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SUMMARY: 
This protocol provides a method to digest whole eyes into a single cell suspension for the purpose of multi-parameter flow cytometric analysis in order to identify specific ocular mononuclear phagocytic populations, including monocytes, microglia, macrophages, and dendritic cells.

ABSTRACT: 
The innate immune system plays important roles in ocular pathophysiology including uveitis, diabetic retinopathy, and age-related macular degeneration. Innate immune cells, specifically mononuclear phagocytes, express overlapping cell surface markers, which makes identifying these populations a challenge. Multi-parameter flow cytometry allows for the simultaneous, quantitative analysis of multiple cell surface markers in order to differentiate monocytes, macrophages, microglia, and dendritic cells in mouse eyes. This protocol describes the enucleation of whole mouse eyes, ocular dissection, digestion into a single cell suspension, and staining of the single cell suspension for myeloid cell markers. Additionally, we explain the proper methods for determining voltages using single color controls and for delineating positive gates using fluorescence minus one controls. The major limitation of multi-parameter flow cytometry is the absence of tissue architecture. This limitation can be overcome by multi-parameter flow cytometry of individual ocular compartments or complimentary immunofluorescence staining. However, immunofluorescence is limited by its lack of quantitative analysis and reduced number of fluorophores on most microscopes. We describe the use of multi-parametric flow cytometry to provide highly quantitative analysis of mononuclear phagocytes in laser-induced choroidal neovascularization. Additionally, multi-parameter flow cytometry can be used for the identification of macrophage subsets, fate mapping, and cell sorting for transcriptomic or proteomic studies. 

INTRODUCTION: 
The innate immune system includes multiple cell types that stimulate complement activation and inflammation. Innate immune cells include natural killer (NK) cells, mast cells, basophils, eosinophils, neutrophils, and mononuclear phagocytes. Mononuclear phagocytes, which are composed of monocytes, macrophages, and dendritic cells, have been implicated in the pathophysiology of multiple ophthalmic conditions including uveitis, diabetic retinopathy, and age-related macular degeneration (AMD)1. In this protocol, we will focus on the identification of mononuclear phagocytes using multi-parameter flow cytometric analysis in a mouse model of neovascular AMD2. This protocol is adaptable for mouse models of diabetic retinopathy and/or uveitis, but more extensive ocular dissection is recommended because of the systemic nature of these diseases.

Mononuclear phagocytes express overlapping cell surface markers. Long-lasting tissue resident macrophages and microglia originate from the yolk sac-derived erythromyeloid progenitor3, while recycling macrophages and dendritic cells differentiate from the bone marrow-derived macrophage dendritic cell progenitor4. Mouse cell surface markers common to monocytes, macrophages, and dendritic cells include CD45, CD11b5, F4/806, Cx3cr17, and the intracellular marker Iba18. In order to overcome this challenge, transcriptomic analysis of macrophages, monocytes, and dendritic cells from multiple tissues defines CD64 as a macrophage-specific cell surface marker6. Macrophages have been described in the iris, choroid, ciliary body, and optic nerve in healthy eyes3. Alternatively, dendritic cell identification is more difficult; the most specific method of dendritic cell identification requires fate mapping using the Zbtb46-GFP reporter mouse9. Independent of this reporter line, expression of CD11c and MHCII in conjunction with the absence of CD64 can identify potential dendritic cells6,10. Dendritic cells have been identified in cornea, conjunctiva, iris, and choroid in normal eyes11. Microglia are specialized macrophages located in the retina, protected by the blood-retinal barrier, and derived from yolk sac progenitor cells12. As a result, retinal microglia can be differentiated from monocyte-derived macrophages by their dim levels of CD45 expression13 and high levels of Tmem119, which is available as a flow cytometry antibody14. Upon microglia activation, however, CD45 can be up-regulated15 and Tmem119 may be down-regulated3, demonstrating the complexity of microglia biology and this is likely relevant in both AMD and its mouse model. Finally, monocytes can be divided into at least two subtypes, including classical and non-classical. Classical monocytes display CCR2+Ly6ChighCX3CR1low expression, and non-classical monocytes demonstrate CCR2-Ly6ClowCX3CR1high markers5. 

