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SUMMARY: 
Analysis of low-abundant target cell populations remains a challenge, even with high-throughput omics. Here, we describe techniques to selectively enrich for target cell types from complex retinal tissue while preserving the general cell heterogeneity.

ABSTRACT:
Obtaining high-quality single-cell suspensions from neural tissues such as the murine retina remains technically challenging due to cellular fragility, tight intercellular junctions, and the heterogeneous composition of the tissue. These challenges are further compounded when studying rare cell populations, including vascular endothelial cells and Müller glia, which each account for less than 2% and are underrepresented in standard dissociation workflows, often lost during processing. Here, we present an optimized method for isolating murine retinal cells that preserves cellular integrity and enables selective enrichment of sparse populations for downstream single-cell RNA sequencing (scRNA-seq).

Our protocol integrates gentle enzymatic dissociation with mechanical trituration to maximize cell viability and minimize transcriptional artifacts. We further incorporate targeted enrichment strategies, using fluorescence-activated cell sorting (FACS), to increase the relative abundance of vascular endothelial and Müller glial cells without compromising overall transcriptomic diversity. Moreover, we tested antibody-based cell hashing to enable sample multiplexing to improve cost efficiency. We demonstrate that this approach yields high-quality single-cell suspensions with improved representation of rare retinal cell types, enabling more robust and reproducible scRNA-seq analyses. This method provides a practical framework for researchers aiming to investigate the vascular and glial cell components of the retina at single-cell resolution and can be adapted to other neural tissues in which rare cell populations are of interest.

INTRODUCTION: 
The retina is a highly specialized neurovascular tissue composed of diverse neuronal, glial, and vascular cell populations that function in close coordination to enable visual perception. Among these populations, retinal vascular endothelial cells (ECs) and Müller glia play essential roles in maintaining the integrity of the inner blood–retina barrier1. However, both cell types are present only in low abundance within the murine retina, with ECs accounting for approximately 0.6%2 of total retinal cells and Müller glia representing approx. 1.5%3. The scarcity of these cells presents a substantial technical challenge for downstream transcriptomic analyses, particularly for single-cell RNA sequencing (scRNA-seq), where insufficient enrichment may result in inadequate sampling and loss of biologically relevant information.

Recent studies have demonstrated that Müller glia and ECs closely interact to regulate retinal barrier permeability and vascular stability1. This cellular crosstalk is essential for maintaining retinal homeostasis under physiological and pathological conditions. Consequently, the simultaneous isolation, enrichment, and characterization of these rare retinal populations within the diverse retinal cell environment is of considerable interest for understanding neuro-glio-vascular interactions in the retina at single-cell resolution.

Fluorescence-activated cell sorting (FACS) presents a successful approach for the selective enrichment of rare cell populations from heterogeneous tissues4. In order to utilize this approach, cell surface markers must be present to securely label different cell types, therefore forcing researchers to abandon otherwise performed single-nuclei sequencing. Especially in fragile neuronal tissues, usually single-nuclei sequencing is preferred due to its robustness, while single-cell sequencing presents a challenge when trying to sample highly viable cells for downstream analysis. 

By using highly specific cell-surface markers, our FACS-based approach enables efficient isolation of sparse cell populations while still sampling viable single cells suitable for downstream molecular applications. In the murine retina, GLAST1 has been described as a selective membrane-associated marker for Müller glia5, while CD31+ CD45- staining is widely used as a specific marker for endothelial cells6. The combination of these markers provides an opportunity for targeted enrichment of both retinal cell populations while preserving cellular diversity within the tissue.

Antibody-based cell hashing provides an opportunity to enable sample multiplexing, therefore reducing the cost per experiment. Using antibody-linked RNA probes, major histocompatibility complex 1 (MHC1)-based hashing binds to all cells expressing MHC1 on the cellular membrane, which leads to incorporation of the Probes into the sequenced transcriptome, therefore allowing for downstream sample demultiplexing7. 

A critical requirement for successful scRNA-seq is the preservation of high-quality, intact single cells throughout tissue dissociation and sorting procedures8. Excessive manipulation or prolonged processing can induce transcriptional artifacts, reduce cell viability, and compromise the representation of native cellular heterogeneity. Therefore, optimized enrichment strategies are necessary to isolate rare retinal populations while minimizing technical bias and preserving the physiological transcriptional state of individual cells.

