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Abstract

A hallmark of inherited retinal degenerative diseases such as retinitis pigmentosa (RP) is progressive structural and functional
remodeling of the remaining retinal cells as photoreceptors degenerate. Extensive remodeling of the retina stands as a
barrier for the successful implementation of strategies to restore vision. To understand the molecular basis of remodeling,
we performed analyses of single-cell transcriptome data from adult zebrafish retina of wild type AB strain (WT) and a P23H
mutant rhodopsin transgenic model of RP with continuous degeneration and regeneration. Retinas from both female and
male fish were pooled to generate each library, combining data from both sexes. We provide a benchmark atlas of retinal cell
type transcriptomes in zebrafish and insight into how each retinal cell type is affected in the P23H model. Oxidative stress
is found throughout the retina, with increases in reliance on oxidative metabolism and glycolysis in the affected rods as well
as cones, bipolar cells, and retinal ganglion cells. There is also transcriptional evidence for widespread synaptic remodeling
and enhancement of glutamatergic transmission in the inner retina. Notably, changes in circadian rhythm regulation are
detected in cones, bipolar cells, and retinal pigmented epithelium. We also identify the transcriptomic signatures of retinal
progenitor cells and newly formed rods essential for the regenerative process. This comprehensive transcriptomic analysis
provides a molecular road map to understand how the retina remodels in the context of chronic retinal degeneration with
ongoing regeneration.

Keywords Retinitis pigmentosa - Retinal degeneration - Regeneration - Photoreceptor - Pigmented epithelium - Synapse
remodeling - Oxidative metabolism

Introduction

Abirami Santhanam and Eyad Shihabeddin contributed equally. Retinitis pigmentosa (RP) is a debilitating, genetically based
disease that affects 1 in 4000 people worldwide [1, 2]. Early
symptoms of RP include loss of peripheral and night vision
due to the death of rod photoreceptors [3], generally pro-
gressing to complete blindness due to the death of cone
photoreceptors via a bystander effect [4, 5]. With loss of
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entails extensive alterations of Miiller glial cells and reti-
nal pigmented epithelium (RPE), as well as development
of ectopic synapses among neurons [12-17]. Along with
remodeling comes aberrant spontaneous neuronal activity,
obscuring the transmission of visual signals [18-21]. Under-
standing the molecular underpinnings of this remodeling and
aberrant activity will be paramount to developing successful
strategies to regenerate retina and restore functional retinal
circuitry.

The revolution in large-scale genomic and transcriptomic
methods has revealed the transcriptional diversity of cell
types with unprecedented detail. These techniques have
been used to resolve cell type complexity in the retina [22,
23] and to examine development [24]. Recent studies have
revealed the retinal response to acute injury, including
the transcriptional changes that support the regeneration
of neurons from Miiller glial precursors [25]. However,
these studies lack the context of retinal remodeling found
in chronic retinal degenerative diseases such as RP. We
have previously characterized a transgenic zebrafish line
expressing P23H mutant rhodopsin, which models the most
common form of autosomal dominant retinitis pigmentosa
with ongoing photoreceptor degeneration and regeneration
[26]. In the present study, we have performed single-cell
RNA sequencing (sc-RNA Seq) of adult retina to assess
the transcriptomic remodeling that takes place in the P23H
zebrafish model. In addition to providing a benchmark atlas
of retinal cell type transcriptomes in the WT adult zebrafish
retina, we find transcriptional changes in essentially all cell
types, reflective of the remodeling that has gone on in the
chronic disease. Prominent changes reveal pathology in
RPE structural integrity, synaptic remodeling in several cell
types, and disruption in circadian clock gene expression. We
have further identified the retinal progenitor cell population
differentiating into rod photoreceptors. Collectively, our
results provide a comprehensive understanding of the
transcriptomic changes that take place throughout the retina
in a model with chronic retinal degeneration. Ultimately,
this will allow for therapeutic approaches to compensate for
remodeling that otherwise limits their efficacy.

Materials and methods
Animal husbandry

Rearing, breeding, and staging of zebrafish (Danio rerio)
were performed following standard procedures in the
zebrafish community [27]. AB strain WT zebrafish were
purchased from the Zebrafish International Resource
Center (ZIRC; Eugene, OR, USA; RRID: ZIRC_ZL1),
raised, bred, and maintained on a 14 h light/10 h dark cycle.
P23H rhodopsin transgenic zebrafish (ZFIN name uth4Tg;
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ID ZDB-ALT-210330-3) were developed in-house and
characterized in a previous publication [26]. Randomly
selected fish between 6 and 10 months of age were used for
all experiments. All procedures employing animals comply
with the U.S. Public Health Service policy on humane
care and use of laboratory animals and the NRC Guide for
the Care and Use of Laboratory Animals and have been
reviewed and approved by the Institutional Animal Care and
Use Committee at the University of Texas Health Science
Center at Houston under protocols HSC-AWC-15-0057 and
HSC-AWC-18-0047, and at the University of Houston under
protocol PROT0202100037.

Zebrafish retinal dissociation and single-cell cDNA
library preparation

For each sample submitted for single-cell RNA sequencing
(sc-RNA Seq), 3 fish of the same strain were collected in
the morning between nine and eleven a.m., 1 to 3 h after
light onset in the fish room, in Falcon tubes containing
0.15% Tricaine/MS222 and incubated on ice for 10 min.
Zebrafish were decapitated and eyeballs were detached and
placed in dissecting medium containing Leibovitz's L-15
medium (Gibco 21083027). Each retina, along with adherent
patches of retinal pigmented epithelium (RPE), was then
extracted and placed in a 1.5 mL micro-centrifuge tube
with 300 uL of dissociation solution containing L15 and
Earle's Balanced Salt Solution (EBSS; Gibco 14155063) in
a 3:1 ratio. After all retinas were collected, the dissociation
solution was replaced with 200 pL of Papain solution (50 U/
mL in EBSS; Worthington Biochemical LK003178) and
retinas were incubated at 28 °C. After 20 min of incubation,
retinas were gently triturated 20-30 times with fire-polished
glass pipettes. Supernatants were collected and incubated
with Papain for another 40 min with trituration performed
every 10 min. Papain reaction was terminated by adding
2 x volume of 0.1% BSA in L15: EBSS medium. Tubes
were centrifuged at 400 g for 5 min to pellet the cells. The
supernatant was removed and washed again with 0.05%
BSA in L15: EBSS. The supernatant was removed and cells
were finally suspended in 100 ul of 0.05% BSA in L15:
EBSS. Cells were checked for cell viability and counted to
get a final concentration of at least ~ 800 to 1000 cells/pul.
The cell samples were submitted for 3’ sc-RNA library
preparation and sequencing through the Baylor College of
Medicine Single Cell Genomics Core facility. Single-cell
Gene Expression Libraries were prepared using Chro-
mium Next GEM Single Cell 3’ Reagent Kits v2 and v3.1
(10 X Genomics, Pleasanton, CA). In brief, single cells,
reverse transcription (RT) reagents, Gel Beads containing
barcoded oligonucleotides, and oil were loaded on a Chro-
mium controller (10 X Genomics) to generate single-cell
GEMS (Gel Beads-In-Emulsions) where full-length cDNA
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was synthesized and barcoded for each single cell. Sub-
sequently, the GEMS were broken and cDNA from every
single cell pooled. Following cleanup using Dynabeads
MyOne Silane Beads, cDNA was amplified by PCR. The
amplified product was fragmented to optimal size before
end-repair, A-tailing and adaptor ligation. cDNA libraries
were sequenced on an Illumina HiSeq2500.

Single-cell RNA seq data analysis

Sequences were run through the 10 X Genomics CellRanger
V3.1.2.0 pipeline. First, sequences were demultiplexed
into FASTQ files through CellRanger mkfastq. FASTQ
files were then aligned to the Zf reference genome
(GCA_000002035.4_GRCz11) through CellRanger count.
Output files were run through Babraham Bioinformatics’
FASTQC VO0.11.9 to check on the quality of the sequences
used for analysis. Sequences had a normal distribution of GC
content as well as base call accuracy above 99%. Over 93%
of reads mapped successfully to the genome. Computational
analysis was performed through Texas Advanced Computing
Center (TACC) Lonestar5 computing service. Scripts were
written in Notepad + +v7.6.2 and uploaded to TACC
through PuTTY V0.72.

