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An optimized protocol for retina single-cell RNA sequencing
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Purpose: Single-cell RNA sequencing (scRNA-seq) is a powerful technique used to explore gene expression at the
single cell level. However, appropriate preparation of samples is essential to obtain the most information out of this
transformative technology. Generating high-quality single-cell suspensions from the retina is critical to preserve the
native expression profile that will ensure meaningful transcriptome data analysis.

Methods: We modified the conditions for rapid and optimal dissociation of retina sample preparation. We also included
additional filtering steps in data analysis for retinal scRNA-seq.

Results: We report a gentle method for dissociation of the mouse retina that minimizes cell death and preserves cell
morphology. This protocol also results in detection of higher transcriptional complexity. In addition, the modified
computational pipeline leads to better-quality single-cell RNA-sequencing data in retina samples. We also demonstrate
the advantages and limitations of using fresh versus frozen retinas to prepare cell or nuclei suspensions for scRNA-seq.
Conclusions: We provide a simple yet robust and reproducible protocol for retinal scRNA-seq analysis, especially for
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comparative studies.

The development of RNA sequencing (RNA-seq) tech-
nology has allowed researchers to examine complex biologic
processes by mapping and quantifying transcripts under
different conditions, such as physiologic or disease states
[1-3]. However, bulk RNA-seq measures the average expres-
sion of genes per tissue or cell culture, generally masking
the cell-to-cell variability and making it particularly diffi-
cult to analyze minor cell subpopulations. Single-cell RNA
sequencing (scRNA-seq) has emerged as a revolutionary
tool to overcome this problem by providing unprecedented
opportunities for exploring gene expression profiles at the
single-cell level [4,5].

Recent scRNA-seq studies have provided a comprehen-
sive transcriptome atlas of the human fetal and adult retina
[6,7], including comparative analyses of gene expression of
central (fovea and macula) and peripheral specific cell types
in the primate and human retina [8,9]. Transcriptome analyses
have also dissected the complexity of human retinal organ-
oids at different developmental stages [7,10-12]. Similarly,
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scRNA-seq investigations have revealed the diversity in the
fetal and adult mouse retina, as well as retinal organoids from
mouse pluripotent stem cells [13]. scRNA-seq has also been
used to characterize and classify cell types of the retina,
allowing us to expand previous knowledge and identify
undescribed cell types [14-16]. Analyses of retina transcrip-
tomes at single-cell resolution have uncovered cell-type gene
expression signatures in response to hypoxia and inflam-
matory conditions [17,18]. However, despite considerable
progress, significant challenges remain in the dissociation
and analysis of scRNA-seq data of retina samples, especially
for comparative studies.

Isolation of single cells is a critical step in any single-
cell transcriptome investigation. Preparing cell suspensions
is relatively straightforward for cell lines or blood samples;
however, it can be a major hurdle for tissue samples. Thus,
to provide retinal cell suspensions that preserve the native
expression profile, the selection of an optimal protocol for
tissue dissociation should be addressed carefully. Optimal
dissociation needs to achieve a balance between isolating cell
types that are difficult to dissociate while avoiding damage to
those that are fragile. Papain-based enzymatic protocols have
been shown to successfully dissociate retinal tissue and have
been applied in numerous scRNA-seq studies of retina tissue
and organoids [5,6,8-11,13,14,17,19,20]. Nonetheless, special
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attention should be paid to several parameters in the dissocia-
tion protocol that compromise the viability of the cells and
potentially impact the quality of the scRNA-seq data.

The mammalian retina is a complex tissue formed by
multiple types of interconnected neurons and glial cells,
with photoreceptors the most abundant cell type [21,22].
In the mouse retina, rod photoreceptors account for more
than 70% of all retinal cells. Photoreceptor cells contain a
highly specialized outer segment where phototransduction
takes place, which is joined to the cell body by a very fragile
connecting cilium [23]. The structural fragility of photore-
ceptors makes them sensitive to enzymatic and mechanical
dissociation protocols causing RNA leakage from damaged
cells. This ambient RNA present in cell suspensions can
be incorporated into scRNA-seq microfluidic droplets and
contaminate other cell types, making it difficult to identify
cell types confidently. This contamination can largely influ-
ence scRNA-seq results, especially in rod-dominant retina
samples. In addition, this problem should be minimized in
cases of highly expressed genes, as is the case of rhodopsin
in rod cells, to avoid confounding cell clustering.