Due to the necessity of the quantitative analysis of marker expression, i.e., high versus low/dim levels, multi-parameter flow cytometry is the ideal method for discrimination between monocytes, macrophages, microglia, and dendritic cells in the eye and other tissues. Additional advantages include the identification of sub-populations, the ability to use fluorescence-activated cell sorting (FACS) to sort cell populations for transcriptomic or proteomic analysis, and fate mapping. The major disadvantage of multi-parameter flow cytometry is the lack of tissue architecture. This can be overcome by the ophthalmic dissection into the various ocular subcompartments: cornea, conjunctiva, iris, lens, retina, and choroid-sclera complex. Additionally, confirmatory immunofluorescence imaging can be performed, but is limited by the number of markers and lack of robust quantitation.

Genome wide association studies have linked multiple complement genes with AMD16. Complement activation leads to anaphylatoxin production, leukocyte recruitment, and resultant inflammation. In complement receptor deficient mice, laser injury reduces mononuclear phagocyte recruitment and laser-induced choroidal neovascularization (CNV) area17. Similarly, the C-C motif chemokine receptor 2 (CCR2) knockout mouse, which is deficient in monocyte recruitment to the tissue, demonstrates both decreased mononuclear phagocyte recruitment and laser-induced CNV area18. These data link complement and mononuclear phagocytes with experimental CNV and possibly neovascular AMD. In support of this association, complement receptors are dysregulated on peripheral blood monocytes in patients with neovascular AMD19,20. These data demonstrate a strong association between AMD and mononuclear phagocytes.

In this manuscript, we will use the experimental laser induced CNV model to characterize the mononuclear phagocyte populations in the mouse eye using multi-parameter flow cytometry. Laser-induced CNV is the standard mouse model of neovascular AMD, which demonstrated the efficacy of current first line neovascular AMD therapy21. This protocol will describe enucleation of mouse eyes, ocular dissection, digestion into a single cell suspension, antibody staining, determination of laser voltages using single color controls, and gating strategy using fluorescence minus one (FMO) controls. For a detailed description of the laser-induced CNV model, please see a previous publication22. Using this protocol, we will define microglia, monocytes, dendritic cells, and macrophage populations. Furthermore, we will use MHCII and CD11c to further define macrophage subsets within the laser induced CNV model.

[bookmark: _Hlk41485003]PROTOCOL: 
All procedures were approved by the Northwestern University Institutional Animal Care and Use Committee. C57BL/6 mice were group housed at a barrier facility at the Center for Comparative Medicine at Northwestern University (Chicago, IL). All animals were housed in 12/12 h light/dark cycle with free access to food and water.

1. Collection of ocular tissue

1.1. Sacrifice 10-12-week-old C57BL/6J mice of either sex using regulated administration of carbon dioxide until mouse is unresponsive and no longer inhaling. Perform cervical dislocation or other approved secondary method to ensure euthanasia.

NOTE: Transcardial perfusion can be performed to remove circulating leukocytes that are not in the ocular tissues. In this experiment, systemic perfusion does not reduce the number of microglia, monocytes, macrophages, or dendritic cells detected in untreated or laser treated whole eyes. Therefore, the majority of these cell types are located in the ophthalmic tissues and this step is optional.

1.2. To enucleate eyes, push down near the eye socket while placing a pair of curved forceps gently under the eye as it stands out of the socket. Pinch forceps closed under the eye without squeezing the actual eye. Dislodge eye from the surrounding conjunctiva (please see prior publication)23.

1.3. Pull eye laterally until the optic nerve is the only remaining connection to detach the eye. The optic nerve often severs with tension, but a small scissor is sometimes necessary to cut the optic nerve. Place the eye in cold 1x Hank’s Buffered Saline Solution (HBSS) with calcium and magnesium in 1.7 mL microcentrifuge tube. 

2. Digestion of ocular tissue

2.1. Prepare the digestion buffer containing 0.1 mg/mL digestion enzyme and 0.2 mg/mL DNase in cold HBSS. Reconstitute 5 mg digestion enzyme in 2 mL of sterile water initially. Prepare an initial dilution of 10 mg/mL DNase in HBSS. For every 10 mL of the digestion buffer (sufficient for 3 animals) mix 9.4 mL of cold HBSS with 0.4 mL of reconstituted digestion enzyme and 0.2 mL of diluted DNase I.