The total number of DNA sequence reads for v3.1
datasets was 608,597,236 for P23H and 967,526,548 for
WT. All reads were aligned to the Zf reference genome
(GCF_000002035.6_GRCz11) through Texas Advanced
Computing Center’s (TACC’s) Lonestar5 computing system.
After alignment, quality control was assessed through
FASTQC. Aligned data were run through the Seurat V3.1.1
package [28] in R V3.6.1. Cells initially reported for analysis
were 15,585 for P23H and 13,966 for WT datasets. From
a total of 15,585 cells (P23H), we obtained an average of
39,050 reads per cell and median of 1241 UMIs (unique
transcripts) per cell. We detected a total of 26,375 genes
from the P23H dataset. From a total of 13,966 cells (WT),
we obtained an average of 69,277 reads per cell and median
of 1198 UMISs per cell. We detected a total of 25,673 genes
from the WT dataset. The reported median genes per
cell for P23H and WT datasets were 684 and 658 genes,
respectively.

In the Seurat processing, any cell that was determined to
be an outlier or contained greater than 10% mitochondrial
genes was removed. Low-abundant genes (expressed in
fewer than 10 cells) and cells of potentially low quality
(percentage of mitochondrial genes > 10%) were removed
from downstream analysis. P23H and WT datasets
contained between 200 and 4700 genes and 200 and 6000
genes per cell, respectively (Table S4). PCElbowPlots were
performed, and 20 principal components were used for
downstream analysis of each dataset. PC1 to PC20 were
used to construct nearest neighbor graphs in the PCA space

followed by Louvain clustering and non-linear dimensional
reduction by tSNE to visualize and explore the clusters. Each
cluster was assigned a cell type based on their expression
of cell type-specific marker genes (Table S1). Dot plots,
Heatmaps, Violin Plots, and tSNE cluster maps were all
generated through Seurat’s vignettes V3.2. Expression levels
are expressed in a base 2 log scale. Statistical significance
between expression levels was determined using Wilcoxon
‘Mann—Whitney’ test (two-sided, unpaired with 95%
confidence level).

Network analysis

Differentially expressed genes (DEGs) for each cluster
were imported into Cytoscape’s plugin ClueGo 3.9.0 [29]
(https://cytoscape.org/) to visualize the non-redundant
biological networks involved for each cluster. Pathways
that show a p value less than 0.05 were used for analysis.
Networks were assessed to determine the functional roles
and differences between the P23H and WT datasets. We also
used the tool Metascape [30] (https://metascape.org/) for a
comprehensive analysis of the differentially expressed genes
(DEGs) from different cell types. Functional Enrichment
Analysis to determine protein—protein interaction networks
was performed on genes of interest through STRING V11.0
(https://string-db.org/).

Fluorescent in-situ hybridization multiplex/HiPlex

All fish for tissue analysis were collected during the morning
between nine and eleven a.m. and anesthetized in 0.15% of
Tricaine/MS222 on ice. Fish were then decapitated and
eyeballs enucleated and fixed in 4% formaldehyde (PFA)
in 0.1 M phosphate buffer (PB), pH 7.5 for 24 h at RT.
Eyes were then washed four times at 15-min intervals in
PB and cryo-protected in 30% sucrose in PB overnight at
4 °C. Eyes were then frozen in Tissue-Tek O.C.T. compound
(Sakura Finetek, Torrance, CA, USA) using dry ice and
stored at —80 °C. Retinal sections were cut at 20 pm on a
cryostat (Leica) and stored at — 80 °C until use. We used
the RNAscope Hiplex detection reagents supplied by the
manufacturer (Advanced Cell Diagnostics, Newark, CA,
USA) along with the specific probes for target genes.
HiPlex and subsequent fluorescent multiplex assays were
performed following the manufacturer’s instructions [31].
Briefly, sections were fixed in 4% PFA, dehydrated with
50%, 70%, and 100% ethanol, then treated with protease
(from the HiPlex kit 324419). In HiPlex, all gene targets
are hybridized and amplified together, whereas detection
is achieved iteratively in groups of 2-3 targets. Sections
were incubated with pooled HiPlex probes and amplified
with a series of amplification solutions, then a detection
solution was applied. Samples were hybridized with probes
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and incubated with amplification solution; signals were
visualized by applying detection solution. Cell nuclei were
counterstained with DAPI and samples were mounted.
Images were taken using a Zeiss LSM 800 laser scanning
confocal microscope. After each round, samples were
treated with TCEP solution to cleave fluorophores (from the
HiPlex kit 324419), then moved on to the next round of the
fluorophore detection procedures.

Immunohistochemistry

Immunohistochemistry (IHC) was performed in the same
manner as in our previously published work [26]. Retinas
were fixed in 4% PFA for 1 h, embedded and sectioned with a
cryostat as described for in situ hybridization. Sections were
used for immunohistochemistry by incubation in (i) blocking
solution 5% Donkey Serum (Jackson ImmunoResearch;
West Grove, PA) in PBS (P3813, Millipore-Sigma, St. Louis,
MO) with 0.3% Triton X-100 for 1 h at room temperature;
(ii) primary antibody diluted in PBS, 0.1% Triton X-100 and
5% serum overnight at room temperature; (iii) fluorescent
secondary antibody (Jackson ImmunoResearch), diluted
as the primary antibody, for 1 h at room temperature. For
nuclear counterstaining, retinal sections were mounted in
Vectashield with DAPI (H-1000; Vector Laboratories;
Burlingame, CA) and cover-slipped. ZO-1 Antibody (Cat.
#33-9100, RRID: AB_2533147, Thermo Fisher Scientific)
was diluted 1:100 for IHC.

Results
Single-cell transcriptomic atlas of zebrafish retina

To establish a benchmark from which to understand changes
associated with retinal degeneration, we first developed a
cell atlas of the WT adult zebrafish retina using single-cell
3" RNA sequencing (scRNA-seq). The single-cell library
was derived from pooled cells from retinas of three WT
fish, two females and one male, at the age of 7 months. The
library was developed using the 10X Genomics Chromium
platform. We have repeated the experiments twice with dif-
ferent single-cell chemistries V2 and V3. Both runs pro-
vided similar cluster patterns and cell types. The data pre-
sented here are from the V3 chemistry as this has improved
Median Genes per Cell and Median UMI Counts (unique
transcripts) per Cell. Following quality control and filter-
ing using the Seurat (V3) package [28], the final dataset
contained 13,552 cells. The scRNA-seq data were initially
analyzed using an unsupervised graph clustering approach
implemented in Seurat to classify individual cells into cell
populations according to similarities in their transcriptome
profiles. Figure 1A shows a tSNE plot visualization of the
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clusters in two-dimensional space. Overall, the cells were
classified into 23 transcriptionally distinct clusters.

The clusters were classified into different retinal cell types
using markers identified in previous studies (Table S1). We
were not able to assign any cellular identity to one cluster as
it expressed markers from multiple retinal cell types. This
cluster is not shown in the figure and was not used for further
analysis. All the major retinal cell types are represented,
including five clusters of amacrine cells, three clusters
of microglia, two clusters each of cones, bipolar cells,
retinal pigmented epithelium (RPE) and Miiller glia, and
one cluster each of rods, horizontal cells, retinal ganglion
cells, neurogenic progenitor cells (NPCs), oligodendrocytes
and retinal progenitor cells (RPCs). Each cell type cluster
expresses a unique set of genes along with some genes
shared between clusters that define it as a specific cell type.
The top 5 genes that are specifically enriched in each cell
type are displayed in the heatmap shown in Fig. 1B; a list of
the top 10 genes in each cluster is listed in Table S2.