In this study, we demonstrate the efficacy of an opti-
mized gentle protocol for retina dissociation that decreases
cell death and preserves cell morphology, resulting in a
higher number of genes detected per cell. We also created
an optimized scRNA-seq bioinformatic analysis pipeline
that removes low-quality cells and reduces technical noise
from ambient RNA contamination. Finally, we provide a
comparative analysis of different methodologies for single
cell or single nucleus profiling in retina samples.

METHODS

Mouse lines and animal husbandry: C57BL/6J and the trans-
genic Nrl-L-EGFP/Grm6-tdTomato mouse strains were used
in this study. The transgenic Nrl-L-EGFP/Grm6-tdTomato
strain was generated by crossing the in-house Nrl-L-EGFP
mouse [24] with the mGluR6-tdTomato mouse (also known
as Grm6-tdTomato) [25], kindly provided by Dr. Rachel O.
Wong (University of Washington, Seattle). Mice, both male
and female, were maintained in National Institutes of Health
(NIH) animal care facilities in controlled ambient illumina-
tion on a 12 h:12 h light-dark cycle. The studies conformed to
the ARVO statement for the Use of Animals in Ophthalmic
and Vision Research. Animal protocols were approved
by the National Eye Institute (NEI) Animal Care and Use
Committee (NEI-ASP#650).

Vibratome sectioning and fluorescence imaging of the retina:
Animals were euthanized via CO, inhalation in accordance
with NIH ARAC “Guidelines for the Euthanasia of rodents
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Feti and Neonates”. Euthanasia was confirmed by cervical
dislocation. Eyes of 3-month-old Nrl-L-EGFP/Grm6-tdTo-
mato transgenic mice were enucleated, and the whole eyes
were fixed in 4% (w/v) paraformaldehyde in PBS (1X; 137
mM NaCl, 2.7 mM KCI, 8 mM Na,HPO,, and 2 mM KH,PO,,
pH 7.4) for 2 h at room temperature. After washing in PBS,
the cornea, lens, and vitreous body were removed, and then
the eyecups were embedded in agar, cut at 100 um on a Leica
VT1000S vibratome (Wetzlar, Germany), and collected in
PBS. The retina sections were mounted on slides, and images
of the endogenous fluorescence were taken using a Zeiss
LSM 880 confocal microscope (Jena, Germany).

Solutions for retina dissociation:

Digestion solution—Hank’s Buffered Salt Solution
(HBSS; H8264-1L, Sigma-Aldrich, St. Louis, MO) supple-
mented with 5.5 mM glucose (G7021-100G, Sigma-Aldrich),
5.7 mM cysteine (C562-25, Fisher Scientific, Hampton, NH),
and 40 U/ml papain (LS003119, Worthington Biochemical,
Lakewood, NJ) was titrated to pH 6.5 using potassium
hydroxide (KOH) and then incubated for 30 min at 37 °C.
After incubation, 10 mM HEPES buffer (SKU# 15,630-106,
Invitrogen, Carlsbad, CA) was added to the solution, and it
was titrated to pH 7.4 using KOH. About 120 U/ml DNase I
(LS006333, Worthington Biochemical), 10 U/ml superoxide
dismutase (LS003540, Worthington Biochemical), 10-25
U/ml catalase (C1345—1G, Sigma-Aldrich), and 0.02 mM
D-alpha-tocopherol acetate (T1157-1G, Sigma-Aldrich) were
added before the solution was filtered using a 0.22 pm pored
sterile filter.

Inactivation solution—HBSS supplemented with 11
mM glucose and 10 mM HEPES buffer was titrated to pH
7.4 with KOH. Subsequently, 120 U/ml DNase I, 0.07 mM
antipain (A6191-25MG, Sigma-Aldrich), 10 U/ml superoxide
dismutase, 10-25 U/ml catalase, and 0.02 mM D-alpha-
tocopherol acetate were added, and the solution was sieved
using a 0.22 pm pored sterile filter.

Washing solution—HBSS supplemented with 11 mM
glucose, 0.04% bovine serum albumin (BSA; A8806-5G,
Sigma-Aldrich) and 10 mM HEPES buffer was titrated to
pH 7.4 before the solution was sieved using a 0.22 pm pored
sterile filter.

Protocols for retina dissociation:

Frequently used protocol—Retinas were dissected in
fresh cold (4 °C) 1X Dulbecco’s PBS (DPBS; D8537-500ML,
Sigma-Aldrich), transferred to a 5 ml polypropylene round-
bottom tube, and promptly dissociated with a commonly
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used papain dissociation protocol (Worthington Biochemi-
cals) with minor modifications. Briefly, single retinas were
incubated in 1 ml of digestion solution at 37 °C for 10 min.
Mechanical trituration was performed by pipetting 30 times
with a P1000 pipette. Cells were centrifuged, using a swing-
bucket rotor, at 300 xg for 5 min at 4 °C, and the digestion
solution was removed. The dissociated cells were gently
resuspended in 700 pl of inactivation solution prewarmed
for 10 min at 28 °C. Then, 700 pl of chilled washing solu-
tion was layered under the cell suspension, and the cells were
centrifuged at 300 xg for 5 min at 4 °C. After the washing
solution was removed, cells were resuspended in 500 pl of
DPBS containing 0.04% BSA and passed through a 40 pm
cell strainer (pluriSelect, Leipzig, Germany).

