x 10−6 and p = 6 x 10−6, respectively). 
The significance threshold after Bonferroni correction was 
p < 0.0006. Of note, the scatter plot showed a very tight 
distribution for the ORT parameter in the homozygous mice, 
compared to the TRT parameter (Figure 1B,D). Moreover, 
mice heterozygous (HET mice in Figure 1B,D) for the 
Bicdl1 mutation did not show any difference in ORT or TRT 
compared to mice with no Bicdl1 mutated alleles (“REF” 
mice in Figure 1B,D).

Outer retinal thinning in CRISPR-generated Bicdl1 KI mice: 
Little is known about the relevance and role of Bicdl1 in 
retinal health. Therefore, to validate the effect of the Bicdl1 
mutation on ORT and TRT phenotypes on a clean background 
(with no other ENU-induced mutations) and to enable subse-
quent phenotypic and molecular studies, we generated Bicdl1 
KI mice having the same mutation that we identified in our 
forward genetics screen (a replacement allele – see Appendix 
2). Ensembl, NCBI, and UniProt indicate the existence of 
several Bicdl1 splice isoforms. In most of these, including 
the 577-aa canonical isoform, the effect of the KI mutation 
is predicted to be “probably null”. There are two potential 
isoforms, predicted only by Ensembl (235-aa and 82-aa), 
that would not be affected by our mutation, but there is no 
published data supporting their existence. Bulk RNA seq 
data from the retina of the Bicdl1 KI mice indicated a 75% 
decrease in Bicdl1 transcript (Appendix 6), while expression 
of the housekeeping gene [28] RPP-30 was normal. This 
decrease in Bicdl1 transcript in Bicdl1 KI mice (despite the 
fact that there is only a point mutation in the DNA) suggests 
the activation of nonsense-mediated decay, supporting the 
conclusion that the mutation is indeed damaging.

A colony of Bicdl1 KI mice was established, and OCT 
images were obtained at 3 weeks and 2, 4, 6, 9, 12, 15 months 
of age. Representative images are shown in Figure 2A-F. 
The ORT, TRT, and ONL were measured using ImageJ. For 
simplicity and labeling purposes, the terms KI or Bicdl1 KI 
will be used to refer to homozygous Bicdl1KI/KI mice, while the 
terms Het and heterozygous will be used to refer to Bicdl1KI/+ 
mice. We documented a statistically significant decrease in 
ORT (3-10%) in Bicdl1 KI mice compared to the WT mice 
in all age groups (Figure 2G; p < 0.01 for each age group). 
Thinning of the ONL (3%) was first detected at 6 months of 
age (Figure 2H; p = 0.02). There was no difference in ORT, 
ONL, or TRT between female and male mice (Figure 2G-I). 
Heterozygous mice did not show any difference in ORT 
and ONL compared to WT mice (Appendix 7), confirming 
the data from the ENU mutagenesis screen (Figure 1B,D), 
indicating an autosomal recessive inheritance pattern, and 
strongly suggesting that the mutation causes a loss of function 
of the encoded protein.

To corroborate our findings of thinning in different 
retinal layers, retina sections were stained with H&E, and 
light microscopy images were obtained (Figure 3A-D). 
We demonstrated a statistically significant thinning of the 
ONL as measured by ONL thickness (up to 12%) and ONL 
nuclear count (up to 20%) in Bicdl1 KI mice compared to 
WT mice at 9 months (Figure 3E,F) and 19 months of age 
(Figure 3G,H). To look specifically at the rod photoreceptor 
outer segments, we performed immunohistochemistry of 
retinal sections using a rhodopsin antibody (Figure 4A-D). 
Measurements using ImageJ revealed a significant decrease 
in the average thickness of the rod outer segments in Bicdl1 
KI mice compared to WT mice, both at 9 months (Figure 4E, 
14% decrease, p < 0.05) and at 19 months of age (Figure 4F, 
30% decrease, p < 0.05).

To determine whether the thinning of the ONL was 
due to apoptotic cell death, both a caspase-3 staining and a 
TUNEL assay were performed on retinal cross sections of 9 
month and 19 month old mice. Interestingly, there were very 
few caspase-3 (Appendix 8) and TUNEL+ (Appendix 8) cells 
in both strains, and no significant difference in either assay.

Finally, analysis of the thickness of inner retinal layers 
(INL and GCC) using OCT and H&E did not show any 
significant differences between Bicdl1 WT and KI mice 
(Appendix 9).

Increased number of fundus spots in Bicdl1 KI mice corre-
sponding to subretinal microglia: Increased numbers of 
fundus spots are commonly seen in mouse models of retinal 
degeneration in aged mice. This finding often correlates with 
the presence of activated subretinal microglia [19-21,23,29]. 
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Figure 2. CRISPR-generated Bicdl1 KI mice reconstitute the phenotype discovered in the mutagenesis screen. A Bicdl1 KI mouse carrying a 
replacement allele for the bargain mutation was generated by CRISPR mutagenesis. A-F: Representative OCT images at 3 weeks, 9 months, 
and 15 months of age show decreased ORT. G-I: Quantification of ORT (G), ONL (H) and TRT (I) thicknesses at different ages (G, H, 
I; WT n = 7, KI n = 5 at 3-week-old, WT n = 16, KI n = 20 at 2-month-old, WT n = 16, KI n = 17 at 4-month-old, WT n = 14, KI n = 17 at 
6-month-old, WT n = 19, KI n = 19 at 9-month-old, WT n = 9, KI n = 10 at 12-month-old, WT n = 8, KI n = 8 at 15-month-old) in Bicdl1 
WT and KI mice. A significant difference in ORT was observed between Bicdl1 WT and KI mice at all time points. ONL thinning starts at 
6 months of age. Black squares: WT mice, blue squares: Bicdl1 KI mice, green-filled squares: male, open squares: female; green line: TRT, 
yellow line: ONL, blue line: ORT, ns: non-significant, #: p < 0.1, *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001, scale bar: 100 µm.
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To determine whether this was the case in Bicdl1 KI mice, we 
took color fundus photographs at several time points (Figure 
5A-J). A modified fundus spot scale was used for grading. 
Statistical analysis demonstrated a significant increase in the 
number of fundus spots at all time points after 2 months of 
age in the Bicdl1 KI mice compared to WT, up to a tripling 
of the fundus spot grading by 15 months of age (Figure 5K). 
The trend analysis demonstrated a significant increase in 
fundus spots with age in Bicdl1 KI mice but not in WT mice 
(Appendix 10).