Cellular changes in a zebrafish model of retinitis
pigmentosa

To identify transcriptional changes that occur during chronic
retinal degeneration and regeneration, we performed the
same type of analysis on a single-cell transcriptome library
prepared from the adult retina of a transgenic zebrafish
model of retinitis pigmentosa expressing P23H mutant rho-
dopsin [26]. Following quality control and filtering, our final
dataset contained 15,511 cells. We compared the WT and
P23H datasets using an integration algorithm, which aims
to identify shared cell states that are present across differ-
ent datasets (Fig. 2A). Using the integrated analysis, we
detected all the major cell types that are present in the WT
dataset, but there were differences in the number of cells in
different cell types (Fig. 2A, B). There was a reduction in the
number of mature rod photoreceptors (cluster 3) in the P23H
retina, reflecting the ongoing degeneration occurring in this
model system. In addition, a class of newly differentiated
rods (cluster 13) that shows both progenitor and rod markers
that did not appear in the clustering of the WT dataset was
present. While some cells from the WT retina fell into this
cluster, this class was threefold more abundant in the P23H
retina, reflecting the continuous regeneration underway in
the P23H retina (Fig. 2B, C). In keeping with this, we also
detected a fourfold higher number of retinal progenitor cells
(RPCs) in the P23H retina compared to the WT (Fig. 2C,
cluster 14). Interestingly we saw an eightfold decrease in
retinal pigmented epithelial cells (RPE, clusters 10 and 15)
compared to WT (Fig. 2C).

Numerical comparisons of cell numbers in single-cell
transcriptome data present challenges for interpretation.
Cells of different types are not captured with equal efficacy
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Fig. 1 Single-cell RNA seq analysis of WT zebrafish retina. A tSNE dimensionality reduction and visualization of transcriptional profiles of
13,552 retinal cells from WT zebrafish. B Heatmap showing the top 5 genes enriched for each cluster

and tissue dissociation conditions can favor the preservation
of some cell types and the loss of others (e.g., the larger
number of bipolar cells than photoreceptors in our datasets).

To reinforce the estimates of relative changes in the numbers
of cells of certain types, we also examined the numbers of
cells in an earlier dataset using 10X V2 chemistry prepared
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and visualization of single-cell transcriptomes from WT and P23H
transgenic fish retina. B Separate display of P23H and WT tSNE

using different animals of comparable age. Table S3
shows that trends in the relative ratios of cell numbers are
conserved between datasets. In this dataset, we find that rods
are more than twofold reduced in the P23H, whereas the
newly formed rods are ninefold higher in P23H. Our dataset
from V2 chemistry also showed a reduction of RPE cells
in P23H compared to the WT (2.7-fold decrease in P23H)
(Table S3).

Rod photoreceptors display enhanced oxidative
metabolism, oxidative stress, and synaptic
remodeling

Our previous study showed that rod photoreceptors
undergo continuous cell death and that the number of
rods is almost fourfold less in the P23H retina than in
the WT [26]. Our current single-cell study also reflects
the decrease in the number of rods in the P23H dataset
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maps from integrated data set with cell types labeled. C Relative pro-
portions of each cell type found in the P23H and WT retinal samples

compared to the WT (Fig. 3A). Violin plots of the expres-
sion of individual genes in a cluster allow us to com-
pare gene expression levels in P23H and WT conditions.
Figure 3B shows violin plots of the rod dominant genes
rhodopsin (rho) and rod arrestins (saga and sagb). The
expression of all of these genes was conserved between
WT and P23H. We performed functional pathway anal-
ysis using Cystoscope Cluego [29] and Metascape [30]
analysis software (Fig. S1). The P23H rod dataset revealed
an increased level of markers for oxidative stress (sirt2,
atf4a, and oxr1b), response to misfolded proteins (hsp70.3,
hspa5, dnajblb, and xbp1), actin de-polymerization (eps8
and sptbnl) (Fig. 3C), and lipid phosphorylation (dgkzb,
pik3ca, and pik3r3a) (Fig. 3D), reflecting physiologic
responses to the P23H mutant rhodopsin that ultimately
lead to photoreceptor degeneration. Interestingly we have
also seen the increased transcriptome of certain ciliary
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reduction and visualization of rod transcriptomes from WT and P23H
transgenic fish. B Violin plots showing levels of expression of canoni-
cal marker genes in WT and P23H rods. C-E Violin plots showing
expression levels of differentially expressed genes (DEGs) involved
in various functional pathways including oxidative stress, response

to misfolded proteins, ciliary transport, synaptic remodeling, and
metabolism in WT and P23H rods. F Dot plot showing the expres-
sion level and the percentage of cells expressing DEGs involved in
different functional pathways in WT and P23H. G Violin plots show-
ing expression levels of DEGs involved in proteasome and ubiquitin-
mediated degradation pathway and stress response markers in WT
and P23H newly formed rods
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proteins (cep290, bbs5, rpgripl, and rpl) and calcium
channels (cacnalc and tmcol) (Fig. 3D).

Metabolism-related differentially expressed genes
(DEGs) were upregulated in the P23H rods including
oxidative phosphorylation (sdha, sdhb, and ndufvl),
glycolysis (pgamlb, eno3, pfkfb4b, and slc3a2b) and
TCA cycle (cs and ndufvl) (Fig. 3E). It is possible that the
stress due to misfolded protein response leads to increased
energy demand that is met by increased oxidative
metabolism. Notably, nxnll, the zebrafish homolog of
Rod-derived Cone Viability factor, is strongly decreased in
P23H rods (Fig. 3E). This factor promotes glucose uptake
in cones [32] and potentially rods [33]; its loss could
result in reduced glucose uptake forcing a switch from
oxidative glycolysis to oxidative phosphorylation to supply
cellular energy demand. Our pathway analysis depicts an
increase in pathways involved in the synthesis of precursor
metabolites, glycolysis, pyruvate metabolism, and TCA
cycle to cope with increased stress and energy demand
in the P23H rods (Fig S1). It has been shown recently
by a multi-omic study that early metabolic imbalance
and mitochondrial stress in neonatal photoreceptors lead
to cell death in the Pde6b rd1 mouse model of retinal
degeneration [34]. Our results correlate with the metabolic
changes reported in that study.

Importantly, we noticed an increase in gpx4b and ppifb,
which are involved in the cellular response to oxidative
damage, suggesting that rods are experiencing oxidative
stress (Fig. 3F). DEGs involved in ciliary transport including
tulp1b and arll3a are also increased in P23H. Mutations in
tulpl are reported to contribute to ~5% of total RP cases
[35] and mutations in arll3 lead to the failure of rod outer
segment formation [36]. Interestingly, we noted a significant
increase in the transcript level of rod arrestins (saga, sagb)
in P23H compared to the WT (Fig. 3B, F). The arrestins may
be upregulated to compensate for the constitutive activation
of P23H mutant rhodopsin, as it has been shown previously
that in the mammalian retina stable complexes are formed
between mutant rhodopsin and rod arrestin leading to rod
cell death [37]. It is implicated that tulp1b is responsible
for the ciliary transport of arrestins [38] and the increased
arrestins may accumulate in cilia leading to cell death. DEGs
involved in cyclic nucleotide-gated channels including cngal
and cngbla are both reduced in P23H. Both are involved
in the photo-transduction cascade, and their decrease
suggests a downregulation of photo-transduction. The DEGs
involved in the regulation of synaptic plasticity (atf4a and
rims2b) are upregulated in the P23H, suggesting ongoing
remodeling of synapses in P23H rods (Fig. 3F). Previous
studies in zebrafish models of rod damage do not reveal
such comprehensive transcriptional changes [39—41] and it
is important to understand these changes at the molecular
level to target therapeutic interventions appropriately.
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A newly forming rod cell cluster is evident in P23H

We identified cluster 13 as newly forming rods, as this
cluster expresses both progenitor cell markers and rod
photoreceptor markers. The progenitor markers including
stmnla, ccndl, and hes6 are present at a low level, whereas
the rod differentiation markers including fabp7a, cxxc5a,
arll3a, and neurodl are present at high levels in the
transcriptome, representing the shift of cells from progenitor
state to a differentiated state. This cluster of newly forming
rods was not evident in the WT dataset when clustered alone
(Fig. 1A), and can be only seen in WT after integrating with
P23H for the cluster analysis (Fig. 2A, B). In keeping with
the persistent loss and regeneration of rods in the P23H
animals, there was a larger number of newly forming rods
in P23H (3.8% of cells in the dataset) compared to the
WT (1.1% of cells). Functional analysis with ClueGo and
Metascape showed that pathways involved in the proteasome
and ubiquitin-mediated degradation (UPR), eukaryotic
translation, rod cell development, and eye morphogenesis
are enhanced in the P23H transcriptome (Fig S1C). The
transcripts of genes involved in proteasome and ubiquitin-
mediated degradation including psmal, psma8, psmc2,
psmcS, psmd3, psmd7, and stress response markers including
ciarta, crylaa and hsf2 are more highly expressed in the
P23H dataset compared to WT (Fig. 3G), suggesting that
even newly forming rods are experiencing stress associated
with expression of the P23H mutant rhodopsin.