In this study, we established a selective FACS-based enrichment workflow for murine retinal ECs and Müller glia using CD31 and GLAST1 as cell-specific markers. To prevent the false identification of CD31+/CD45+ cells as ECs, we initially performed CD31/CD45 co-staining and conducted FACS analysis. In mouse tissue, however, we did not encounter CD31/CD45 double-positive cells that could have been mistakenly identified as ECs. This approach aimed to enrich low-abundance retinal cell populations while preserving a high-quality single-cell suspension suitable for downstream single-cell RNA sequencing analyses without loss of retinal cellular heterogeneity.

PROTOCOL: 
All mouse experiments adhered to the animal care guidelines of the Institute for Laboratory Animal Research (Guide for the Care and Use of Laboratory Animals) in accordance with both the Animal research: Reporting of in vivo experiments (ARRIVE) guidelines and the association for research in vision and ophthalmology (ARVO) statement for the use of animals in ophthalmic and vision research. Experiments were approved by the local animal welfare committee (Tierschutzkommission) under approval number G22-053. 

Pregnant C57BL/6J mice were obtained from Janvier Labs. Six pups were euthanized on postnatal day 13 (P13). Three mice (i.e., biological replicates) were used per treatment group, and both retinas from one mouse were pooled per sample. Between treatment groups, mice were not controlled or matched for sex. Notably, the protocol was also tested on 17-day-old and adult mice. The reported protocol was conducted multiple times to ensure reproducibility.

1. Experimental setup

1.1. Determine treatment groups.

1.2. Use at least 3 mice per treatment group (= biological replicates)


1.3. Include control samples: unstained control and fluorescence minus one controls.

1.4. Depending on the number of animals needed, start breeding or order pregnant mice.

1.5. Consider the use of hashing antibodies to run all biological replicate samples in one lane for scRNA seq analysis.

2. Preparation of reagents and equipment

2.1. Preparation of 500 mL of wash buffer: 

2.1.1. Prepare 500 mL of PBS, 2 mM ethylenediaminetetraacetic acid (EDTA), 0.25% bovine serum albumin (BSA). 

2.1.2. Weigh 0.25 g of Mg2+, Ca2+ free BSA 

2.1.3. Prepare 2 mL of 500 mM Mg2+, Ca2+ free EDTA Stock 

2.1.4. Fill it up to approx. 450 mL with Mg2+, Ca2+ free PBS, and shake it well.

2.1.5. Adjust pH to 7.2 while stirring. 

2.1.6. Top it up to 500 mL while stirring.

2.1.7. Put in fridge at 4 °C overnight.

2.2. Preparation of coated tubes

2.2.1. Coat 1.5 mL low-binding tubes with BSA stock solution (diluted 1:5 in PBS).

2.2.2. Put in fridge at 4 °C overnight.

3. Extraction of the mouse retina 

3.1. Use at least three mice per group to obtain six eyes per group, and use one additional mouse as an unstained control.

NOTE: If the litter is too small, use the mother mouse as an unstained control.

3.2. Perform cervical dislocation followed by induction of anesthesia using isoflurane (3%).

3.3. Immediately enucleate both eyes by pushing a pair of forceps down next to the eye. 
Extract the eye from the socket

3.4. Transfer to Hank’s Balanced Salt Solution (HBSS; 1000 µL) and place it on ice.

3.5. Repeat steps 3.1–3.4 for all mice.

3.6. Transfer to a backlit microscope. 

3.7. Use forceps, grab the eye at the cornea, and tear open the eye.

3.8. Peel retina and lens through the prongs of forceps to remove the sclera/choroidal complex. 

3.9. Remove remaining parts of choroid, pigmented cells, and lens. 

4. Preparation of single cell suspension 

4.1. Mix Papain (500 µL) + DNase Mix (50 µL) and preheat using a 37 °C water bath (no more than  15 min prior to usage).

4.2. Transfer both isolated retinae of one mouse to a preheated Papain (500 µL) + DNase mix (50 µL) (in water bath, approx. 37 °C). 

4.3. Incubate for 10 min at room temperature. 

4.4. Break up retinae using a 1000 µL pipette until no clumps are visible.

4.5. Pipette albumin-ovomucoid inhibitor solution (500 µL) to stop the reaction.

4.6. Centrifuge at 1000 × g for 10 min 4 °C. 

4.7. Remove the supernatant. 

4.8. Resuspend the pellet in 1 mL of wash buffer, then transfer it into 5 mL FACS tube, and place on ice.

5. FACS preparation and staining

5.1. Centrifuge cells in a 5 mL FACS tube at 500 × g for 5 min at 4 °C.

5.1.1. For unstained control, decant the supernatant, resuspend in 300 µL of wash buffer, and place on ice.

5.2. Decant the supernatant, resuspend in 1000 µL of 1:10.000 (diluted in wash buffer) DAPI for 5 min in the fridge, cover in silver foil to block light.