The optimized protocol—The retinas were dissected
in fresh and cold 1X HBSS and individually transferred to
a 5 ml polypropylene round-bottom tube containing 1 ml
of digestion solution. The samples were then incubated at 8
°C for 40 min followed by a second incubation at 28 °C for
10 min. The tube was inverted gently every 10 min during
the long incubation and after 5 min during the short incuba-
tion. After the incubation steps, the retina, which remained
morphologically intact, sank to the bottom of the tube.
The digestion solution was discarded by pipetting without
disturbing the retina. Mechanical trituration of the retina was
performed in 700 pl of prewarmed (10 min at 28 °C) inactiva-
tion solution by pipetting slowly 10 to 15 times with a flame
polished glass Pasteur pipette mounted on a P1000 pipette
tip. The solution was aspirated and slowly released along
the tube wall. Trituration was stopped when the retina was
visibly dissociated, and 700 pl of ice-cold washing solution
was layered under the cell suspension. Cell suspensions were
centrifuged using a swing-bucket rotor at 200 xg for 5 min
at 4 °C. After the supernatant was removed, the cells were
resuspended in 500 ul of DPBS containing 0.04% BSA and
passed through a 40 pum cell strainer (pluriSelect).

Flow cytometry analysis of dissociated retinas: Adult retinas
from transgenic Nrl-L-EGFP/Grm6-tdTomato mice were
dissociated following the frequently used protocol or the opti-
mized protocol (four or five biologic replicates were analyzed
for each protocol). Cell suspensions were filtered through a
45-pm strainer (BD Biosciences, San Diego, CA) to prevent
clumps. Cellular viability was determined by measuring the
capacity of the cells to exclude the vital dye 4',6-diamidino-
2-phenylindole (DAPI). Each retina was examined separately
in a BD FACSAria™ Fusion flow cytometer (BD Biosci-
ences), and a total of 200,000 cells were acquired per retina.
Data were analyzed with FACSDiva software (BD Biosci-
ences). A two-way analysis of variance (ANOVA) multiple
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comparisons test was performed to examine differences in
cell viability and the number of EGFP versus tdTomato living
cells between the two protocols used for tissue dissociation.
A p value of less than 0.05 was considered statistically
significant.

Morphological characterization of cell suspensions: To deter-
mine the efficiency of the optimized protocol for retina disso-
ciation, we performed morphological assessment of retinal
cell suspensions from adult Nrl-L-EGFP/Grm6-tdTomato
transgenic mice and compared them to the frequently used
protocol described previously. Dissociated live cell suspen-
sions from both protocols were deposited on p-Slide 8-well
coverslip-like bottom chambers (Ibidi, Martinsried, Planegg,
Germany) and imaged with a Zeiss LSM 880 confocal
microscope. Efficiency was evaluated with quantification
and statistical comparison of preservation of retinal cell
morphologies. The percentage of cells exhibiting neuronal
morphology traits versus rounded-shaped in suspensions was
determined for rods (EGFP-positive cells) and ON bipolar
cells (tdTomato-positive cells) after evaluation of a minimum
of 200 cells per protocol and cell type (two or three biologic
replicates per protocol). Cells were assigned to one of three
distinct categories according to the degree of general morpho-
logical preservation. The rod categories were preserved inner
or outer segments, axons, or round shape. The ON bipolar
cell categories were preserved axon and dendrites, only axon
or round shape. A two-way ANOVA multiple comparisons
test was performed to examine differences in morphology
among living cells obtained from the two protocols for tissue
dissociation. A p value of less than 0.05 was considered statis-
tically significant.