Cone photoreceptors show markers of stress
and changes in metabolic and circadian genes

We initially identified two cone clusters, cluster 2 and
cluster 6. The short-wavelength opsin opnlswl is seen
in cluster 6 and the long-wavelength opsin opnliwl is
enriched in cluster 2 (Fig. 4A). While expression of the
P23H mutant rhodopsin is limited to the rods [26], cones
in the P23H retina show an increase in the transcriptome
of hsf2-associated stress response pathway (Fig. 4B),
suggesting that cones in this model experience elevated
physiological stress. There may be increased oxidative
stress in cones due to increased exposure to oxygen in
the absence of fully functioning rods, which may lead to
increased hsf2 and subsequent activation of the MAPK
signaling pathway [42]. Our data further confirmed the
increased expression of mapk6 in P23H cones compared
to WT (Fig. 4B). Cones in the P23H retina also show
increased expression of genes for glycolysis and the
TCA cycle (pfkfb3, pfkfb4b, eno3, cs, aco2, and gotl)
(Fig. 4B), but like rods, expression of nxnll is reduced
in cones. These results imply that cones rely on aerobic
metabolism, but that glucose supply could be limiting.
It has been shown previously that aerobic glycolysis in
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Fig.4 Comparative transcriptomic analysis of cones in WT-P23H
integrated dataset reveals changes in metabolism and circadian reg-
ulation. A Violin plots showing levels of expression of short- and
long-wavelength opsins in cone clusters 2 and 6. B Dot plot show-
ing the expression level and the percentage of cells expressing DEGs
involved in different metabolic functional pathways between WT and
P23H. C Dot plot showing the expression level and the percentage of
cells expressing DEGs involved in circadian regulation between WT

and P23H. D Hiplex fluorescent in situ hybridization for tefa, perl,
and per2 in sections of adult retina. The fluorescent product is shown
in the left third of each image, while the remainder displays a binary
mask in the fluorescent in situ hybridization product channel. All
three genes show increased expression throughout the retina in P23H
compared to WT, reflecting the changes captured by single-cell tran-
scriptome analysis. Scale bar applies to all panels
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«Fig.5 RPE transcriptome is altered in the RP model. A tSNE map
showing the proportions of RPE cells found in the P23H and WT reti-
nal samples. B Violin plots showing levels of expression of canonical
RPE marker genes in WT and P23H RPE cells. C Violin plots show-
ing expression levels of DEGs differentiating RPE clusters 10 and 15.
D Violin plots showing expression levels of genes involved in tight
junctions in WT and P23H RPE. E Immuno-fluorescent labeling of
tight junction protein ZO1 in retina of adult P23H and WT zebrafish.
The layer of retinal pigmented epithelium (RPE) is at the top. Addi-
tional strong ZO1 labeling below the photoreceptor inner segments
(PR) is the outer limiting membrane formed by Miiller cell end-feet
tight junctions. Right panels show magnified view of ZO1 labeling
in the RPE. Scale bars in WT apply to both WT and P23H. F Violin
plots showing levels of expression of DEGs including those involved
in circadian regulation, POS phagocytosis and retinoid signaling in
WT and P23H RPE cells

and gatad2ab) (Fig. 4B). Sufficient supplies of NADPH,
ATP, and the metabolic intermediates ensure rapid mac-
romolecular synthesis underlying the continuous self-
renewal of cone OS and the demand may be increased to
cope with the increased stress.

The hsf2-associated stress response pathway includes
increased levels of cryla and nrid2b, which are shown
to be involved in circadian function [44]. It has been
shown that in zebrafish larvae, the expression of hsf2 was
concomitant with the expression of genes involved in the
response to oxidative stress and chaperone genes, and it
occurs in phase with cryla and other genes that belong
to the negative arm of the transcriptional regulation
network of the circadian rhythm [45]. We examined
the transcriptome profile of other molecular circadian
regulators and found that the circadian regulators
crylaa, crylbb, perlb, per2, and tefa were increased
in the P23H cones compared to the WT (Fig. 4C). To
validate the single-cell transcriptome data, we examined
the expression of perl, per2, and tefa using multiplex
in situ hybridization. The results demonstrate the
increased expression of perl, per2, and tefa in the P23H
retina compared to the WT (Fig. 4D). Increased levels of
expression of all three genes were detected in both the
outer nuclear layer (ONL), harboring photoreceptors, and
in the inner nuclear layer (INL), occupied by numerous
other cell types. The overall increased expression of these
circadian cycle genes in P23H tissue samples compared to
WT tissue samples is consistent with our single-cell data.
Disruption of behavioral and retinal circadian rhythms
has recently been reported in a mouse model of RP due
to an RNA splicing factor mutation [46], suggesting
commonality in pathology. Overall, these changes suggest
that the cones undergo comprehensive modifications
including metabolism and circadian activity during the
degeneration/regeneration scenario.

RPE tight junction genes and stress-protective
mechanisms are lowered in the RP model

The zebrafish retinal transcriptome showed two different
RPE clusters, clusters 10 and 15 (Fig. 5SA). Both RPE cell
clusters express the canonical RPE genes rpe65a, dct and
lrplaa (Fig. 5B) but are segregated due to the presence of
transcriptome that enriches for different functional path-
ways (Fig S2). Differential expression analysis revealed
that cluster 15 has many unique transcripts that were not
expressed in cluster 10 (Fig. 5C). The 5 most up-regu-
lated genes in RPE cluster 10 were RNA-binding proteins
including rpl3, rpl4, rpl5a, and rpl6, which enable protein
translation; these were also present in cluster 15. Func-
tional pathways involved in phagocytosis, endocytosis,
lysosome, oxidative stress and drug metabolic process
are all enriched in cluster 15, whereas cluster 10 showed
pathways involved in translation and ribosome assembly
(Fig S2). The receptor tyrosine kinase mertka involved in
RPE phagocytosis of photoreceptor outer segments (POS)
[47] is highly expressed in cluster 15, suggesting active
phagocytosis in these RPE cells. RPE cells have been cat-
egorized into multiple subpopulations based on their loca-
tion and morphology [48-51]. While our data do not have
the spatial resolution to differentiate RPE subpopulations
by location and morphology, the 2 subpopulations of RPE
cells in our data are functionally consistent with subpopu-
lations found in previous studies based on transcriptomic
functional activities [52, 53].