5.3. Centrifuge the cells in the FACS tube at 500 × g for 5 min at 4 °C.

5.4. Decant the supernatant, resuspend in 150 µL of 1:200 Fc Block (CD16/CD32, diluted in wash buffer) for 20 min in the refrigerator, cover in silver foil to block light.

5.5. Add 1 mL of wash buffer, centrifuge the cells in the FACS tube at 500 × g for 5 min at 4 °C.

5.6. Decant the supernatant, resuspend in 150 µL of 1:100 CD31-phycoerythrin (PE) and 1:50 Glast-allophycocyanin (APC) (diluted in wash buffer), add 3 µL (0.5 mg/mL) hashing antibody to each condition, and stain for 20 min in the fridge, cover in silver foil to block light.

5.7. Add 1 mL of wash buffer, centrifuge cells in the FACS tube at 500 × g for 5 min at 4 °C.

5.8. Wash again with 1 mL of wash buffer, centrifuge cells in the FACS tube at 500 × g for 5 min at 4 °C. 

5.9. Resuspend in 300 µL of wash buffer and proceed with the FACS analysis.

5.10. Pass through a 30 µm cell strainer immediately before the FACS analysis. 

NOTE: Sorter: benchtop multi-laser fluorescence-activated cell sorter (FACS) equipped  with avalanche photodiode (APD)-based detection, electrostatic droplet sorting, and multiparametric digital acquisition for high-sensitivity single-cell analysis and isolation.

6. Flowcytometry set-up and sort

6.1. Establish cytometer settings using an unstained control to adjust for cell size and granularity.

6.2. Use fluorescence minus one (FMO) stained control samples to perform compensation set-up.

6.3. Set gates according to individual compensation, differentiating between negative and positive-stained cells. 

6.4. Sort 50,000 DAPI-negative cells into one coated 1.5 mL low-binding tube (wash buffer).

6.5. Sort the rest for either CD31-PE or GLAST-APC in separate coated 1.5 mL low-binding tubes and set the threshold at 3,000 cells per mouse (wash buffer).


6.6. Continue straight with downstream analysis. When analyzing consecutive samples, store on ice for a maximum of 3 h.

6.7. Determine cell counts per microliter (µL) and load cells according to the experimental setup.

NOTE: Here, a ratio of 3:1:1 (DAPI negative cells, ECs, and Müller cells, respectively) was 
used for further single-cell analysis

7. Single-cell library preparation

7.1. Pool samples for 10x Genomics Library preparation in accordance with the preplanned 
 sequencing strategy and load for drop-seq preparation. 

NOTE: Here,  8,000 cells were loaded. Verify MHC hashing success to avoid uncertainty in post-sequencing sample identification. 

7.2. Process sorted retinal cells through the 10x Genomics single-cell 3′ workflow according to the manufacturer’s instructions9.

8. Sequencing

8.1. Pool libraries to the desired quantities to obtain appropriate sequencing depths as recommended by 10x Genomics and sequenced on a NovaSeq 6000 flow cell9.

9. Data analysis

9.1. Analyze scRNA-seq data using the R package (v4.5.1)10 and Seurat (v5.4.0)11.

9.2. Set normalization method to LogNormalize.

9.3. Perform dimensionality reduction using the RunUMAP function, use the default resolution for clustering. 

9.4. Characterize clusters, differential gene expression analysis using the FindMarkers
function in Seurat9.

REPRESENTATIVE RESULTS: 
Using the workflow described above (Figure 1), we routinely obtain highly viable single‑cell suspensions containing approximately 3–5 million cells per mouse aged 13 days (two pooled retinae) (Figure 2). 

[Place Figure 1 and Figure 2 here]


This protocol has also been successfully applied to younger mice (from 12 days onward) up to fully adult animals, demonstrating its robustness across developmental stages and tissue maturities.

Following dissociation, we reliably stain and sort target populations using established marker genes. In the present study, CD31 was used to identify ECs, while we used GLAST1 to label Müller glia. To ensure optimal separation during flow cytometry, fluorochromes with clearly distinct emission spectra (e.g., APC and PE) were selected (Figure 3), minimizing spectral overlap and improving gating precision. Using the described workflow, we routinely selected approx. 8,000–10,000 GLAST+ Müller glia cells, and 3,000–4,000 CD31+ CD45- ECs per two pooled retinae (one mouse). 