In order to better characterize these fundus spots and 
understand their nature, we chose an eye with an asymmetric 
distribution of fundus spots and prepared an RPE flat mount, 
which we stained with the pan-microglia/macrophage marker 
Iba1 (Figure 6A-C). We found that the flat mount contained 
a similar distribution of Iba1+ subretinal cells adhered to the 
RPE compared to the fundus spots, suggesting that the fundus 
spots correlated with activated subretinal microglia/macro-
phages. In a second experiment, we imaged eyes with fundus 

spots using both fundus photography and a Spectralis OCT. 
We then used the infrared images from the Spectralis OCT to 
overlap the vessels of both imaging modalities. This allowed 
us to “register” both images and look for an anatomical corre-
late for the fundus spots on OCT. We found that the fundus 
spots correlated with subretinal hyperreflective spots located 
just above the RPE (Appendix 11). Retina sections stained 
with anti-Iba1 antibodies revealed Iba1+ cells localizing to 
that same location in the subretinal space (immediately above 
the RPE) of Bicdl1 KI but not WT mice (Appendix 11). We 
did not find any evidence for rosettes or true drusen. Finally, 
we studied the fundus photographs in more detail at early 
time points (2 and 4 months of age). Since there is a func-
tional distinction between the superior and inferior retina in 
mice, including differences in photoreceptors, we decided to 
count fundus spots in each retina. As shown in Appendix 12, 
we found that the earliest increase in fundus spots in Bicdl1 
KI mice occurred in the superior hemiretina.

Figure 3. Bicdl1 KI mice have a decreased number of photoreceptors and thinning of ONL in H&E-stained retina cross sections. A-D: 
Representative images of retina sections from 9- and 19-month-old mice stained with H&E. E-H: Quantification of ONL thicknesses (E, 
G) and ONL nuclei per column (photoreceptor cell body numbers; F, H) at 9 months of age (E, F; WT n = 4, KI n = 5) and 19 months of 
age (G, H; WT n = 5, KI n = 5). Measurements were taken at 500 µm intervals starting from 300 µm from the optic nerve head (ONH) on 
both sides. Black squares: WT mice, blue squares: Bicdl1 KI mice. Data are shown as means ± SEM. # (non-significant trend): p < 0.1, *: p 
< 0.05, **: p < 0.01, Scale bar: 100 µm. ONL: outer nuclear layer. 
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RPE flat mounts were then prepared from 9-month-old 
mice and stained with anti-Iba1 (pan-microglial/macrophage 
marker) and anti-Tmem119 (specific for resident microglia) 
antibodies. We imaged paracentral and midperipheral areas 
in four quadrants on the RPE flat mounts. Representative 
images for the Iba1 staining, Tmem119 staining, and merged 
channels are shown in Figure 6D,E. Most of these cells were 
double-positive for Iba1 and Tmem119 staining (yellow cells 
in the merged-channel image). Bicdl1 KI mice displayed a 
statistically significant increase in the number of Iba1+ cells 
(p = 0.03, Figure 6F) and also Tmem119+ cells (p = 0.03, 
Figure 6G) in the paracentral zone compared to WT mice. 

Of note, in addition to being positive for Tmem119, these cells 
were negative for CCR2 (Appendix 13). Negative controls for 
RPE flat mounts are shown in Appendix 14.

We also observed migration of inner retinal microglia 
to the outer retina, specifically to the photoreceptor outer 
segments (POS), exclusively in Bicdl1 KI mice. These 
displaced microglia exhibited an activated ameboid 
morphology and stained positive for both Iba1 and TMEM119. 
In contrast, both WT and Bicdl1 KI mice demonstrated the 
presence of Iba1+/TMEM119+ microglia in the inner plexi-
form layer (IPL) and outer plexiform layer (OPL). These cells 

Figure 4. Bicdl1 KI mice have significantly reduced average thickness of rod photoreceptor outer segment layer in retina cross sections, 
indicating shorter outer segments. A-D: Representative retinal sections from 9- and 19-month-old mice immunostained with anti-rhodopsin 
(white), labeling rod photoreceptor outer segments. Images were acquired using a 25x objective (NA 1.0). Quantification of the average 
thickness (area of staining divided by length of the imaged field) of the rhodopsin-stained outer segments in 9-month-old (E, WT n = 4, KI 
n = 5) and 19-month-old (F, WT n = 5, KI n = 5) mice is shown for Bicdl1 WT and KI mice in the midperipheral zone. Rho Ab: Rhodopsin 
antibody, Black squares: WT mice, blue squares: Bicdl1 KI mice. Data are shown as means ± SEM. *: p < 0.05, Scale bar: 100 µm. 
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Figure 5. Bicdl1 KI mice demon-
strate an increased number of 
fundus spots compared to WT mice. 
A-J: Representative fundus images 
of WT and Bicdl1 KI mice at 2, 4, 6, 
9, and 15 months of age. K: Fundus 
spot grade per mouse at different 
age groups. There is a significant 
increase in the number of fundus 
spots in the Bicdl1 KI mice at all 
time points after 2 months of age 
(2 m, WT n = 16, KI n = 20; 4 m, 
WT n = 15, KI n = 17; 6 m, WT n = 
10, KI n = 14; 9 m, WT n = 10, KI 
n = 9; 15 m, WT n = 8, KI n = 8). 
The values represent the sum of the 
grading for the left and right eyes 
of each mouse. Black squares: WT 
mice, blue squares: Bicdl1 KI mice, 
green filled square: male, open 
square: female. Data are shown as 
means ± SEM. ns: non-significant, 
*: p < 0.05, **: p < 0.01.
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Figure 6. Subretinal microglia 
number is significantly increased in 
Bicdl1 KI mice. A-C: Fundus spots 
appear to correspond to subretinal 
microglia. A: Fundus photo of 
mouse retina with a very asym-
metric distribution of fundus spots. 
The majority of fundus spots are 
localized to a small area of the infe-
rior retina (red oval). B: An RPE 
flat mount of the same eye demon-
strates a similar distribution (red 
oval) of Iba1+ microglia overlying 
the RPE. The orange, irregular 
dotted line highlights the cut on the 
posterior flat mount where the optic 
disc used to be. C: A magnified 
view of the yellow square in panel 
B shows Iba1+ cells with the typical 
morphology of both ramified and 
ameboid microglia. Some microglia 
lack cell bodies (red arrows), likely 
due to artifactual separation during 
f lat-mount preparation. D, E: 
Representative RPE f lat mounts 
images from 9-month-old WT 
and Bicdl1 KI mice acquired with 
a 25× objective (NA 1.0) at the 
paracentral (D) and midperipheral 
(E) regions. Green cells are Iba1+ 
microglia, red cells are Tmem119+ 
microglia. F, G: Quantitative 
analysis shows increased subretinal 
Iba1+ cells and Tmem119+ cells in 
the paracentral region (F, G; WT, n 
= 6 eyes, KI, n = 6 eyes) in Bicdl1 
KI samples compared with WT 
samples. Measurements represent 
the average of all four quadrants per 
eye (F, G). PC: paracentral region 
(four quadrants); MP: midpe-
ripheral region (four quadrants). 
Black diamonds: WT mice, blue 
diamonds: Bicdl1 KI mice, Data 
are shown as means ± SEM. ns: 
non-significant, *: p < 0.05, scale 
bar: 100 µm.
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had a resting morphology, characterized by small cell bodies 
and long, branching extensions (Appendix 15).