We have seen a drastic decrease in the number of RPE
cells in the P23H RP model compared to the WT (Fig. 5A,
E), which is consistent with several previously reported
studies that when the rods are lost oxygen continues
to flow into the outer retina from the choriocapillaris,
creating a hyperoxic environment that is presumably
hostile for the remaining cells [54, 55]. In some retinal
degeneration models, disruption of RPE tight junctions
is observed, affecting the integrity of RPE cells [17,
56]. Analysis of the DEGs in RPE cells involved in
tight junction formation, including tjpla, tjp1b, ctnnal,
and ctnnbl, revealed a decrease in the P23H compared
to the WT (Fig. 5D). Immunostaining for tight junction
protein ZO-1 confirmed that tight junctions in the P23H
RPE were disrupted when compared to WT (Fig. 5E). In
some areas of the P23H retina, the tight junctions were
almost completely absent (Fig. SE). This suggests that
RPE tight junction disruption is a pathological effect in
RP that is conserved across species. We also note that
the tight junction pathology and reduced photoreceptor
outer segment lengths may have influenced the number of
RPE cells captured during preparation of the single-cell
libraries, potentially contributing to the reduced number
of RPE cells found in P23H fish.
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Ongoing degeneration and regeneration in the P23H RP
model had a significant impact on several other aspects
of the RPE transcriptome. We have noticed an increase
in circadian genes, such as per2, perlb, and crylaa, in
the P23H dataset (Fig. 5F), similar to that seen in cones,
suggesting the change is coordinated between RPE and
photoreceptors. It has been shown in previous studies
that per2 regulates POS phagocytosis in RPE cells [57],
suggesting a change in the rhythm of POS phagocytosis in
the RP model. The phosphoinositide 3-kinase regulators
pik3r2, pik3r3a, and socs3a are reduced in the P23H
retina compared to the WT (Fig. 5F). It has been shown in
previous studies that the activation of the PI3K-Akt pathway
protects RPE cells against the deleterious effects of oxidative
stress that occur due to POS phagocytosis [58, 59]. These
protective mechanisms seem to be reduced in the RPE of
P23H zebrafish.

The retinoid X receptor rxrga and nuclear receptors nrdal
and nr4a3 are lowered in the P23H dataset compared to the
WT (Fig. 5F). NR4A receptors heterodimerize with RXR
receptors and activate transcription in a 9-cis retinoic acid-
dependent manner. They can also repress inflammatory gene
promoters by recruiting corepressor complexes [60]. This
complex suite of transcriptome changes suggests that the
RPE cells lose several stress-protective mechanisms during
the degeneration—regeneration scenario.

Rod bipolar cells show evidence of stress
and neuronal remodeling

We have identified three different bipolar cell clusters, 0, 20
and 23 in our dataset; each cluster expressed a specific set of
markers (Fig. 6A). The rod bipolar cell marker prkca [22] is
highly enriched in cluster 20 (avg. expression 2.7) and to a
minor extent in cluster 0 (avg. expression 0.7) only in very
few cells (Fig. 6B). Because of the high expression of prkca,
we considered cluster 20 likely to be the rod-dominated
mixed bipolar cell [61] that forms most synaptic contacts
with rods. All of the bipolar cell clusters displayed differ-
ences in transcriptome profile between the WT and P23H
(Fig. 6B), including downregulation of neuronal specifica-
tion genes neurod4 and nrxn3b and upregulation of stress-
related genes including ubl3a. A prominent change in all
bipolar cell clusters is the dramatic upregulation of rgs/6
(Fig. 6B), which accelerates the offset of G protein signaling
[62, 63], potentially modifying signaling by metabotropic
glutamate receptors, dopamine receptors, or other GPCRs.
We focused on cluster 20 to examine the influence of
rod degeneration and regeneration on gene expression.
Genes involved in synaptic vesicle trafficking including
snap25a, snap25b and nsfa are increased in the P23H dataset
compared to the WT (Fig. 6C). This suggests that there may
be compensation at the bipolar cell output synapses for the
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reduced rod input in P23H retina. We also detected increases
in the transcriptome of some genes involved in the stress
response including dnajblb, hspdl, sodl, and gstol in the
P23H dataset compared to the WT (Fig. 6C). As we found
in cones and RPE, levels of perlb, per2, and tefa, which are
involved in circadian regulation, were elevated (Fig. 6C).
This suggests that rod photoreceptor loss leads to circadian
changes that are reflected throughout the retina, consistent
with the increased expression detected throughout the retina
in the in situ hybridization experiments (Fig. 4D).

The overall comparison between WT rod bipolar (RBP)
transcriptome and P23H RBP transcriptome with STRING,
which infers protein—protein interaction networks, suggests
that the interaction network changes in the P23H RBP
cells when compared to WT. P23H RBP display far fewer
annotated interactions, and the top enriched pathways are
different between WT and P23H (Table S5). Pathways for
ATP synthesis and reactive oxygen species (ROS), and
reactive nitrogen species (RNS) production were enriched
in the P23H RBP transcriptome, suggesting increased
energy demand and stress response in the P23H RBP cells
(Table S5). Thus, physiological remodeling in the P23H
RBP cells involves a complex interplay of oxidative stress,
synaptic remodeling and synaptic transmission.

Horizontal and amacrine cells show changes
in genes regulating axonal remodeling in the P23H
RP model

We identified the horizontal cells using the markers rprmb,
agp9a and mdka (Fig. 7A). The gap junction proteins cx52.6,
¢x52.9, and cx55.5 are all uniquely enriched in the horizon-
tal cells, serving as additional marker genes (Fig. 7B), and
showed no significant differences between WT and P23H
retinas. We studied the differences between the horizontal
cells in WT and P23H by functional analysis (Fig S3) and
identified increased expression of genes involved in axon
remodeling and microtubule stability including apc2, cam-
saplb, sptbnl, sqstml, ndella, and zgc:92,606 (Fig. TA).
Previous studies have shown that apc2 and camsapl play
an essential role in axonal projections through the regula-
tion of microtubule stability [64, 65]. Structural remodeling
of horizontal cells, including neurite sprouting, is a well-
documented phenomenon in models of retinal degeneration
[66], in keeping with these findings. Functional annotation
of genes differentially expressed in WT and P23H horizontal
cells show response to nitrogen starvation GO enriched in
P23H suggesting an increase in autophagy and organelle
disassembly (Fig S3), indicating ongoing cellular stress.
We have identified six clusters of amacrine cell types
with our initial clustering analysis including clusters 1, 5,
11, 19, 21, and 22 (Fig. 2B). Cluster 1 was identified as
GABAergic amacrine cells due to the specific enrichment
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Fig.6 Comparative transcriptomic analysis of bipolar cell clusters in
the WT-P23H integrated dataset shows evidence of stress and neu-
ronal remodeling in the RP model. A Violin plots showing levels of
expression of specific marker genes in different clusters of bipolar
cells (0, 20, and 23). B Violin plots showing changes in expression of

of the gad2, which is involved in GABA neurotransmitter
biosynthesis (Fig. 7C). The glycinergic amacrine cells were
identified by the enrichment of glycine transmembrane
transporter slc6a9 in cluster 5. Cluster 11 was identified as
starburst amacrine cells due to the enrichment of both gad?2
and chata. Cluster 19 contained the unique enrichment of
calbl and calb2a without the presence of glycine or GABA
transporters (Fig. 7C). In the past, studies have reported
this kind of unique amacrine subpopulation [67] and it is
interesting to see these data captured at a single-cell level
even without enrichment of amacrine cells. This amacrine
subset also shows the high expression of nxph2a, which is
a signaling molecule that resembles neuropeptides [68].
Clusters 21 and 22 both express cholinergic markers chata,

20 23

genes involved in differentiation and stress response in the three bipo-
lar cell clusters. C Dot plot showing the expression level and the per-
centage of cells expressing DEGs involved in axon guidance, stress
response and circadian regulation between WT and P23H in cluster
20

slcl18a3a along with chgb, and are differentiated in that
cluster 22 is GABAergic (expressing gad2) while cluster 21
is glycinergic (expressing slc6a9; Fig. 7C). Both of these
clusters also share high similarities with the retinal ganglion
cell (RGC) transcriptome. All six amacrine cell clusters are
present in both WT and P23H.