[Place Figure 3 here]

To validate the pipeline, we performed single‑cell RNA sequencing on the sorted populations. As shown in Figure 4A, the major retinal cell types were successfully captured, and the targeted populations were markedly enriched compared to their native abundance, as reflected by the increased proportion of ECs and Müller glia relative to the viability filtered reference in Figure 3D. The cell-type annotations were supported by the expression of canonical marker genes across the identified populations (Figure 4A, Table 1). In particular, expression of Slc1a3 and Pecam1 localized to the corresponding Müller glia and EC populations, further supporting their identification (Figure 4C,D). Because ECs, photoreceptors, and other neural populations are known to exhibit relatively low transcriptional activity, we applied lower thresholds for the number of detected genes per cell during quality filtering to avoid excluding biologically relevant but transcriptionally quiescent cells.

To ensure that only high‑quality cells were retained for downstream analysis, we examined mitochondrial RNA content (Figure 4E). The majority of cells displayed mitochondrial RNA fractions well below 5%, indicating minimal dissociation‑induced cell death and confirming the overall high quality of the dataset.

[Place Figure 4 here]

[Place Table 1 here]

Nevertheless, in the case of retinal samples, MHC1-based antibody hashing proved unreliable. As shown in Figure 5, hashing-based identification of the different treatment groups yielded reliable results for vascular endothelial cells, Müller cells/macroglia, microglia, monocytes/macrophages, and pericytes. Photoreceptors and bipolar cells, however, were not successfully labeled using MHC1 antibody hashing. Incomplete hashing reduced demultiplexing reliability when pooling multiple biological replicates/ multiple samples into a single 10x Genomics library preparation reaction. Therefore, carefully weigh the risks of losing sample identification vs the monetary benefits of pooling samples into one reaction.

[Place Figure 5 here]

FIGURE AND TABLE LEGENDS
Figure 1: Graphical abstract showing the workflow. Single-cell digestion, staining, selective enrichment using flow cytometry, library preparation, sequencing, and subsequent data analysis.

Figure 2: Single cell suspension. Representative images from separate experiments, showing pooled retinae from one mouse each. Scale bar: 50 μm.

Figure 3: Flow cytometry gating strategy. Representative FACS gating strategy of a mouse intravitreally injected with PBS. (A) Debris exclusion. (B) doublet exclusion. (C) Cell viability stain using DAPI (DAPI-negative cells represent viable cells). (D) single positive GLAST1-APC cells (Müller Glia) and CD31-PE cells (endothelial cells [ECs]).

Figure 4: Retinal cell heterogeneity.  (A) UMAP dimension reduction display of main retinal cell types, as well as relative enrichment of Endothelial Cells (orange) and Müller Glia (light green). (B) Heatmap, displaying canonical marker genes of major retinal cell populations. (C) UMAP dimension feature plot, showing the GLAST1 (Slc1a3) positive cell population. (D) UMAP dimension feature plot, showing the CD31 (Pecam1) positive cell population. (E) Scatter plot, displaying a low percentage of mitochondrial gene transcripts per each cell type. 

Figure 5: MHC1-based antibody hashing. Orange/blue representing positive hashing signals, grey coloring represents unhashed cells.

Table 1: Quality metrics. Retinal cell detection, percentages, gene detection, unique molecular identifier (UMI) detection, mitochondrial RNA percentage. 

DISCUSSION: 
The present study describes a robust and reproducible workflow for the selective enrichment of retinal ECs and Müller glia from murine retina prior to single-cell RNA sequencing. Both cell populations are present at low abundance in the retina, making comprehensive characterization challenging with conventional unsorted single-cell approaches. By combining papain-based tissue dissociation with fluorescence-activated cell sorting using the established markers CD31 and GLAST1, we achieved reliable enrichment of both populations while retaining the overall cellular diversity of the retinal tissue. The resulting datasets contained the major retinal cell types and demonstrated a substantial increase in the representation of ECs and Müller glia compared to their physiological abundance (Table 1).