Decreased retinal function in aging Bicdl1 KI mice: To deter-
mine if the outer retinal thickness changes observed in the 
Bicdl1 KI mice led to functional consequences, we performed 
ERG on 12-, 15-, and 17-19-month-old mice (Figure 7). 
Scotopic ERG results did not reveal any differences at 12 
months of age. However, at 15 months of age, there was a 
trend towards a decrease in a-wave amplitude (p = 0.13; 
Figure 7B), and at 17-19 months of age, there was a signifi-
cant decrease in the a-wave amplitude both with the 0.1 (14% 
decrease, p < 0.05) and with the 1.0 cd⋅s/m2 stimulus (18% 
decrease, p < 0.01). No consistent differences were detected 
in the b-wave amplitude at any time point (Figure 7C). This 
is concordant with the fact that the retinal degeneration in 
Bicdl1 KI mice is relatively mild and primarily involves the 
outer retina. Of interest, we did not detect any consistent 
differences in the photopic ERG responses of Bicdl1 KI mice 
(Appendix 16). Moreover, cone arrestin staining (Appendix 
16) did not show evidence of decreased numbers of cones in 
the KI mice compared to the WT mice. The inner segment/
outer segment layer did appear thinner in KI mice (consistent 
with the outer retinal thinning seen in OCT), but the cones 
did not show any gross dysmorphic features.

Enrichment of oxidative phosphorylation and protein 
synthesis pathways in photoreceptors in Bicdl1 KI mice: With 
the goal of better understanding the role of Bicdl1 in the retina, 
we decided to analyze published scRNA-seq data from WT 
mice (C57BL/6J mice at P90, source data GEO:GSM7785354) 
[26], concentrating on rods and comparing cells showing high 
expression of Bicdl1 to those with low expression. Pathway 
analysis of the differentially expressed genes revealed 
enrichment of genes in multiple mitochondrial and protein 
synthesis-related pathways, which together accounted for 12 
of the top 25 pathways (Figure 8A,B). This analysis suggested 
that perturbations in mitochondrial and translation pathways 
may be associated with differential Bicdl1 expression in rods.

To directly investigate gene expression changes resulting 
from Bicdl1 loss of function, we conducted RNA sequencing 
of Bicdl1 KI neuroretina and WT neuroretina in 9-week-old 
mice (Figure 8C,D). Although bulk RNA-seq yields gene 
expression data averaged across a population of cells, rods 
are by far the most common cell type in the retina, and Bicdl1 
is highly expressed in rods. We found that 16 of the top 25 
affected pathways were shared between the scRNA-seq and 
bulk RNA-seq results, and in the same direction of change 
for every single one of those. That included the top 5 path-
ways. Both analyses showed significant effects of decreased 
expression of Bicdl1 on four categories of pathways: energy 

metabolism-related pathways, protein synthesis-related 
pathways, oxidative stress and apoptosis-related pathways, 
and proliferation and regulation of transcription-related 
pathways (Figure 8, Appendix 4 and Appendix 5). We also 
found significant changes in the expression of several genes 
that might be associated with Bicdl1 (Appendix 17), including 
regulators of energy metabolism in photoreceptors (Ckb and 
Guk1), antioxidant enzymes (Gpx4, Sod1, Prdx2, Prdx4, 
Prdx5), and mitophagy-related genes (Fis1, Tomm6, Tomm7, 
and Tomm22). Among 15 dynein subunit proteins, we found 
significantly increased expression levels of both isoforms of 
the dynein light chain roadblock genes Dynlrb1 and Dynlrb2 
in Bicdl1 KI mice versus WT mice [30]. Among the cargo 
adaptor proteins associated with the trans Golgi network 
[2,3,31,32], we found a significant increase in the expression 
of Ap4s1 and Ap1s1, decreased expression of Hook3, and no 
significant change in the expression levels of Bicd1, Bicd2, 
Hook2, and Ap3s1. The expression levels of Nudc, which 
is involved in rhodopsin transport [33], and Cfl1 were also 
increased (Appendix 17).

Decreased RPE mitochondria in Bicdl1 KI mice: Given the 
data suggesting an association of Bicdl1 to oxidative phos-
phorylation, the reported expression of Bicdl1 in RPE cells, 
and the fact that analysis of mitochondria is most reliable in 
RPE cells, we decided to perform an ultrastructural analysis 
of the RPE, including its mitochondria, in Bicdl1 KI vs. WT 
mice.

Representative EM images are shown in Figure 9A-B. 
Measurements of EM images using ImageJ were analyzed 
using either each EM field as a replicate (Figure 9C, D) or 
using the average of each eye (Figure 9E, F) as a test repli-
cate. Analysis per field suggested that Bicdl1 KI RPE cells 
have thinner basal infoldings, a decrease in RPE thickness, 
and a decrease in the thickness of the Bruch’s membrane-RPE 
complex (Figure 9C). It also suggested a highly significant 
decrease in the number of basal, apical, and total mitochon-
dria in the RPE in Bicdl1 KI mice (Figure 9D). Of note, when 
the analysis was repeated by mouse, rather than by EM field, 
the same trend for a reduction in RPE thickness parameters 
remained, but significance was lost (Figure 9E). Yet, the 
reduction in the number of mitochondria in Bicdl1 KI RPE 
remained significant even after this stricter analysis (Figure 
9F).

DISCUSSION

In this study, using a forward genetic approach, we identi-
fied an association between a Bicdl1 mutation and outer 
retinal thinning. Ensembl, NCBI, and UniProt predict a 
577-aa canonical isoform of Bicdl1. The predicted effect 
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of the Bicdl1 mutation we identified is “probably null” due 
to a premature stop codon eliminating about half of the 
protein (Appendix 2). We decided to pursue this further by 
generating and characterizing a Bicdl1 mutant mouse model 
of retinal degeneration for three reasons. First, using the 
NIH-supported eyeIntegration tool [34] we found that the 
expression level of Bicdl1 mRNA in the human retina is 
highest in rods, cones, and RPE cells, followed by retinal 
ganglion cells and bipolar cells (Appendix 18). Second, the 

known role of Bicdl1 in intracellular transport seems very 
relevant to photoreceptor and RPE homeostasis. Finally, the 
fact that the phenotypes detected in our OCT screen were 
distinct (mostly ORT thinning) and milder than those induced 
by other mutations we have described [18-21] could support 
the ability of the ENU-mutagenesis screen to detect non-
redundant genes in retinal physiology, even with relatively 
minor changes on OCT. The retina has a remarkable ability 
to re-establish homeostasis due to an extensive redundancy 