NOTE: These concentrations were empirically determined over multiple experiments to provide optimal levels of antibody staining of single cells, while reducing cell death. Collagenase D was tried as an alternative to digestion enzyme with reduced cell viability and decreased CD45+ cells. Please see Discussion for more details regarding the iterative process to optimize digestion.

2.2. Under a dissecting microscope at 10x total magnification, remove the remaining conjunctiva and optic nerve using fine forceps and spring scissors in cold HBSS. 

2.3. Move clean eyes to a dry dissecting dish or small weigh boat. Inject 0.15-0.20 mL/eye of digestion buffer via syringe fitted with 30 G needle into the vitreous cavity after two perforating wounds are made in the eye through the visual axis and 90˚ away from this first wound for digestion buffer egress.

2.4. Mince whole eyes using spring scissors and fine forceps with all pieces smaller than 0.5 mm x 0.5 mm. Dissociate lens tissue with blunt mechanical disruption via forceps to prevent clogging pipette tips in subsequent steps. For each sample, rinse forceps and scissors each with 0.75 mL of digestion buffer into small dish. Use a new dish for each sample.

2.5. Transfer contents of the dish to a dissociation tube on ice using P1,000 pipette taking care to not lose any material in the pipette transfer. Rinse the dish with additional 1.5 mL of digestion buffer bringing the total volume in dissociation tube to 3.25-3.50 mL.

2.6. Place the dissociation tube inverted onto electronic dissociator and run cycle “m_brain_03_01”, consisting of 1 min unidirectional rotation at 200 rpm at room temperature, which is a pre-loaded program. Ensure all tissue is at the bottom of the dissociation tube in contact with digestion buffer for this and all remaining steps.

2.7. Place the dissociation tube in shaking incubator for 30 min at 200 rpm at 37 ˚C. 

2.8. Repeat steps 2.6 and 2.7 one additional time. Following second 30 min incubation perform one final mechanical digestion using electronic dissociator as in step 2.6.

2.9. Stop the reaction by adding 10 mL of cold flow buffer and place tubes on ice.

3. Preparation of cell suspension

3.1. To create single-cell suspension, pour the halted eye digestion reaction through a 40 m filter placed on the top of a 50 mL conical centrifuge tube. Using the plunger from a 2.5 mL syringe, push any remaining pieces of undigested eye tissue through the filter. 

3.2. Wash the dissociation tube with 10 mL of Flow buffer and rinse filter before using the same plunger to again pass undigested eye tissue pieces through the filter.

3.3. Repeat step 3.2 using 5 mL of Flow buffer. 

3.4. Wash the dissociation tube and filter with a final 10 mL of Flow buffer. 

NOTE: Total volume of digestion and flow buffer is about 38-40 mL for each sample.

3.5. Centrifuge the conical tube at 400 x g for 10 min at 4 ˚C. Decant the supernatant without disturbing the cell pellet.

3.6. Prepare 1x lysing solution by adding 10x lysing to sterile water. Break up the pellet by flicking tube against another tube. To lyse red blood cells, add 1 mL of 1x lysing solution for 30 s with swirling at room temperature (RT). 

3.7. Stop the reaction with 20 mL of Flow buffer.

3.8. Centrifuge the conical tube at 400 x g for 10 min at 4 ˚C. Decant the supernatant without disturbing the cell pellet.

3.9. Dissociate the pellet by flicking tube against another tube. Add 5 mL of cold 1x HBSS per tube. 

3.10. Centrifuge tubes at 400 x g for 10 min at 4 ˚C. Aspirate supernatant.

4. Staining of cell suspension for mononuclear phagocytes

4.1. Prepare 0.5 mL of Live/Dead stain per sample by diluting Live/Dead dye 1:5,000 in cold HBSS. 

4.2. Add Live/Dead stain to each sample using a P1,000 pipette making sure to dissociate the pellet completely. Transfer samples to 1.2 mL micro titer tubes. 