Changes in gene expression in amacrine cells were
relatively modest between WT and P23H retina. We see
the increased expression of glula in amacrine cell clusters
in P23H (Fig. 7D). Further, the ionotropic glutamate
receptors gria2a, gria3a, grinlb, and grin2aa are all
increased in P23H amacrine cell clusters compared to
WT, suggesting the possibility of increased excitatory
current (Fig. 7D). We noticed small increases in genes that
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Fig.7 Transcriptomic analysis of Horizontal and Amacrine cells
in the WT-P23H integrated dataset reveals changes in axon remod-
eling in the RP model. A, B Horizontal cells; C—-F Amacrine cells.
A Violin plots showing levels of expression of canonical marker
genes as well as DEGs involved in axon remodeling and microtubule
stability in WT and P23H horizontal cells. B Dot plot showing the
specific enrichment of cx52.6, ¢x52.9, and cx55.5 in horizontal cell

respond to oxidative stress and ROS, including ndufa6,
park7, prdx5, sodl and sod2 (Fig. 7TE). We also detected
a reduction in the expression of a few genes involved
in neuron projection guidance [69] including dscama,
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cluster (9) compared to all other retinal cell types. C Our data identi-
fied six different types of amacrine clusters (1, 5, 11, 19, 21, and 22).
Violin plots showing levels of expression of canonical marker genes
expressed in different amacrine clusters. D-F Violin plots showing
levels of expression of DEGs involved in glutamate signaling (D),
oxidative stress response (E), and neuron projection guidance (F)
between WT and P23H amacrine cells

ephb2b, kifSaa, rtn4db, rtn4r, and mesdc2 (Fig. 7F),
suggesting some loss of neuronal wiring specificity in
P23H amacrine cells.
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Retinal ganglion cells show disturbances
in the normal synaptic activity in P23H transgenic
fish

Retinal ganglion cells in animal models of RP are char-
acterized by aberrant spontaneous activity [18, 20]. We
identified the RGCs through the enriched presence of the
markers poudfl, rbpms2a and rbpms2b, identifying cluster
8 (Fig. 8A). In keeping with increased spontaneous activity
observed in other RP models, pathway analysis of RGCs
showed that certain genes involved in the regulation of
synaptic transmission, especially glutamatergic synapses
including grin2aa, shank2, and cacng2a, are enriched in
the P23H dataset compared to the WT (Fig. 8B). Further
analysis revealed the increase of glutamate receptors includ-
ing grinlb, grin2aa, gria2a, gria2b and gria3a as well in the
P23H retina, suggesting changes in sensitivity to glutamater-
gic input due to photoreceptor degeneration (Fig. 8C). These
are differentially expressed genes associated with glioma
in previous studies [70]. Transcripts of genes involved in
active transport and ATP synthesis including atplb1b and
atpla3a, atp5al, atp5l, and atp2a2b are increased in the
P23H dataset (Fig. 8B). We noticed increased expression
of transcripts involved in succinate dehydrogenase complex
and electron transport chain including sdha, sdhb, sucla2,
and suclgl, suggesting the remodeling due to photorecep-
tor degeneration leads to enhanced oxidative metabolism,
possibly in response to increased energy demand (Fig. 8B).
Heat shock protein hspdl (HSP60) is highly enriched in the
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Fig.8 Comparative transcriptomic analysis of retinal ganglion cells
in WT-P23H integrated dataset. A Dot plot showing the specific
enrichment of canonical markers poudfl, rbpms2a and rbpms2b in
the RGC cluster compared to all other retinal cell types. rbpms2a and
rbpms2b are present at lower levels in Miiller glial cells (12) as well.

P23H RGCs compared to the WT (Fig. 8D) and may reflect
the role of this protein as a cellular defense mechanism in
response to stress. The increases in expression of genes
supporting responses to glutamatergic input and increased
spontaneous activity observed in other RP models suggest
that RGCs are at risk for glutamate excitotoxicity. It has
been shown in a previous study that the HSP60 levels are
high in the RGCs of glaucomatous eyes compared to nor-
mal eyes [71]. Finally, we also noticed an increase in Wnt
signaling components in the P23H retina compared to the
WT including kras, foxo3a, rac3b and dctn2 (Fig. 8D). It has
been shown in previous studies that Wnt signaling regulates
several aspects of RGC biology, including differentiation,
proliferation and axonal outgrowth [72], and may reflect an
increase in synaptic remodeling in the P23H retina.

Phagocytic and apoptotic regulators are increased
in P23H microglia/macrophages

We identified two microglia/macrophage clusters in the
integrated zebrafish retina dataset, clusters 16 and 17, using
the markers cd74a, cd74bB and pfnl (Fig. 9A). Cluster 16
showed the enriched presence of many markers including
apocl, ccl34b.1 and fabplla, whereas cluster 17 had the
enriched presence of ccl36.1, trac, and zap70 (Fig. 9B). A
recent study has reported the presence of two phenotypically
and functionally distinct microglial populations in adult
zebrafish, segregated by the presence of ccl34b.1 [73]. We
differentiate the microglial clusters based on the presence
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B Dot plot showing the expression level and the percentage of cells
expressing DEGs involved in different functional pathways between
WT and P23H. C, D Violin plots showing increased levels of expres-
sion of DEGs involved in glutamate signaling (C), stress response
and Wnt signaling (D) between WT and P23H RGCs
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Fig. 9 Comparative transcriptomic analysis of microglial/macrophage
clusters and Miiller glial cells in the zebrafish retina. A—C Microglia/
Macrophages; D, E Miiller glial cells. A Dot plot showing the spe-
cific enrichment of canonical markers cd74a and cd74b, as well as
the non-canonical marker pfnl in the microglia/macrophage cell clus-
ters. B Violin plots showing the expression of cluster-specific markers
between the two microglial/macrophage clusters (16 and 17). C Vio-

of apocl and apocl positive cluster 16 also shows the spe-
cific presence of ccl34b.1 in our study. Another interesting
study in the zebrafish retina has identified the regeneration-
associated transcriptional signature of retinal microglia and
macrophages using RNA seq [74] and most of the top 50
markers discussed in that study are captured in our single-
cell analysis along with the specific type of microglia.

In the P23H fish, certain phagocytic markers like ctsa,
lamp?2, and naga are increased in cluster 16, whereas we
see the increase of bida, bada, and kras involved in the
positive regulation of apoptosis in cluster 17 (Fig. 9C).
Functional analysis revealed differences between two
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lin plot showing the expression of increased phagocytic and apoptotic
markers in P23H microglia/macrophages. D Violin plots showing the
specific enrichment of canonical Miiller glial cell markers as well as
changes in DEGs involved in mTOR signaling and amino acid catab-
olism. E Violin plots showing the decreased levels of DEGs involved
in stem cell maintenance, lamellipodium assembly and sterol biosyn-
thesis in P23H Miiller glia

microglial clusters: cluster 16 enriched with apocl shows
increased phagocytic and lytic activity along with cell
chemotaxis and translation elongation, whereas cluster
17 shows the annotation for apoptosis, myeloid cell
homeostasis and regulation of the immune system (Fig
S4). Many studies have shown that an immune response is
necessary for the regeneration process [75, 76]. We believe
that cluster 16 plays an important role of clearing out cells
throughout degeneration while cluster 17 may play a role
necessary for regeneration. Our data also provide several
new molecular markers associated with microglia.
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Miiller glia show increased proliferative function
in the P23H RP model

Miiller glia are the center of attention in studies examining
the regeneration of neurons in the retina. Following retinal
injury, zebrafish Miiller glia can reprogram to become
multipotent progenitor cells with the ability to differentiate
into many types of neuron [25, 77]. We identified the Miiller
glia cluster 12 with the highly enriched expression of
markers ptgdsb. 1, ptgdsb.2, agpla.l, and ribpla (Fig. 9D).
Several transcriptional changes suggest that the Miiller
glial cells in the P23H chronic degeneration/regeneration
model are tending toward their proliferative role and
downregulating genes involved in the normal maintenance
functions. Functional analysis showed enhanced TOR
signaling and chromatin assembly or disassembly pathways
in P23H whereas sterol biosynthesis and regulation of
lamellipodium assembly were downregulated relative to
the WT (Fig S5). Further analysis of the transcriptome
showed the increased expression of mTOR pathway
regulators sesnl and sik2b in the P23H dataset (Fig. 9D);
synpo, an actin-associated protein that modulates dendritic
spine shape, is also enriched in the P23H Miiller glial cells.
We also noted an increase in hmgcl and prodha involved
in the amino acid catabolic process in the P23H (Fig. 9D).
Interestingly we also see a uniquely enriched expression of
hyal6 (hyaluronoglucosaminidase 6) in the P23H Miiller
glial transcriptome (Fig. 9D). It has been shown previously
in zebrafish studies that shorter forms of hyaluronic acid
contribute to the regenerative process in both larval and
adult zebrafish [78, 79]. In the meantime, we see the unique
reduction of markers for stem cell population maintenance
including notchlb, hmgcsl and snx5 in the P23H dataset
compared to WT (Fig. 9E). We likewise see the decreased
expression of genes involved in lamellipodium assembly,
such as add3a, capzb, and auts2b, as well as in sterol
biosynthesis, including adh5, cyp51, and rdhi0a (Fig. 9E)
in the P23H Miiller glial transcriptome. Thus, Miiller glia
in the chronic retinal degeneration/regeneration model
have shifted their transcriptional landscape to be poised to
support proliferation.