Methanol fixation of cells: We applied the updated Methanol
Fixation of Cells for Single Cell RNA Sequencing protocol
(Rev D) from 10x Genomics (Pleasanton, CA) [26] to the
retinal cells obtained after we followed the optimized
protocol for dissociation. Briefly, using a wide-bore pipette
tip, 2 ml chilled 1X DPBS were added to the cell pellet. Cells
were resuspended with a gentle pipette mix ten times or
until the cells were resuspended. The cell suspension was
equally divided in two 5 ml polypropylene round-bottom
tubes, approximately 1-2 x 10° cells per tube. The cells were
centrifuged, using a swing-bucket rotor, at 300 xg for 5 min
at 4 °C. The supernatant was removed without disrupting
the pellet, and the cells were resuspended in 1 ml chilled 1X
DPBS. After centrifuging at 300 xg for 5 min at 4 °C, the
supernatant was removed, and the cells were resuspended in
400 pl of chilled 1X DPBS (200 pl 1X DPBS/1 x 10° cells)
using a wide-bore pipette tip. About 1.6 ml of chilled 100%
methanol (800 pl methanol/1 x 10° cells) was added drop
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by drop while the cell suspension was gently stirred. The
samples were stored at —20 °C for 5 days. Fixed cells were
centrifuged at 1,000 xg for 5 min at 4 °C, and the cells were
rehydrated in 500 pl rehydration buffer (3X saline sodium
citrate (SSC) buffer supplemented with 0.04% BSA, 1 mM
DTT, and 0.2 U/ul RNase inhibitor) with a gentle pipette mix
using a regular-bore tip.

Single nuclei isolation: Single nuclei suspensions were gener-
ated following a detergent-based lysis protocol [27] with
minor modifications. Briefly, two retinas were dissected in
fresh and cold 1X HBSS and flash frozen on dry ice. Retinas
were lysed in 500 pl of detergent lysis buffer (0.32 M sucrose,
10 mM HEPES (pH = 8.0), 5 mM calcium chloride, 3 mM
magnesium chloride, 0.1 mM EDTA, 1 mM DTT, and 0.1%
Triton-X) using a Dounce homogenizer. After 1 ml of low
sucrose buffer (0.32 M sucrose, 10 mM HEPES (pH = 8.0),
5 mM calcium chloride, 3 mM magnesium chloride, 0.1
mM EDTA, and 1 mM DTT) was added and pipette mixed,
the whole lysate was passed through a 40 pm cell strainer
(pluriSelect). Two milliliters of low sucrose buffer were used
to wash the mesh of the cell strainer. The sample, containing
a total of 3.5 ml of solution, was centrifuged at 3,200 xg
for 10 min at 4 °C, and the supernatant was decanted. The
pellet containing the nuclei was resuspended in 500 pul of low
sucrose buffer and homogenized using an electric homog-
enizer for 20 s. Two milliliters of sucrose density buffer (1 M
sucrose, 10 mM HEPES (pH = 8), 3 mM magnesium chloride,
and 1 mM DTT) were deposited at the bottom of the tube,
and the samples were centrifuged at 3,200 xg for 20 min at 4
°C. The supernatant was decanted, and the pellet, containing
the nuclei, was suspended in 200 pl of resuspension solu-
tion (DPBS supplemented with 4% BSA and 0.2 U/ul RNase
Inhibitor) and passed through a 20 pum strainer (pluriSelect).

Single-cell transcriptomic platform (10x Genomics Chromium
system): For each retina sample, 2-month-old C57BL/6J mice,
scRNA-seq or snRNA-seq data were generated using the 10x
Genomics Chromium platform. Single cell or nuclei suspen-
sions were loaded onto the Chromium Single Cell system
using the v2 (Chromium Single Cell 3’ Library and Gel Bead
Kit v2) or v3.1 (Chromium Next GEM Single Cell 3' GEM,
Library and Gel Bead Kit v3.1) chemistry. The manufac-
turer’s instructions were followed with minor modifications.
Cell concentration and viability counts were estimated using
the Cellometer Auto 2000 Cell Viability Counter (Nexcelom
Bioscience, Lawrence, MA). Cells were diluted to achieve
900-1,400 cells/ul. Based on previous analysis, we subtracted
200-300 cells/ul from the calculated cell concentration to
account for debris falsely counted as cells. Approximately
17,000 live cells per sample were loaded into the Chromium
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chip following the Cell Suspension Volume Calculator Table
to capture transcripts from approximately 10,000 cells. For
every elution step in the cDNA amplification and library
construction protocols, the elution volume was increased by
3 pl (Elution solution I or elution buffer [EB; 19086, Qiagen,
Germantown, MD]) to obtain a supernatant that was devoid
of contaminating SPRI magnetic beads. We used 12 cycles
for the cDNA amplification reaction in v2 and v3.1 chemistry.
Libraries were quantified using the Kapa library quantifica-
tion kit from Roche (Basel, Switzerland) and sequenced on a
NovaSeq 6000 (Illumina, San Diego, CA).