Figure 7. Bicdl1 KI mice have 
decreased a-wave amplitude at 
17-19 months of age. A: Representa-
tive ERG tracings of 17-19-month-
old Bicdl1 WT and KI mice are 
shown. B, C: Normalized a-wave 
(B, flash intensities 0.01, 0.1 and 1 
cd⋅s/m2) and b-wave amplitudes 
(C, flash intensities 0.01, 0.1, and 1 
cd⋅s/m2) from individual mice at 
12 m (WT n = 6, KI n = 5), 15 m 
(WT n = 9, KI n = 10), and 17-19 m 
(WT n = 15, KI n = 19) are shown. 
A decreased a-wave is seen in aging 
Bicdl1 KI mice (B). No significant 
difference was detected in b-wave 
(C). Black squares: WT mice, blue 
squares: Bicdl1 KI mice, green 
filled squares: male, open squares: 
female. Data are shown as means ± 
SEM. ns: non-significant, #: p < 0.1, 
*: p < 0.05, **: p < 0.01.
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in its signaling and metabolic pathways. Thus, even small 
changes in retinal anatomy and function caused by a mutation 
may point to special non-redundant genes, which could be 
potential “Achilles’ heels” for retinal cells. If the expression 
level of these genes is altered, even in the absence of a muta-
tion, there may be important consequences for retinal health.

After generating the Bicdl1 KI mouse model, we corrobo-
rated our mutagenesis screening data showing decreased ORT 
in OCT images. The difference was significant by 3 weeks 
of age, indicating that Bicdl1 is important to retinal homeo-
stasis even at an early age. Moreover, staining for rhodopsin 
antibody, which specifically stains the outer segments of 
rods, demonstrated a statistically significant thinning in the 
outer segment layer of Bicdl1 KI mice. This is consistent 

with other retinal degeneration models, which are character-
ized by diminished or shorter outer segments [35-37]. With 
aging, we were also able to document mild thinning of the 
ONL, reflecting photoreceptor loss. Finally, ERG data from 
aging mice demonstrated a decreased a-wave amplitude in 
Bicdl1 KI mice, indicating that the observed retinal changes 
resulted in deteriorated photoreceptor function. We did not 
see differences in either cone arrestin staining or photopic 
ERG responses, suggesting that the impact may be greater in 
rods vs. cone photoreceptors.

Intracellular transport is essential to maintaining 
cellular metabolic pathways, organization, and, ultimately, 
function. Various types of cargoes, including vesicles and 
organelles, are transported to their specific destinations 

Figure 8. The pathway analyses generated from bulk RNA-seq and scRNA-seq data demonstrate significant changes in energy metabolism 
(purple frame), protein synthesis (yellow frame), oxidative stress/apoptosis/autophagy (green frame), and proliferation/transcription regula-
tion (blue frame) related pathways. A: A violin plot shows the rod photoreceptor cells from the scRNA-seq data after splitting into high vs. 
medium vs. low expression of Bicdl1, and the total number of cells in each category. Expression levels for Bicdl1 were defined as: Bicdl1-lo 
(expression >0 and <1.5), Bicdl1-med (expression 1.5-2.5), and Bicdl1-hi (expression >2.5). B: Top 25 pathways from scRNA-seq p90 rod 
photoreceptors comparing low vs. high expression of Bicdl1 (Bicdl1-lo vs. Bicdl1-hi). C: A volcano plot shows expression levels of selected 
genes from bulk RNA-seq data. Green dots: genes with decreased level of expression, red dots: genes with increased level of expression. D: 
Top 25 pathways from bulk RNA-seq of retina samples from 9-week-old Bicdl1 WT and KI mice comparing Bicdl1 KI versus WT. Bicdl1 
WT, n = 4 pooled retinal samples; KI, n = 4 pooled retinal samples, with each pooled sample consisting of retinas from three individual 
mice. *: shared pathways between the scRNA-seq and bulk RNA-seq analysis. 
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along microtubules by the motor proteins dynein and kinesin. 
Dynein specializes in retrograde transport (towards the minus 
end of microtubules), and kinesin is involved in anterograde 
transport (towards the plus end). While dynein and kinesin 
traverse microtubules in opposite directions, they cooperate 
to maintain the balance. Although the precise mechanism 
underlying this balance has not been fully understood, the 
net direction of intracellular transport may be regulated by 
several factors, including autoinhibition, selective binding 
of motors to the cargoes, and the force-generating power of 

the transport complex [2,38]. Typically, dynein exists in an 
autoinhibited state. The coiled-coil N-terminal of the Bicdl1 
protein interacts with dynein and dynactin, thereby activating 
dynein [3,4]. Bicaudal D family of cargo adaptors has been 
shown to facilitate the transport of Rab6 vesicles by dynein 
[3,14,16]. Bicdl1 binds two dynein molecules. While in some 
situations Bicd2 can also bind two dynein molecules, Bicdl1 
generates a stronger force, resulting in increased velocity. 
This feature of the Bicdl1 protein suggests it plays a deci-
sive role in the post-Golgi transport by enhancing the rate 

Figure 9. Ultrastructural analysis of RPE cells reveals abnormalities in Bicdl1 KI mice. A, B: Representative EM images of RPE cells from 
9-month-old Bicdl1 KI (n = 4) and WT (n = 3) mice. C: Standardized and masked analysis demonstrates a decrease in the average thick-
nesses of RPE cells, basal infoldings, and the “bottom of BM to top of RPE” measurement. Ten to 13 EM fields were imaged per eye using a 
standardized and masked technique in which the whole sample was scanned, and three EM fields were skipped between each photographed 
EM field. D: Quantification of the average basal and apical mitochondria number in RPE cells in Bicdl1 WT and KI mice are also presented 
as per EM field. Bicdl1 KI mice have a decreased number of mitochondria in both the basal and apical regions of RPE cells. E, F: The same 
samples were also analyzed per mouse. There was still a trend towards decreased basal infoldings and RPE thickness, but this did not reach 
significance (E). Significance persisted for decreased basal and total mitochondria in KI mice (F). Green line: RPE cell body thickness 
(excluding the microvilli), yellow line: basal infoldings, black squares: WT mice, blue squares: Bicdl1 KI mice, Data are shown as means ± 
SEM. ns: non-significant, *: p < 0.05, **: p < 0.01, ****: p < 0.0001. Scale bar: 2 µm. Images were captured at 2500x nominal magnification. 
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of retrograde transport of Rab6 vesicles [2,3,15,16,39-42]. 
During early embryogenesis in zebrafish, overexpression of 
Bicdl1 results in the retention of Rab6 vesicles in the peri-
centrosomal region, suppressing the elongation of neural 
projections. The onset of neurite development in zebrafish 
embryos has been shown to be associated with a marked 
decrease in Bicdl1 expression [3]. Similarly, overexpression 
of Bicdl1 was shown to be associated with decreased trans-
port of Rab6 vesicles to the neurites of hippocampal neurons 
(anterograde direction), resulting in the accumulation of these 
vesicles in the cell body [15]. In contrast to other neurons [43], 
in photoreceptors, the accumulation of vesicles in the peri-
nuclear region represents accumulation near the plus end of 
microtubules. On the other hand, blocking expression of the 
zebrafish homolog of Bicdl1 during embryogenesis resulted 
in a striking phenotype in which neural development was 
disrupted, and the eye failed to develop [3]. This indicates 
that the accumulation of Rab6 vesicles in the pericentrosomal 
region prior to the initiation of neuritogenesis may be essen-
tial for the accurate elongation of cellular projections. Yet, our 
Bicdl1 KI mice appeared to undergo normal ocular develop-
ment and grossly normal retinal development, suggesting that 
in mice, the role of Bicdl1 during embryonic development 
may be at least partially compensated for by other molecules.