Retinal progenitor cells (RPCs) especially the rod
progenitors are enriched in the P23H RP zebrafish

The RPC population (cluster 14) was identified by the
expression of proliferative stem cell markers including
ccna2, cenb2, ccne2, and stmnla (Fig. 10A). The P23H
dataset contains a highly enriched amount of transcripts
specific for mitotic cell division including aurkb, top2a, and
ube2c, suggesting a highly proliferative cell cluster in the
P23H, whereas the WT transcriptome shows the enrichment
of markers for pluripotent retinal progenitor cells including

foxnd, crabp2a, notchlb and herl5.1 (Fig. 10A). It is very
important to note that we identified a cluster of RPCs even in
the WT, suggesting that neurogenesis in zebrafish is a very
common phenomenon carried out to maintain the dynamic
balance in the growth of eye size related to its body size.
This also shows the power of single-cell profiling, which can
identify small populations of cells in the tissue that might
not be noticed in other types of analysis. The RPC popula-
tion in WT is much smaller (~62 cells) compared to the
P23H (~341 cells). Functional pathway analysis shows the
enrichment of Notch signaling, FoxO signaling pathway, and
TGF-B signaling pathway in the WT RPCs, whereas mitotic
cell cycle and proteasome pathway, DNA replication, and
chromosome organization are all enriched in P23H RPCs
(Fig. 10B). These analyses further support the interpretation
that RPCs in the P23H retina maintain a more higly prolif-
erative state than in the WT, in keeping with the ongoing
photoreceptor regeneration in this model.

Neurogenic progenitor cells are identified
in both WT and P23H zebrafish retina

We identified a separate group of neurogenic progenitor
cells (NPCs), cluster 7, which resemble committed neuronal
cells but show the presence of several progenitor markers
including marckslla, marcksllb, atoh7, and myca. It has
been reported recently that two transcriptionally distinct
progenitor clusters including the proliferative and neurogenic
progenitors are seen in developing zebrafish retina [25]. Our
data confirm that these clusters are seen also in the zebrafish
adult retina supporting the continuous growth of the
zebrafish eye. This cluster differed transcriptionally between
WT and P23H. Transcripts of certain genes involved in the
cAMP response, including junba, junbb and rgsl6, showed
increased expression in P23H whereas transcripts involved
in the regulation of cytoskeleton structure including fubb5,
tubalc and tuba8l4 are reduced (Fig. 10C). The group of
chaperonin T-complex protein genes involved in neuronal
development and eye morphogenesis [80], including ccz2,
cct3, cct4, cct5, and cct7 is decreased in the P23H NPCs
compared to the WT (Fig. 10D). The P23H NPCs also
express a reduced amount of certain immunoproteasome
subunits including psmal, psmbl, psmb2, psmb3, psmb6,
and psmb7 (Fig. 10D). It has been shown that proteasomes
are essential in maintaining the self-renewal of neural
progenitors and the proteasomes decrease with aging [81].
The P23H degeneration condition may mimic aging due
to chronic stress and hence we notice a decrease in the
chaperone and proteasome DEGs.

Overall, this study provides a comprehensive
transcriptome analysis of most of the predominant retinal cell
types of the zebrafish retina and a first-time comprehensive
analysis of the transcriptome changes happening in every
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Fig. 10 Retinal progenitor cells (RPCs) are enriched in the RP model
whereas a neurogenic progenitor cell (NPCs) cluster was identified in
both WT and P23H. A, B RPCs; C, D NPCs. A Dot plot showing the
expression level and the percentage of cells expressing WT (her 15.1,
notchlb, crabp2a, foxn4) and P23H specific (ube2c, top2a, aurkb)
RPC markers. B Cytoscape functional pathway analysis pie charts
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showing the functional pathways that are specifically enriched in WT
vs. P23H RPCs. C Violin plots showing changes in DEGs involved
in cAMP response and cytoskeleton structure between WT and P23H
NPCs. D Dot plot showing the changes in expression level and per-
centage of cells expressing DEGs involved in the chaperonin pathway
and immunoproteasome system in WT and P23H NPCs
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retinal cell type during RP in a regeneration-enabled
zebrafish model.

Discussion

The development of precise molecular and cellular strategies
for regeneration- or transplantation-based therapies for RP
requires a comprehensive understanding of how the entire
retinal landscape is affected. Cell type-specific changes and
cellular heterogeneity that comprise retinal remodeling
during RP play important roles in the integration of new
cells and effective signal transmission. Interventions that
presume substantial preservation of the neural retina will
likely fail in the late stages of the disease.

In mammalian studies, retinal remodeling has been stud-
ied extensively through different animal models, modes of
degeneration, and time points after onset of damage. Col-
lectively, it has been found that retinal remodeling in the
context of rod degeneration occurs through 5 phases [82,
83]. In phase 0, the retina is healthy and there is no loss of
photoreceptors [83]. As the initial stress and degeneration of
photoreceptors begins, retina remodeling has entered phase
1 [82, 83]. In this phase, rod bipolar cells and rod-contacting
horizontal cells retract their dendrites from rod spherules and
assume immature synaptic structures, with a subset of them
making contacts with cone pedicles [12, 83—85]. As cone
photoreceptors are progressively lost via the bystander effect,
retinal remodeling enters phase 2 [82, 83]. Cone photorecep-
tors begin to lose their outer segments and synaptic pedicles
and eventually degenerate [86]. During this phase, Miiller
glial cells (MGCs) become hypertrophic and reactive [82, 83,
87]. Both bipolar cells and horizontal cells sprout new neu-
rites; neurites from horizontal cells extend into the INL [82,
83, 88, 89]. Rod bipolar cells reprogram to shift expression
of their receptor phenotypes and become pharmacologically
consistent with OFF bipolar cells [83]. Dendrites of cone
bipolar cells lose continuity and complexity as more cones
degenerate [12, 82, 89, 90]. Retinal remodeling enters phase
3 only after complete loss of cone photoreceptors [82, 83].
During this phase, there is widespread neurite sprouting in
bipolar cells, horizontal cells, amacrine cells and retinal gan-
glion cells [82, 83]. Deafferentation is seen throughout the
retina. Eventually, retinal remodeling enters phase 4, where
proteinopathies progressively degenerate the remaining neu-
rons in the retina [83].

Our single-cell transcriptome analysis identified molecu-
lar pathways that are dysregulated in each retinal cell type in
an RP model with ongoing regeneration, allowing us to cre-
ate an extensive atlas of cellular changes. While rod degen-
eration is severe in this model [26], ongoing regeneration
maintains the retina in the equivalent of phases 1 and 2 in
mammalian models with retinal degenerative diseases (RD).

In a previous study, we showed that cone photoreceptors did
not degenerate, but did have shorter outer segment lengths
that are consistent with characteristics of phase 2 of retinal
remodeling [26]. We found that chronic degeneration and
regeneration of rods affects all retinal cell types. Transcrip-
tional changes were diverse, reflecting widespread oxidative
stress, modifications of metabolism, and changes in circa-
dian rhythm, glutamate signaling and synapse remodeling.

Rod photoreceptor degeneration reduces oxygen
consumption in the outer retina and leads to increased
oxygen tension that can have damaging consequences for
other cells in the outer retina [91]. A disparity between
ROS production and antioxidant capacity leads to oxidative
damage, which has been reported in many previous studies
[5, 55]. Both mature rods and newly forming rods in the
P23H retina display increased levels of oxidative stress
markers. Our data indicate that while rods are undergoing
oxidative stress, the rest of the retina mounts an extensive
response against its progression. Furthermore, proximity to
the degenerating rods plays a role in the level of response
observed. In cones, RPE and bipolar cells, antioxidant genes,
such as sodl, sod2, and hsf2, are highly upregulated to help
minimize oxidative damage. Retinal neurons further away
from rods, such as amacrine cells, are still responding to
oxidative stress, but to a lesser extent.