Bioinformatics pipeline: Primary analysis of the raw
sequencing data was processed through the Cell Ranger
pipeline (v3.1.0, 10x Genomics) using cellranger mkfastq
and cellranger count with default settings and the provided
mouse reference (refdata-cellranger-mm10-3.0.0). Secondary
analysis consisting of normalization, scaling, dimension
reduction, and clustering was performed using the R-package
Seurat (v3.1) [28,29] following the publisher’s vignette using
sctransform (compiled April 17, 2020) [30]. Imported data
were subsequently processed using default settings for prin-
cipal component analysis (PCA) dimensionality reduction,
graph-based clustering, and uniform manifold approximation
and projection (UMAP) embedding through the following
functions: SCTransfrom() > RunPCA() > RunUMAP() >
FindNeighbors() > FindClusters(). The selection of which
principal components was estimated using EllbowPlot()
for each sample individually. Cell type identity was deter-
mined for each resulting cluster by generating Violin plots
for known cell markers [8]. Independently, a second round
of cell type identification was performed by using the func-
tion AddModuleScore() using the same cell marker list. Cell
types were assigned based on the highest score for each cell
individually. Cell filtering was performed with two criteria:
(a) Cells with a less than threefold change between the highest
and second highest score, and (b) rods in non-rod cluster
were excluded. The remaining cells were then reprocessed as
previously described. A final filter for remaining ambiguous
cells between the cluster-wide and score-based cell type iden-
tification was applied.

The snRNA-seq data were processed similarly to the
scRNA-seq data with the following differences. We generated
a custom reference for pre-mRNA that allows reads mapped
to introns to be counted, following the 10x Genomics instruc-
tions Generating a Cell Ranger Compatible pre-mRNA
Reference Package. We did not apply score-based cell type
assignment and fold-change filtering, because of high expres-
sion of a few rod genes.
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RESULTS

Dissociation of the retina for scRNA-seq studies: Frequently
used protocols for mouse retina dissociation digest the tissue
by incubation with activated papain at 37 °C for 10—15 min,
followed by trituration [13,17,18]. Our initial scRNA-seq anal-
yses of retinal samples dissociated by following this protocol
led to high contamination of rhodopsin in several cell clus-
ters, suggesting cytoplasmic mRNA leakage through broken
cell membranes. Therefore, we modified the protocol for
retina dissociation as follows: (1) reducing papain enzymatic
activity (using low temperature during the digestion step), (2)
decreasing mechanical cell damage (using a flame polished
end glass Pasteur pipette during the trituration step), and (3)
alleviating oxidative stress (by adding superoxide dismutase,
catalase, and D-alpha-tocopheryl acetate to the digestion and
inactivation solutions). The flowchart in Figure 1A shows the
steps used for the frequently used and optimized protocols.
The transgenic Nrl-L-EGFP/Grm6-tdTomato mouse, which
expresses EGFP in rod photoreceptors and tdTomato (pseudo-
colored magenta) in ON bipolar cells (Figure 1B), was used to
evaluate the morphology and viability of retinal cell suspen-
sions from both protocols (Figure 1C). Each image in Figure
1C is composed of a bright-field image of all the cells in the
cell suspension, rod photoreceptor cells expressing EGFP
(shown in green) and ON bipolar cells expressing tdTomato
(pseudo-colored in magenta). The optimized protocol better
preserved cell morphology compared to the frequently used
protocol. We observed the entire cell morphology of bipolar
cells, including dendrites, soma, axon and synaptic terminals,
and Miiller cells, which exhibited their typical morphological
features (vertical stalk and small tangential branches and
microvilli) [31] (Simple Anatomy of the Retina by Helga
Kolb, 2012; Figure 1D). In addition, we could identify rod and
cone outer segments though with general shrinkage (Figure
1D). Compared to the optimized protocol, cells produced by
following the frequently used protocol exhibited a general
round cell shape (Figure 1C). Specifically, we assessed and
quantified morphological changes in rods and ON bipolar
cells (EGFP- and tdTomato-positive cells, respectively)
in suspension. The optimized protocol revealed improved
preservation of cellular morphology, most notably in the
ON bipolar cells (Figure 2A). Additional flow cytometry
analyses showed that the optimized protocol leads to a higher
percentage of cellular viability and an increased proportion of
rod cells (Figure 2B). Details of sampling size and description
of statistical analyses are provided in methods.