Still, the fact that ORT thinning could be detected as early 
as 3 weeks of age on OCT suggests that some of the effects 
of Bicdl1 on the retina may indeed occur during develop-
ment. The lack of evidence of increased apoptosis on TUNEL 
and Caspase staining also suggests that ongoing cell death 
is not a prominent feature of the mature retina, but it does 
not rule out earlier apoptosis. Early developmental analyses 
were not included in this study due to our late recognition of 
this feature of the clinical course, but will be included in our 
future mechanistic investigations. However, several clinical 
features did appear later in life (e.g., progressive accumulation 
of white/yellow fundus spots and decreased ERG function). 
These delayed features suggest a continued effect of Bicdl1 
deficiency beyond retinal development. Moreover, analysis 
of eyeIntegration data [34] and scRNA-seq data deposited 
by other groups26 shows that Bicdl1 expression is higher in 
mature human and mouse photoreceptors and RPE cells 
compared to developmental stages and to other cells in the 
retina (Appendix 18). Finally, eyeIntegration data also show 
that rod photoreceptors express [expression > 2 log2(CPM+1)] 
at least 5 cargo adaptor proteins (labeled as CA in Appendix 
19), 2 dynein activators (labeled as DA in Appendix 19), and 
13 additional proteins with both functions [2,31,32,44]. Our 
finding of an irreplaceable role for Bicdl1 in mammalian 
retinal homeostasis is particularly interesting given the large 

number of available transport molecules, which might be 
expected to confer a high degree of redundancy [2,31,32,44].

Rab GTPases are vital for neurons and photoreceptors 
[13,43]. Sasaki et al have shown lytic photoreceptor death in 
Drosophila in Rab escort protein deficiency [45]. Specifically, 
Rab6 vesicles, which interact with Bicdl1, have been shown 
to be involved in polarized transport of molecules, including 
rhodopsin, in photoreceptors [46-51]. Our data support the 
hypothesis that Bicdl1 dysfunction leads to a disruption in 
the minus-end-directed transport of these vesicles from the 
Golgi towards the basal body at the root of the connecting 
cilium, and ultimately towards the outer segments, resulting 
in thinning of the outer retina and impaired retinal function 
in Bicdl1 KI mice. This finding underscores the essential role 
of intracellular trafficking in photoreceptors, highlighting the 
significant impact of mutations in the dynein system, which 
have been implicated in several retinal degenerative disorders 
[8,10,33,52,53].

We found a striking similarity between the results 
of the pathway analysis of scRNA-seq data (Bicdl1-lo vs. 
Bicdl1-hi rod photoreceptors) and our bulk RNA-seq data 
(Bicdl1 KI vs. WT retina), despite the lack of cell-specific 
information in bulk RNA-seq data compared to scRNA-seq 
data. This implies that the effects of Bicdl1 deficiency on the 
rod transcriptome are quite robust, in that they are detect-
able when averaged with signals across all retinal cell types. 
IPA revealed that in both datasets, out of the top 25 enriched 
pathways, four to five were related to energy metabolism and 
mitochondrial function (all indicating increased mitochon-
drial activity with decreased Bicdl1 expression), and eight 
were related to the regulation of protein synthesis. Increased 
eIF2 signaling, as seen in the Bicdl1 KI mice, is usually asso-
ciated with a decrease in the rate of general protein synthesis, 
which is a common cellular response to increased energy 
needs, as the cell tries to conserve its energy [54]. Overall, 
an increase in the translation pathways and an increase in 
the eIF2 signaling pathway may represent a decrease in 
global protein synthesis but an increase in some translational 
pathways associated with low Bicdl1 expression. Enrich-
ment of energy metabolism pathways indicates an attempt 
by the retina to re-establish transport and to increase energy 
production for that purpose. To evaluate this, we looked at the 
expression levels of dynein subunit proteins, cargo adaptor 
proteins in the trans Golgi network, and regulator proteins 
of phototransduction in photoreceptors. We found increased 
expression of dynein roadblock light chain family genes, 
Dynlrb1 and Dynlrb2. Dynlrb1 has been shown to interact 
with Rab6 family proteins and to participate in sensory 
neurite growth [55,56], like Bicdl1. The expression levels of 
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adaptor protein genes Ap4s1 and Ap1s1 were also increased, 
indicating a possible compensatory adjustment in the expres-
sion of adaptor proteins to re-establish homeostasis. Recently, 
Garner et al have shown the importance of Nudc and Cfl1 
in the transport of rhodopsin to the outer segments [33]. We 
found that the Bicdl1 KI retina has significantly increased 
expression levels of these two transcripts, pointing out another 
possible homeostatic response. Finally, our bulk RNA-seq 
data in Bicdl1 KI neuroretina suggested an increased expres-
sion of Guca1a, a regulator of the phototransduction pathway 
in the outer segment, which may indicate the increased effort 
to maintain functionality, secondary to inadequate renewal 
of outer segments [57].

The development of ORT and ONL thinning in Bicdl1 
KI mice suggests that the compensatory responses are not 
entirely effective. Persistent transport defects may result in 
increased stress in the photoreceptors, in turn affecting other 
metabolic pathways, mainly energy metabolism. Photorecep-
tors use 80% of glucose in aerobic glycolysis for phototrans-
duction and outer segment renewal, but oxidative phosphory-
lation is an important source of energy for visual metabolic 
pathways during scotopic conditions [58-61]. As photorecep-
tors rely on both glycolysis and oxidative phosphorylation 
to maintain their function, they can modulate their energy 
production under stress conditions [62,63]. Petit et al. have 
shown that loss of hexokinase-2 leads to increased expres-
sion of electron transport chain genes [63]. Here, we show 
that Bicdl1 deficiency is strongly associated with increased 
activity in oxidative phosphorylation-related pathways. 
Moreover, we found increased expression of regulators of 
energy metabolism in photoreceptors such as Ckb and Guk1 
[64,65]. While this finding may at first seem counterintui-
tive, we hypothesize that the impaired intracellular transport 
caused by Bicdl1 deficiency and the ensuing inadequate outer 
segment renewal may lead to a perceived need for additional 
energy and trigger a compensatory increase in the activity 
of signaling pathways involved in energy production (see 
Appendix 1) [58,62,63,66,67]. However, the compensa-
tory increase in energy production may not be able to fully 
rescue the photoreceptor outer segments. It may perhaps 
even result in increased oxidative stress, autophagy, and 
mitophagy. Interestingly, we detected a significant increase 
in the expression levels of antioxidant enzymes (Gpx4, Sod1, 
Prdx2, Prdx4, and Prdx5), and mitophagy-related genes 
(Fis1, Tomm6, Tomm7, Tomm22). So, based on these data, the 
overall result of decreased Bicdl1 expression appears to be 
increased need for energy secondary to impaired intracellular 
transport, which in turn leads to increased oxidative phos-
phorylation. We should emphasize that the observed tran-
scriptomic changes indicate only association, not causation; 

the observed metabolic changes may reflect either a primary 
consequence of Bicdl1 loss or a secondary compensatory 
response to photoreceptor stress.