4.3. Take a small aliquot (10 L) to count cells using a hemocytometer or automatic cell counter (see 4.4). Incubate samples with Live/Dead stain for 15 min at room temperature in the dark. 

4.4. Count cells using Trypan blue to determine the number of live cells per sample. 

NOTE: Typically, 2 eyes from a 10-12-week-old C57BL/6J mouse contain less than 2 x 106 living cells.

4.5. Wash samples by adding 400 L of cold Flow buffer. Centrifuge tubes in a micro titer tube rack at 400 x g for 10 min at 4 ˚C. Aspirate the supernatant without disturbing the cell pellet.

4.6. Resuspend cells completely in 500 L of cold Flow buffer. Centrifuge tubes in a micro titer tube rack at 400 x g for 10 min at 4 ˚C. Aspirate the supernatant without disturbing the cell pellet.

4.7. Block up to 5 x 106 living cells in 50 µL of Fc block (1:50 dilution in cold Flow buffer of purified rat anti-mouse CD16/CD32). If more than 5 x 106 living cells, increase volumes appropriately. 

4.8. Add Fc block to the pellet making sure to completely dissociate the sample. Incubate for 20 min at 4 ˚C.

4.9. Add 50 L of antibody staining solution (see Table 1 for choice and amount of each antibody that is included in the solution) per 5 x 106 living cells directly to cells in Fc block and mix completely. Incubate for 30 min at 4 ˚C. 

NOTE: Antibody quantities are dependent upon the flow cytometer configuration and should be titrated independently for every lab and instrument. See Table 2 for instrument configuration of filters and mirrors. To titrate antibodies, start with manufacturer’s recommendation, and calculate the staining index. Perform a test run of varying antibody concentrations (both above and below the manufacturer’s recommendation) and choose the lowest concentration of antibody where the staining index is maintained. Also, ensure that positive staining that is less bright than the single-color control. Use unstained cells to ensure that negatively stained cells are on scale and have a peak at or less than 1 x 102. Use a fluorescence minus one control to define the positively stained cells.

4.10. Wash samples by adding 700 L of cold Flow buffer. Centrifuge tubes in a micro titer tube rack at 400 x g for 10 min at 4 ˚C. Aspirate the supernatant without disturbing the cell pellet.

4.11. Optionally, after antibody staining, the samples can be fixed with 500 L of 2% paraformaldehyde in Flow buffer. Fix samples for 15 min at room temperature. Then, perform one wash as described in 4.10. Store fixed samples at 4 ˚C. Count beads should be added on the day of flow cytometry data collection. Fixed samples should be run on flow cytometer in 1-2 days.

CAUTION: Paraformaldehyde is a corrosive and a health hazard.

4.12. Wash samples again using 500 L of cold Flow buffer. Centrifuge tubes in a micro titer tube rack at 400 x g for 10 min at 4 ˚C. Aspirate half of the supernatant without disturbing the cell pellet.

4.13. Resuspend pellets and transfer to a 96 well, U-bottom assay plate. Centrifuge plate at 400 x g for 5 min at 4 ˚C. To decant the supernatant, turn plate over and in one strong shake dislodge the liquid into a sink basin, without disturbing pellet.

4.14. In a new 1.2 mL micro titer tube, place 50 L of well vortexed count beads. 

4.15. Resuspend pellets in 96 well plate in 200 L of cold Flow buffer. Add cell mixture on the top of beads from prior step. Run on flow cytometer in total volume of 250 L / micro titer tube.

5. Collection of flow cytometry data

5.1. Turn on and prepare flow cytometer. Instructions listed here are for a modified four laser cytometer (Table 2).

5.2. Run a test sample, which includes a small aliquot from each sample, to ensure that all cells are on scale for each detector. Adjust voltages so that all cells are on scale. 

5.3. Run single color controls (SCC) for every fluorophore used in staining cocktail (Table 3). Place micro titer tube into a larger 5 mL polystyrene tube for placement onto the flow cytometer stage. 

NOTE: Root fluorophores like BV421 (Pacific Blue), FITC, PE, Alexa647 (APC), and Alexa700 do not require the same antibody as the cocktail (i.e., CD19 PE for CD64 PE). However, tandem fluorophores like PE-CF594, PE-Cy7, or APC-Cy7 require the same antibody for SCC as cocktail due to potential dissociation of the conjugated fluorophores.