Bioinformatic pipeline for scRNA-seq analysis of retina
samples: To reduce the noisy signals generated by RNA
leakage from damaged cells, especially from rods, in other
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cell clusters, we extended the sctransform pipeline in the R
package Seurat (Vignette from April 17, 2020) by adding a
filtering step after clustering (Figure 3A). Briefly, individual
cells were scored based on expression of known cell type-
specific genes [8]. Cell type was assigned to individual cells
(cluster-independent) according to the highest cell type-
associated score. To avoid false positives, cells with less than
threefold change between the highest and second highest
score were not included in further analysis steps. Rod cells
assigned to non-rod clusters were also removed. We repeated
the secondary analysis with the raw expression values of the
remaining cells including cluster and score-based cell type
assignment. Cells with ambiguous cell-type assignment were
removed from the final result.

We examined the efficiency of the modified bioinfor-
matic protocol for retina scRNA-seq analysis using publicly
available mouse retinal data sets [17]. Figure 3B shows a
Sankey diagram comparing the assigned cell type labels
using cluster- (left) and score-based (right) pipelines. There
was a 10% cell type label mismatch between the two cell
type assignment methods, mainly attributed to rod cell signal
contaminating other cell clusters (Figure 3C, circle). By using
the modified protocol, we were able to considerably reduce
the contaminating noise. The UMAP plots in Figure 3C show
the cell type assignment for the mouse retina sample before
and after the additional filtering step in the modified protocol
was applied. The cell type assignment obtained using the
modified bioinformatic pipeline reflected more accurately
the in vivo cellular composition of the retina [32]. Rod cells
accounted for approximately 72% of all cells obtained using
the modified pipeline, while the commonly used pipeline
determined a 61% rate for the rod population (Figure 3C,
percentages).

Sample preparation methods for single-cell studies in the
retina: Then, we evaluated the recovery yields, measured
as the number of genes detected per cell, of different proto-
cols and methodologies used to prepare the samples for the
scRNA-seq studies (Figure 4). We first compared the impact
of different retina dissociation protocols on the transcriptome
profiles of the individual retinal cell types captured (Figure
4A,B). We found the gene number per cell detected to be
increased by up to fourfold using the optimized dissociation
protocol compared to the frequently used protocol (Figure
4A,B). Then, we compared the list of genes detected in the
majority of cells (=50%) belonging to the same cell type
(Figure 4C). We observed that 193 genes were expressed in
at least 50% of rod cells isolated from retinal cell suspen-
sions obtained following the optimized dissociation protocol.
However, this number decreased to 33 when we followed the
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Figure 1. Dissociation of the retina for scRNA-seq. A: Flowchart showing different steps of the two protocols for preparing retina cell
suspensions. B: Vertical section showing EGFP (green) and tdTomato (pseudo-colored in magenta) expression in rods and ON bipolar cells,
respectively, in the Nrl-L-EGFP/Grm6-tdTomato transgenic mouse retina. OS: outer segment; IS: inner segment; ONL: outer nuclear layer;
OPL: outer plexiform layer; INL: inner nuclear layer; IPL: inner plexiform layer; GCL: ganglion cell layer. C: Representative images of cell
suspensions derived from the Nri-L-EGFP/Grm6-tdTomato transgenic mouse retina following a frequently used protocol and the optimized
protocol for single-cell RNA sequencing (scRNA-seq) sample preparation. D: Higher magnification images of rods, cones, and bipolar and
Miiller cells obtained with the optimized protocol.
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Figure 2. Morphometric and cytometric analyses of dissociated retinal cells. A: Morphometric analyses of rods and ON bipolar cells. The
upper panel consists of nine confocal images representative of the distinct morphological categories that were followed for classifying rod and
ON bipolar cells. First row: ON bipolar cells including dendrites, soma and axon (left), soma and axon (center), or with rounded shape (right).
Second row: rods exhibiting inner or outer segments (length shrinkage observed). Third row: rod axons (short and thin). The stacked bar
graph at the bottom shows the percentage of cells belonging to each morphological category for retinal cell suspensions obtained following
the frequently used (F) or the optimized (O) protocol. A minimum of 200 cells per protocol and cell type were evaluated (2-3 biological
replicates per protocol). Asterisks indicate significant differences between the two protocols for dissociation used: *p<0.05, ***p<0.001,
two-way analysis of variance (ANOVA) multiple comparison test. ns: not significant. B: Flow cytometric analyses of retinal cell suspensions.
Each dot represents the data of a biological replicate with n = 200,000 cells acquired, and black lines indicate the mean. Cell viability (live
cells) was measured using 4',6-diamidino-2-phenylindole (DAPI). Percentages of EGFP- and tdTomato-positive cells within each live cell
population are shown. Asterisks indicate significant differences between the two protocols for dissociation used: **p<0.01, ****p<0.0001,

two-way ANOVA multiple-comparison test. ns: not significant.
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Figure 3. scRNA-seq analysis of retina samples. A: Flowchart showing the retina single-cell RNA sequencing (scRNA-seq) bioinformatic
analysis pipeline. White boxes indicate commonly used steps. Gray boxes indicate additional steps included in the optimized protocol. B:
Sankey plot of a published wild-type retina scRNA-seq data set (GEO accession # GSE125708). Left: cell type assignment by the frequently
used cluster-based pipeline protocol. Right: cell type assignment by the optimized unsupervised score-based protocol. C: UMAP plots
generated by scored-based cell type assignment information from (B), before and after additional filtering steps are applied. Cell clusters
are colored based on the score-based cell-type assignment identical to (B). The circle in (C) marks clusters containing mixed cell types.