A central consideration for any single-cell transcriptomic workflow is the impact of tissue dissociation and cell sorting on cellular viability and transcriptional integrity. 
While single-cell RNA sequencing provides high-resolution characterization of retinal cell populations, single-nucleus RNA sequencing is often favored for fragile tissues because of its reduced sensitivity to dissociation-induced stress and improved compatibility with archived samples12. Retinal tissue is particularly susceptible to processing-induced perturbations because of its fragile neuronal architecture. Enzymatic dissociation and mechanical manipulation have been shown to activate stress-response pathways and alter the expression of immediate early genes13. Such effects cannot be completely avoided in the present workflow. However, all samples, including enriched fractions and unsorted retinal reference populations, were subjected to identical dissociation, staining, and sorting procedures. Moreover, single nuclei RNA sequencing does not allow for cell hashing or fluorescence-based cell sorting, as membrane-bound antigens are missing, therefore single-cell sequencing was favored in our approach.

To maintain cellular heterogeneity and avoid introducing selection bias during enrichment, an initial fraction of 50.000 DAPI-negative cells was collected prior to selective sorting, ensuring representation of the broader retinal cellular landscape. Consequently, potential dissociation-induced transcriptional changes are expected to affect all samples similarly, preserving the validity of relative comparisons between cell populations.  The present workflow demonstrates that high-quality single-cell datasets can be generated from murine retina when tissue processing is carefully optimized.

The retina comprises a highly heterogeneous cellular environment that includes populations with markedly different transcriptional activity14,15 and abundance16. Several retinal cell types exist in relatively quiescent states and naturally exhibit low RNA content, which can lead to their exclusion during standard quality-control filtering. Likewise, low abundant cell types that were not enriched might be missed due to their insignificant numbers. To avoid preferential loss of such populations, transcript count thresholds were intentionally lowered to at least 250 detected RNA transcripts per cell during downstream analysis. Despite these permissive filtering criteria, multiple quality metrics supported the integrity of the resulting datasets. Mitochondrial transcript fractions remained well below the commonly accepted 5% threshold associated with high-quality murine single-cell preparations17, and canonical marker gene expression enabled unambiguous identification of all cell clusters corresponding to the major retinal cell types. With the goal to focus on the inner blood retinal barrier, our protocol was designed to only enrich vascular endothelial cells and Müller cells. Low abundant amacrine cells, horizontal cells and retinal ganglion cells were not enriched and are not securely identified in the current dataset. Larger total cell numbers are needed to identify these rare populations. Retinal pigment epithelial cells are largely removed during retinal dissection and are therefore not expected to be detected in the resulting preparations. Adaption of the FACS protocol to enrich low abundant cell types is possible. Together, these findings indicate that the retained low-transcript cells largely reflect biological variation rather than technical artifacts, while rare cell types are only detected when large enough cell numbers are sequenced.

 An additional methodological observation concerns sample multiplexing. MHC-I-based hashing strategies have been successfully applied in several murine tissues15; however, in our hands this approach did not provide reliable labeling of all retinal cells, likely owing to heterogeneous and often low MHC-I expression levels across some retinal cell populations18. Antibody-based sample assignment could not be performed with sufficient confidence for all cell types. This finding highlights the importance of validating multiplexing strategies in a tissue-specific manner before large-scale implementation.

A limitation of our enrichment strategy is its dependence on accessible cell-surface markers. Efficient fluorescence-activated cell sorting requires target populations to express suitable membrane-associated antigens that can be detected using fluorochrome-conjugated antibodies. CD31 and GLAST1 enabled robust enrichment of ECs and Müller glia/macroglia, respectively. In prior experiments, we confirmed that CD31+, CD45+ double-positive cells were not present in mouse tissue (data not shown). Moreover, we considered the expression of GLAST1 in astrocytes, however due to the diminishing relative percentage compared to GLAST positive Müller glia, we opted to not include further refining steps.
 
The adaptation of the workflow to other rare retinal populations will require the identification and validation of equally specific surface markers. Despite this requirement, the overall workflow is readily transferable and may facilitate the targeted investigation of additional low-abundance cell types in the retina and other heterogeneous tissues, especially as flow cytometry sorting allows selecting multiple different surface markers to securely identify relevant cell populations.
In conclusion, the presented workflow enables reliable enrichment of rare retinal ECs and Müller glia while preserving cellular diversity and transcriptomic quality. By combining optimized tissue dissociation, selective FACS enrichment, and quality-controlled single-cell RNA sequencing, the approach substantially increases the representation of low-abundance populations without compromising overall dataset integrity. This strategy provides a versatile framework for studying retinal cell biology, neurovascular interactions, and disease-associated cellular mechanisms at single-cell resolution.
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