Possible mechanisms explaining the photoreceptor 
pathology in Bicdl1 KI mice include a primary transport 
defect or an effect of Bicdl1 on energy metabolism, as it has 
been shown that impaired aerobic glycolysis leads to shorter 
outer segments [60]. On the other hand, any deterioration in 
photoreceptor health may cause increased activity in energy 
metabolism and oxidative stress. Finally, it is possible that 
RPE cell function is affected by Bicdl1 deficiency, and that 
the changes in photoreceptors are secondary to RPE dysfunc-
tion. Future in vitro work may allow us to explore these 
hypotheses. The Bicdl1 KI mouse model may be useful in 
studying energy metabolism in photoreceptors.

Given these data, we hypothesize that a mutation in 
Bicdl1 may result in impaired intracellular transport and 
impaired energy metabolism not only in the photorecep-
tors but also in RPE cells. Normal aging leads to RPE 
abnormalities, but exacerbated RPE senescence is thought 
to be an important pathogenic mechanism in many retinal 
degenerations, including age-related macular degeneration 
(AMD) [68-71]. RPE dysfunction in senescence is often 
associated with increased oxidative stress, altered numbers 
and morphology of mitochondria, shorter microvilli, dimin-
ished basal infoldings, and accumulation of subretinal 
deposits [68-70,72,73]. While further studies are needed 
to determine whether Bicdl1 deficiency leads to increased 
RPE senescence, we did find fewer RPE mitochondria and 
a trend towards reduced RPE cell thickness in Bicdl1 KI 
mice. These may be ultrastructural indicators of senescence 
and epithelial-mesenchymal transition (EMT) secondary to 
impaired oxygen metabolism [68,70,74]. Recently, Luo et 
al. pointed out the possible relationship between Bicdl1 and 
EMT through the WNT pathway in colorectal cancer [75]. 
If there is indeed impaired RPE function, this could lead to 
inadequate photoreceptor outer segment homeostasis, which 
may be another reason for the shorter outer segments seen in 
Bicdl1 KI photoreceptors. Of note, we did not perform any 
assays to test RPE function in Bicdl1 KI eyes, so this remains 
a hypothesis to be tested.

Bicdl1 KI mice demonstrated mild ONL thinning on 
OCT (starting at 6 months of age), which was corroborated 
by both a decrease in ONL thickness and a decrease in the 
number of ONL nuclei in H&E-stained retina sections. The 
decrease in ONL nuclei suggests that there is an actual loss 
of photoreceptors. Also, pathway analysis of scRNA-seq 
and bulk RNA-seq data showed increased activity in the 
apoptosis-related pathways in Bicdl1 KI mice. Interestingly, 
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a TUNEL assay revealed only minor levels of apoptotic cells 
in both Bicdl1 WT and KI retina and no significant difference 
between the groups. These findings suggest a low level of 
apoptosis in Bicdl1 KI mice, which would be consistent with 
the mild and slow degeneration we documented in this model.

An increased number of activated subretinal microglia is 
seen in AMD, retinal dystrophies, and multiple mouse models 
of retinal degeneration [23,29,76-81]. These microglia appear 
as yellow spots in fundus photographs [20,23,29]. Although 
less prominent than in some of the other models of retinal 
degeneration that we and others have characterized [19-21], 
we did detect an increased number of fundus spots in Bicdl1 
KI mice. Furthermore, we showed an increased subretinal 
microglia count in the paracentral region of RPE flat mounts. 
The lower magnitude of these changes compared to other 
models may correlate with the low level and slow progres-
sion of retinal degeneration in Bicdl1 KI mice. It should be 
noted that while most of the published literature recognizes 
Tmem119 as a microglia-specific marker [77,82,83], it may 
underestimate the number of microglia in models with 
significant microglial activation due to decreased Tmem119 
expression [84,85]. Also, while Tmem119 seems to distin-
guish microglia well from blood-derived macrophages, it has 
been shown to be expressed by other cell types, including 
dendritic cells in secondary lymphoid organs and brown 
adipose tissue, and in some acute injury models, in Müller 
glia [85,86]. Importantly, in addition to staining positive 
for the microglia-specific marker Tmem119, the subretinal 
microglia in Bicdl1 KI mice were negative for the macro-
phage-specific marker CCR2. Thus, while the field of CNS 
immune cell markers remains in significant flux, rendering 
a definite conclusion difficult, it is very likely that the Iba1+ 
cells we detect are indeed microglia. Finally, some activated 
microglia may not have strongly adhered to the RPE, or 
even fully reached the subretinal space. In that case, they 
may partially or completely peel off from the RPE surface 
when the retina is removed during the preparation of RPE flat 
mounts. Thus, our counts likely underestimate the number 
of activated microglia. However, all samples were processed 
identically, and analyses were limited to genotype-matched 
comparisons to minimize this potential bias.

Two caveats regarding the magnitude of the changes 
observed in Bicdl1 KI mice and the interpretation of their 
relevance should be noted. First, it is difficult to interpret the 
clinical significance of retinal structural changes and even 
harder to extrapolate the functional changes from animal 
models to humans. While we documented relatively mild 
anatomical changes on OCT, we did observe a 30% decrease 
in rod outer segment thickness and up to an 18% reduction in 

a-wave. Moreover, these changes may be amplified in long-
lived organisms like humans. Second, while all three data-
bases searched (Ensembl, NCBI, and UniProt) indicate the 
existence of several Bicdl1 splice isoforms, including a 577-aa 
canonical isoform for which the effect of the KI mutation 
is predicted to be “probably null”, there are two additional 
isoforms predicted by Ensembl (235-aa and 82-aa), which 
would not be affected by our mutation. While supporting 
evidence for the existence of these transcripts is weaker 
than for the canonical isoform, if they do exist, their protein 
products may provide some Bicdl1 functionality in Bicdl1 KI 
mice. Nonetheless, the recessive retinal phenotype and Bicdl1 
transcript levels in Bicdl1 KI mice indicate that the KI muta-
tion is at least hypomorphic.