The retina is one of the most energy-demanding tissues in
the body, with very high demand driven by photoreceptors.
Despite rod photoreceptor loss in the P23H retina, we see a
host of metabolic changes throughout the retina that suggest
adaptations to increased energy demand. Glycolysis and TCA
cycle enzymes are increased in both rods and cones. While
in rods this could be due to increased energy demand to deal
with misfolded protein, the notable downregulation of Rod-
derived Cone Viability Factor nxnll in rods and cones sug-
gests that glucose uptake could be compromised [32], leading
to nutrient starvation and potentially compensatory upregula-
tion of glycolytic and TCA cycle genes. In the inner retina,
retinal ganglion cells displayed increased expression of mito-
chondrial electron transport chain genes, which may reflect
energy demand derived from elevated spontaneous activity.

Previous studies have shown that ROS activate glycolysis
[92], which may provide a parallel mechanism to upregu-
late glycolysis in the outer retina. Glycolysis intermediates
are substrates for glycan synthesis, the pentose phosphate
pathway (PPP), and serine synthesis pathway. All of these
pathways are upregulated in the P23H retina compared to
the WT retina. Such a shift in metabolism has been found
to be essential in both tail regeneration and cardiomyocyte
proliferation and regeneration after injury in adult zebrafish
[93, 94]. Combined with our results, these observations sug-
gest that a metabolic shift toward glycolysis is pronounced
during regeneration and needs to be considered for retinal
regeneration therapy.
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Our data show evidence for significant synapse and axon
remodeling throughout the retina in the P23H zebrafish.
In the rods and cones, genes involved in the regulation
of neurotransmitter levels, neurotransmitter release, and
regulation of synaptic plasticity are upregulated in the P23H
retina, while genes involved in axon guidance and axon
extension are reduced. These changes may be compensatory
mechanisms in the metabolically and physiologically
stressed photoreceptors to maintain some synaptic
transmission. Downstream of photoreceptors, horizontal
and bipolar cells in P23H show increases in genes involved
in axon guidance and dendritic self-avoidance, suggesting
active synaptic remodeling, consistent with what is found
in mammalian models with RD [83]. Future studies will
have to investigate the extent to which rewiring occurs and
how regeneration plays a role in maintenance of the proper
circuitry. While mammalian models display reprogramming
of rod bipolar cells to OFF bipolar cells through a shift in
expression of receptor phenotypes (i.e., mGlur receptors
to iGlur receptors), our zebrafish model did not display
a complete loss of ON or rod bipolar cell phenotype. We
believe the ongoing regeneration of rod photoreceptors
prevents a complete reprogramming, however, the extent
of reprogramming that takes place in our model must be
further studied.

In the inner retina, we noted increased expression of genes
involved in glutamate signaling, especially certain ionotropic
glutamate receptors, in some amacrine and ganglion cell
clusters of P23H compared to WT. This correlates well with
enhanced spontaneous activity and oscillatory behaviors in
the retina of mammalian models of retinal degeneration [18,
95] and specifically with signatures of enhanced ionotropic
glutamatergic input to amacrine and ganglion cells in retinal
degeneration [13, 83]. This suggests that despite the ongoing
regeneration of rods, the zebrafish model of RP displays
features very similar to mammalian RP models. Even with
continuous regeneration, this spontaneous activity could
reduce the signal-to-noise ratio and pose a problem for
effective vision restoration.

The retina has an endogenous circadian clock that
regulates many physiological functions within the retina
including POS shedding and phagocytosis, retinomotor
movements and synaptic ribbon changes. Dampening and
desynchronization of circadian rhythms from zeitgebers were
seen in a rat model of RP when photoreceptor degeneration
was advanced [96]. Surprisingly, we see an elevated
expression of certain transcripts involved in regulating the
circadian rhythm in the P23H zebrafish, including perib,
per2, crylaa, and tefa in the cones, bipolar cells and RPE.
Most of these genes are transcriptional repressors and are
generally expressed in the same phase of the circadian cycle
[45]. The WT and P23H single-cell transcriptome libraries
we used were prepared at the same time of day from animals
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with the same environmental light cycle. There may be a
phase shift in the circadian rhythm in P23H, or perhaps
wholesale disruption of the circadian rhythm. This needs to
be further investigated.

Some of the elevated circadian genes are also components
of the hsf2 stress response pathway. It is possible that
responses to stress in the cell types physically close to the
degenerating rods drive broader changes in the circadian
regulators. In the present model, we also encounter
continuous photoreceptor regeneration and hence the
changes may not be comparable to RP models with advanced
degeneration. At late stages, the circadian rhythm might
be further modified, suggesting a cascade of circadian-
controlled activities in the retina are affected. It has been
shown in many studies that the disruption of the circadian
pattern is associated with many pathological conditions
including obesity, cancer and blindness [97-99]. In this
case, their circadian rhythms would be expected to exhibit a
non-24-h pattern. A recent study has shown that melatonin
supplementation decreased the rate of desynchronization of
the circadian rhythm and improved visual function in P23H
rats [100]. This provides a new possibility for treating RP
through circadian synchronization and hence it is important
to understand the changes in the circadian pattern in different
models of RP to get a better understanding of the role of
circadian rhythm on RP.

Acute damage models in zebrafish, mice, and chicks
have utilized light damage and NMDA treatment to study
photoreceptor and inner retinal neuron degeneration/regen-
eration, respectively [25]. These studies have been able to
show transcriptionally how MGCs become activated as well
as the regulatory networks that lead to reactive gliosis or
retinal regeneration [25]. Over the course of 10-day post-
acute damage in zebrafish, retinal damage is detected, MGCs
are activated, regeneration ensues, and MGCs return their
inactivated state [25]. While acute damage models provide
great insight into regeneration, they may not appropriately
represent how the retina remodels when there is a chronic
genetic disease such as RP. When comparing the data from
our study to Hoang et al. 2020 25, we found that the MGC
population found in the P23H retina was transcriptionally
comparable to the resting MGCs in the trajectory of MGC
response to acute damage, indicating that regeneration may
come from resident progenitor cells instead of MGCs in our
chronic model. Furthermore, in the light damage models,
all photoreceptors were damaged simultaneously. While we
believe our model represents phases 1 and 2 of mammalian
retinal degeneration, such acute damage would be classified
as phase 3 due to the lack of photoreceptors. Furthermore,
the loss of inner neurons through NMDA would place such
an acute damage in a position to study regeneration compa-
rable to phase 4 of mammalian retinal degeneration.
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Tissue remodeling during retinal degenerative diseases
stands as one of the greatest barriers to implementing regen-
erative or bionic therapies to restore vision [15, 101]. Our
study provides a foundation to understand the molecular
underpinnings of the neuronal remodeling that occurs in
phases 1 and 2 of retinal degeneration and will help us to
understand the steps that need to be taken for successful
vision restoration. It also highlights the major changes in
RPE metabolism and tight junction integrity that must be
dealt with in any therapeutic strategy.

As with every single-cell study, our study has its own
limitations. Tissue dissociation bias is intrinsic to the
approach, making direct comparison of numbers of cells
within different cell types of questionable validity. We
have attempted to compare the numbers of cells within a
given cell type to the same cell type in different samples,
employing systematic sample handling procedures as
described in the methods and repeated experiments as
discussed in the results. It is important to understand that
changes in relative numbers of cells within a type should be
considered approximations, and changes in numbers of cell
types such as RPE could reflect altered adherence of the cells
to the retina during isolation. Another limitation is that the
sequencing depth in each cell is relatively shallow so that it
is not possible to detect the expression of a gene of interest
in every cell in which it is expressed. Also, since a number
of computational tools have been developed and are context-
dependent, it may not be possible to strictly correlate cell
type clusters identified in this study with cell types identified
in other studies.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00018-023-05021-1.
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