Numbers indicate the proportion of the different cell types.

frequently used dissociation protocol. This same trend was
observed in all retinal cell types (Figure 4C). Interestingly,
only a small number of genes (33) were expressed in more
than 50% of cells belonging to the same cell type in the cell
suspensions prepared using the frequently used protocol
for retina dissociation. Many of these genes are involved in
stress-related responses (Rnf187, Gsk3b, Lrpll) and cell death
(Laptm4b, Mrfapl, Pdcd4), or are indicators for low-quality
cells, like mitochondrial or ribosomal genes. In addition, we
compared the sensitivity of the latest 10x Genomics chem-
istry for 3’ gene expression analysis (v3.1, Figure 4D) with
the version v2 (Figure 4B) using cell suspensions prepared
following the optimized protocol for retina tissue dissocia-
tion. The v3.1 chemistry captured more genes per cell and
increased the median of the genes detected per cell by about
500 in the different retinal cell populations compared to
chemistry v2. Furthermore, the latest version of the chemistry
(v3.1) allowed the capture of twice as many cells compared to

chemistry v2 (4,500 cells/sample versus 1,500/sample; Figure
4G).

Most scRNA-seq studies examined freshly isolated cells.
However, protocols compatible with fixation and freezing are
emerging alternatives that facilitate the use of the sScRNA-seq
technique for clinical applications, developmental studies, or
shipment of samples between collaborators. We evaluated the
quality of the single-cell transcriptomes obtained from retinal
cell suspensions fixed with methanol, as well as single nuclei
suspensions prepared from frozen retinas (Figure 4E,F). The
median number of genes detected per cell using methanol as
a cell fixative was reduced by 500—1,000 genes compared
to the median number of genes detected per cell using fresh
tissue (Figure 4D,E). Among the different sample preparation
protocols, nuclei suspensions yielded the lowest number of
genes per cell captured, even with alignment of reads to a
pre-mRNA reference (Figure 4F).
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Ambient RNA noise in retina samples: Finally, we assessed
the amount of ambient rhodopsin mRNA, expressed in rod
cells, contaminating non-rod cell populations across the
different protocols. Rod cells are the predominant cell type
in the mouse retina, accounting for more than 70% of all cells.
Damage to rod cell cilium during dissociation resulting in the
release of ambient rhodopsin mRNA into the cell suspension
is the major cause of cross-contamination in retina samples.
Between the two 10x Genomics chemistry versions, the level
of rhodopsin contamination was lower using the latest chem-
istry available (v3.1) compared to the previous one (v2; Figure
5A). The results exhibited a slight decrease in rhodopsin
contamination in the fixed cell samples compared to the
unfixed cells, likely attributed to the additional washing steps
in the protocol (Figure 5A,B). The highest rod contamina-
tion among all the samples was observed in the snRNA-seq
sample, where rhodopsin expression was surprisingly high
and homogeneous in non-rod cell populations (Figure 5C).

DISCUSSION

Distinct cell types and their subtypes in the mammalian
retina have been defined based on morphology, function,
or the expression of a limited number of genes [33]. Recent
advances in single-cell RNA sequencing technologies have
enabled the characterization of transcriptome profiles of

© 2020 Molecular Vision

individual cells making it possible to map developmental
trajectories, subtype diversity, and putative causal genes of
retinal pathologies [6,7,9,13,14,16,34]. However, the scRNA-
seq technique includes challenges of tissue dissociation into
a single cell suspension and biases of transcript coverage for
highly expressed genes, which constitute important limita-
tions for mouse retinal studies due to the abundance of rod
photoreceptors and their opsin expression-dominated tran-
scriptome. In this report, we described an optimized dissocia-
tion protocol and bioinformatic pipeline for the analysis of
scRNA-seq of retinal samples.