Another limitation of our study is that the Bicdl1 KI 
model was developed on a C57BL/6J background. It should 
be considered that C57BL/6J mice have a mutation in nicotin-
amide nucleotide transhydrogenase (Nnt) that renders it non-
functional. Nnt is important in mitochondrial metabolism. 
This, for example, makes B6J mice exhibit a more robust 
response to high-fat diets, including increased weight gain, 
and impaired glucose tolerance. On the other hand, other 
strains like C57BL/6N and Balb/c mice have known retinal 
degeneration.

In conclusion, this study not only reveals an essential role 
of Bicdl1 in retinal health but also indicates a possible correla-
tion between intracellular transport and energy metabolism. 
Although the importance of these two separate cellular 
pathways in multiple retinal diseases is well-documented, 
this study highlights a direct link between them through a 
cargo adaptor protein. By bringing this subject to light, we 
aim to pave the way for more research to understand the role 
of Bicdl1 in photoreceptor health and the connection between 
intracellular transport and energy metabolism in photore-
ceptors and RPE cells. Expanding our understanding of the 
complex intracellular transport system in photoreceptors 
and RPE cells may help in the development of therapies for 
retinal degenerative diseases, including macular dystrophies, 
diabetes-induced retinal neurodegeneration, and macular 
degeneration [87-92].

Data statement: The data of this study are available from the 
corresponding author, Rafael Ufret-Vincenty, upon reason-
able request.

APPENDIX 1. SUPPLEMENTARY FIGURE S1: 
PROTOCOL AND MAIN FINDINGS DIAGRAM.

To access the data, click or select the words “Appendix 
1.” Forward genetics screening identified an association 
between a Bicdl1 mutation and mild outer retinal thinning. 
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CRISPR-generated Bicdl1 KI mice confirmed shorter outer 
segments (10-30% reduction depending on the assay and age) 
and mild photoreceptor loss, as well as a mild decrease in 
visual function with age. Transcriptomic analysis suggests 
increased oxidative phosphorylation and modulation of 
protein synthesis. (Created in BioRender. 2025) https://
BioRender.com/sdz34j3)

APPENDIX 2. SUPPLEMENTARY FIGURE S2: 
GENERATION OF BICDL1 KI MICE.

To access the data, click or select the words “Appendix 2.” A) 
Bargain allele discovered in ENU mutagenesis screen. B) A 
replacement allele was generated by CRISPR-Cas9 mutagen-
esis, and sequencing confirmed a substitution of guanine by 
adenine (red rectangle), resulting in an early stop codon. An 
additional silent base substitution (purple arrow) was created 
to prevent “cut-back.” C) Predicted null protein product for 
both bargain and the CRISPR-generated replacement allele: 
a frame-shifted protein product beginning after amino acid 
306 of the protein and terminating after the inclusion of 8 
aberrant amino acids.

APPENDIX 3. SUPPLEMENTARY TABLE S1: 
MATERIALS AND RESOURCES

To access the data, click or select the words “Appendix 3.”

APPENDIX 4. SUPPLEMENTARY TABLE S2: 
PATHWAY ANALYSIS OF SCRNA-SEQ DATA. 
BICDL1-LO VS. BICDL1-HI

To access the data, click or select the words “Appendix 4.”

APPENDIX 5. SUPPLEMENTARY TABLE S3: 
PATHWAY ANALYSIS OF BULK RNA-SEQ DATA. 
BICDL1 KI VS. WT

To access the data, click or select the words “Appendix 5.”

APPENDIX 6. SUPPLEMENTARY FIGURE S3: 
BULK RNA SEQUENCING DATA SHOW A 75% 
REDUCTION IN BICDL1 TRANSCRIPT IN BICDL1 
KI MICE.

To access the data, click or select the words “Appendix 6.” 
Bicdl1 WT, n = 4 pooled retinal samples; KI, n = 4 pooled 
retinal samples, with each pooled sample consisting of retinas 
from three individual mice. ns: non-significant, *: p < 0.05.

APPENDIX 7. SUPPLEMENTARY FIGURE 
S4: THE BICDL1 KI PHENOTYPE SHOWS AN 
AUTOSOMAL RECESSIVE INHERITANCE 
PATTERN.

To access the data, click or select the words “Appendix 7.” 
Mice heterozygous (HET, n = 8) for the Bicdl1 KI allele 
do not differ from WT (n = 9) mice in either ORT or ONL 
measurements of OCT images. Mice are 6 months old. Black 
squares: WT mice, green squares: Bicdl1 HET mice, green 
filled squares: male gender, open squares: female gender, 
Data are shown as means ± SEM. ns: non-significant.

APPENDIX 8. SUPPLEMENTARY FIGURE S5: 
CASPASE-3 STAINING AND TUNEL STAINING 
OF RETINA SECTIONS DO NOT SHOW A 
SIGNIFICANT INCREASE IN APOPTOSIS IN 
BICDL1 KI MICE.

To access the data, click or select the words “Appendix 
8.” A, B) Representative images of caspase-3 staining in 
retina sections of 19-month-old WT (A) and Bicdl1 KI 
(B) . Caspase-3 positive cells are indicated by a red arrow. 
Scale bar = 20 μm. C, D) Representative images of TUNEL 
staining in 9-month-old WT (C) and Bicdl1 KI (D) retina 
sections. TUNEL-positive cells are indicated by a white 
arrow. Scale bar = 100 μm. E,F) Quantification of caspase-3+ 
(E) and TUNEL+ (F) cells in retinas of 9- and 19-month-old 
mice demonstrates that there is a very low level of apoptosis, 
which was not found to be increased in Bicdl1 KI mice. For 
caspase staining, n = 5 WT and 5 KI at 9 m, and n = 4 WT 
and 5 KI at 19 m. For TUNEL staining: n=5 WT and 5 KI at 
both 9 and 19 months of age. Black squares: WT mice, blue 
squares: Bicdl1 KI mice. Data are shown as means ± SEM. 
ns: non-significant.

APPENDIX 9. SUPPLEMENTARY FIGURE S6: 
INNER RETINAL LAYER THICKNESS IS NOT 
AFFECTED IN BICDL1 KI MICE.

To access the data, click or select the words “Appendix 9.” 
Inner nuclear layer (INL: A, C, E) and ganglion cell complex 
(GCC: B, D, F) were measured on H&E (A-D) and OCT (E, 
F) in both Bicdl1 KI mice (blue symbols) and WT mice (black 
symbols). All measurements were performed at two time 
points. H&E: 9 months (WT n = 5, KI n = 5) and 19 months 
(WT n = 5, KI n = 5); OCT: 6 months (WT n = 6, KI n = 6) 
and 12 months (WT n = 6, KI n = 6). No differences were 
seen in either parameter, in either H&E or OCT, at any time 
point. Data are shown as means ± SEM. ns: non-significant.
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APPENDIX 10. SUPPLEMENTARY FIGURE S7: 
AGE-DEPENDENT TRENDS IN FUNDUS SPOT 
ACCUMULATION IN BICDL1 KI MICE.

To access the data, click or select the words “Appendix 10.” 
Trend analyses were performed on fundus spot grading of 
Bicdl1 KI (total n = 68) and WT (total n = 59) mice at different 
ages (2-15 months of age). A) No significant trend in fundus 
spot grading is seen in WT mice with age. B) Linear regres-
sion analysis shows a statistically positive trend in fundus 
spot grading as the Bicdl1 KI mice age.

APPENDIX 11. SUPPLEMENTARY FIGURE S8: 
FUNDUS SPOTS APPEAR TO CORRESPOND TO 
HYPERREFLECTIVE SPOTS OVERLYING THE 
RPE AND TO SUBRETINAL MICROGLIA ON THE 
APICAL SURFACE OF THE RPE.

To access the data, click or select the words “Appendix 11.” 
A-E: A fundus photo showing fundus spots in a 15-month-old 
Bicdl1 KI mouse (A) is overlayed on the Spectralis infrared 
image (B) accompanying the OCT in order to register the 
vessels and ensure the two images are at the same magnifica-
tion and location. C) A magnified view of one of the fundus 
spots (red arrow) is shown. D) The OCT on the exact same 
location shows a hyperreflective spot overlying the RPE (red 
arrow). E) The same infrared image is shown separately in 
order to highlight that the vessels (red ovals) show the exact 
same magnification and orientation as the fundus photo. F) 
Another example of a fundus spot showing as a hyperreflec-
tive spot over the RPE. G,H) Representative images of Iba1 
staining in 15-month-old WT (G) and Bicdl1 KI (H) retina 
sections. Subretinal microglia located on the apical surface 
of the RPE are seen in the KI retina section (white arrow). 
Scale bar = 100 µm

APPENDIX 12. SUPPLEMENTARY FIGURE S9: 
FUNDUS SPOTS START ACCUMULATING IN THE 
SUPERIOR HEMIRETINA OF BICDL1 KI FIRST.

To access the data, click or select the words “Appendix 12.” 
We could detect a statistically significant increase in fundus 
spots in the superior hemiretina of Bicdl1 KI compared to 
WT mice as early as 2 months of age. n = 16 WT and 20 KI 
at 2 m, and n = 15 WT and 17 KI at 4 m. At these early time 
points, there was still no significant increase in fundus spots 
in the inferior retina.

APPENDIX 13. SUPPLEMENTARY FIGURE S10: 
CCR2 STAINING OF RPE FLAT MOUNTS SHOWS 
NO INFILTRATING MONOCYTE-DERIVED 
MACROPHAGES IN WT AND BICDL1 KI MICE.

To access the data, click or select the words “Appendix 13.” 
Dual immunofluorescence staining of RPE flat mounts 
from 15-month-old WT and Bicdl1 KI mice using antibodies 
against Iba1 and CCR2. Bicdl1 KI retinas display marked 
Iba1+ microglial activation in the absence of CCR2 signal, 
whereas WT retinas show baseline Iba1+ resting microglia 
with no detectable CCR2 expression.  Scale bar = 100 µm.

APPENDIX 14. SUPPLEMENTARY FIGURE S11: 
NEGATIVE CONTROLS FOR RPE FLAT MOUNT 
FROM WT AND BICDL1 KI MICE.

To access the data, click or select the words “Appendix 14.” 
RPE flat mounts from 15-month-old WT and Bicdl1 KI mice 
were incubated with secondary antibodies alone (without 
primary antibodies) to serve as negative controls for the dual 
immunofluorescence experiments. Images were acquired 
using identical microscope settings as experimental groups, 
confirming the absence of nonspecific background signal in 
both channels. Scale bar = 100 µm.

APPENDIX 15. SUPPLEMENTARY FIGURE 
S12: BICDL1 KI MICE DISPLAY ACTIVATED 
MICROGLIA IN THE OUTER RETINA.

To access the data, click or select the words “Appendix 15.” 
Dual immunofluorescence staining of retina flat mounts 
from 15-month-old WT and Bicdl1 KI mice using antibodies 
against Iba1 and TMEM119. Confocal images were acquired 
at the level of the inner plexiform layer (IPL), outer plexi-
form layer (OPL), and photoreceptor outer segments (POS). 
Activated microglia accumulation in the POS was observed 
exclusively in Bicdl1 KI mice. Scale bar = 100 µm.

APPENDIX 16. SUPPLEMENTARY FIGURE 
S13: PHOTOPIC ERG RESPONSES AND CONE 
ARRESTIN STAINING ARE NOT ALTERED IN 
BICDL1 KI MICE.

To access the data, click or select the words “Appendix 16.” 
A, B) Normalized a-wave (A) and b-wave (B) amplitudes at 
flash intensities of 3 and 10 cd⋅s/m2 were measured in indi-
vidual mice under light-adapted conditions at 12 m (WT n = 
6, KI n = 5), 15 m (WT n = 9, KI n = 10), and 17-19 m (WT 
n = 15, KI n = 19). C) Cone arrestin+ cells were counted in 
the central, paracentral, and peripheral regions of the retina 
in both Bicdl1 KI mice and WT mice at 19 m (WT n = 5, KI 
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n = 5). No consistent differences in photopic ERG responses 
or number of cone arrestin-stained cells were observed 
between WT and KI mice. D) Representative cone arrestin-
stained cells are shown for WT and KI mice with inner/
outer segments marked. Scale bar in panel D = 50 μm. Black 
squares: WT mice, blue squares: Bicdl1 KI mice, green filled 
squares: male, open squares: female. ns: non-significant, *: 
p < 0.05.

APPENDIX 17. SUPPLEMENTARY TABLE S4: 
EXPRESSION LEVELS OF SELECTED GENES IN 
BULK RNA SEQUENCING DATA

To access the data, click or select the words “Appendix 17.”

APPENDIX 18. SUPPLEMENTARY FIGURE S14: 
NIH-SUPPORTED EYEINTEGRATION DATA 
ANALYSIS REVEALS THE EXPRESSION LEVELS 
OF BICDL1 DURING DEVELOPMENT (A) AND IN 
MATURE STAGES (B) OF HUMAN RETINA.

To access the data, click or select the words “Appendix 18.”

APPENDIX 19. SUPPLEMENTARY FIGURE S15: 
EXPRESSION LEVELS OF SELECTED CARGO 
ADAPTOR PROTEIN GENES (CA) AND DYNEIN 
ACTIVATING PROTEIN GENES (DA) WITH 
AN EXPRESSION LEVEL > 2 LOG2(CPM+1) IN 
ROD PHOTORECEPTORS ACCORDING TO AN 
ANALYSIS OF EYE INTEGRATION DATA.

To access the data, click or select the words “Appendix 19.”
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