We introduced a gentle protocol for retina dissocia-
tion that reduces the enzymatic activity of papain by incu-
bating the retinal tissue at lower temperatures compared
to frequently used protocols. In addition, we used flame
polished glass Pasteur pipettes for tissue trituration, which
decreased the resistance of the solution flow and put less
stress on the sample. We also added a cocktail of antioxidants
to the solutions used for tissue dissociation. Consequently,
we showed that this protocol defines a better single-cell tran-
scriptional landscape compared to published protocols for
retina samples, being able to detect a higher number of genes
per cell (up to a fourfold increase). The protocol introduced
fewer artifactual gene expression changes compared to those
induced by proteolytic digestion at higher temperatures. We
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Figure 5. Ambient RNA noise in sScRNA-seq retina samples. A—C: Violin plots showing the natural logarithm of rhodopsin (RA0) expression
per cell type in fresh tissue (A), methanol fixed cells (B), and single nuclei suspensions (C). v2 corresponds to the use of Chromium Single
Cell system chemistry Single Cell 3’ Library and Gel Bead Kit v2, whereas v3.1 indicates Single Cell 3' GEM, Library and Gel Bead Kit v3.1.
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detected expression of immediate-early genes and those asso-
ciated with stress responses and cell death processes that were
unique to the sample prepared following the commonly used
protocol. These findings are concordant with previous studies
that demonstrated induction of stress response—related genes
in tissues dissociated at 37 °C [35-37]. In this regard, it could
be interesting to explore the use of psychrophilic proteases
in retinal dissociation protocols. This would allow the entire
tissue dissociation process to be performed in ice, in which
mammalian transcriptional machinery shows little activity,
thus minimizing gene expression artifacts. However, the
optimized protocol might not fully encompass the transcrip-
tome landscape of cells in the inner retina (e.g., horizontal,
amacrine, microglia, and retinal ganglion cells) due to the
high abundance of rods in the mouse retina and the low
capture efficiency of the scRNA-seq technique. Thus, deple-
tion of rods may be necessary to study inner retinal cells or to
enrich samples in specific cell types after the tissue dissocia-
tion protocol, as demonstrated recently [8]. In addition to the
mouse retina, we applied the optimized dissociation protocol
successfully to human retina samples and retinal organoids,
with minor modifications of the incubation time with the
enzyme. The data also revealed a decrease in ambient RNA
contamination levels using the most recent 10x Genomics
chemistry version (v3.1) compared to v2 in cell suspen-
sions prepared following the same protocol. This could be
attributed to microcapillary design differences between the
Chromium single-cell chips used in the different chemistry
versions. The encapsulation of cells in water-in-oil droplets
in the chip used for the v3.1 chemistry likely causes less cell
damage compared to the chip used for chemistry v2.

To reduce the noise caused by ambient RNA and low-
quality cells from the retina samples, we optimized the in
silico bioinformatic pipeline by adding extra filtering steps to
the automatic cell identification methods. However, ambient
RNA is not the only source of false positive gene detection.
Multiplets are generated when two or more cells are incorpo-
rated together in the same microfluidic droplet. Heterotypic
multiplets have an unusually high gene number but also show
mixed cell type gene expression. We refrained from filtering
for typical quality control hallmarks, like gene number per
cell or percentage of mitochondrial reads, because the retina
is one of the most metabolically active tissues [38] and natu-
rally differs in RNA content and number of mitochondria.
We believe that the proposed score-based pipeline to identify
cell types might not be appropriate for diseased or degener-
ating retinas in which the expression profiles for cells may be
altered but physiologically significant.

© 2020 Molecular Vision

The full potential of scRNA-seq can be realized with
fresh tissue samples. However, additional restrictions and
challenges are faced by experimental designs where samples
cannot be processed immediately. In this case, fixation of cell
suspensions with methanol or tissue sample snap-freezing
offer alternative solutions. We observed an overall reduction
in gene number detected per cell for most of cell types in
the scRNA-seq data from the methanol fixed cells and in
snRNA-seq data from isolated nuclei, obtained from frozen
tissues. Based on these results, and considering the amount
of ambient RNA contamination in the snRNA-seq data, we
recommend choosing methanol fixed cell suspensions over
single nuclei cell suspensions when fresh dissociated tissue
is not an experimental option.

In summary, the results emphasize the relevance of good
quality cell or nuclei suspensions to generate accurate and
reliable gene expression data sets. It is important to optimize
the dissociation protocol and single-cell method before under-
taking large-scale experiments, as well as to adapt bioinfor-
matic pipelines to different tissues. The protocol described
in this work may be useful for comparative analysis in other
ocular tissues with single gene or cell type dominance [39].

DATA AVAILABILITY: The data reported here are available
in the Gene Expression Omnibus (GEO) database (accession
# GSE153674).
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