5.3.1. Create the SCC for BV421 by adding 2 drops of compensation beads to a 1.2 mL titer tube along with 1 L of hamster anti-mouse CD11c BV421. Compensation beads are used because CD11c BV421 is an IgG lambda subtype rather than kappa as described in 5.3.3. Incubate for 15 mins at 4 ˚C. Add 0.2 mL of flow buffer. 

5.3.2. Create the SCC for the Live/Dead dye by adding one drop of positive staining beads (green cap) from the amine reactive beads, followed by 1 L of Live/Dead dye. Incubate for 15 min at room temperature in the dark. Add one drop of the negative beads (white cap) from the amine reactive beads. Add 0.2 mL of flow buffer. 

5.3.3. Create the remaining SCCs by adding one drop of positive staining beads (green cap) from the anti-rat and anti-hamster Ig kappa bead set, followed by the antibody quantity listed (Table 3) in a 1.2 mL titer tube. Incubate for 15 min at 4 ˚C. Add one drop of the negative beads (white cap) from the anti-rat and anti-hamster Ig kappa bead set. Add 0.2 mL of flow buffer. 

5.3.4. Vortex all bead mixtures completely. Store SCCs at 4 ˚C for up to 3 days.

NOTE: The SCC for fluorescent reporter mice is unstained cells.

5.3.5. When running SCCs, set voltages such that the SCC sample has a peak greater than any fluorescence for a sample of cells in the same detector channel. In addition, voltages should be set so that any SCC has at least a 0.5 Log difference between the histogram peak in the channel of interest versus any other channel (Figure 1). 

5.4. Run samples on “Low” keeping events/second below 4000. If flow rate cannot be lowered appropriately, dilute samples with additional cold flow buffer. Record the volume added as this will be necessary for the count calculation (see representative results).

5.5. Collect at least 3 x 106 events per sample. This may be higher than the cell number due to pigment granules and debris counting as events on your cytometer.

5.6. Record a Fluorescence Minus One (FMO) for each fluorophore other than Live/Dead for proper gating strategy in section 6.4. An FMO is a sample that has been stained with all fluorophores except one. 

5.7. Clean and shut down flow cytometer according to manufacturer or facility instructions.

6. Annotation of flow cytometry data

6.1.	Open a new worksheet using analysis software. Import FCS files from cytometer for all samples and single-color controls.

6.2.	Use SCCs to create a compensation matrix.

6.3.	Apply the compensation matrix to your stained samples and FMOs.

6.4.	Use the FMOs to determine positive staining to draw gates.

REPRESENTATIVE RESULTS: 

Figure 1 showed uncompensated frequency histograms for the SCCs and cells for the red laser: Alexa647, Alexa700, and APC-Cy7. In Figure 1A, the magenta line depicted the peak of the SCC for Alexa647, while the cyan line depicts the intended 0.5 Log difference. Notice that the peak in Alexa700 and APC-Cy7 was to the left (less bright) of the cyan line. Also note that the cells were all to the left of the magenta line. Any cells to the right of the SCC peak were not compensated. Specific channels were known to spill into others based on the chemistry of the fluorochrome dyes (i.e. Violet Laser: BV421 -> V500, Yellow-Green Laser: PE -> PE-CF594, Red Laser: Alexa647 -> Alexa700, Alexa700 -> APC-Cy7, Cross Laser: PE-Cy7 -> APC-Cy7). If either of the above conditions were not met, the voltage of one channel could be adjusted upward while any spill channels could be moved down. See Figure 1B and Figure 1C for additional examples of the red laser. Once the voltages were determined and then recorded, all samples must be run with the voltage parameters. A compensation set up wizard exists and may be helpful.

Count bead identification is necessary for quantification of cell counts. Figure 2A showed FSC-A vs SSC-A properties for all analyzed events from two eyes of a single mouse. It is important to adjust the SSC voltage to make sure your count beads are visible as a very tight collection of SSC-Ahigh and FSC-Alow events. Bead counts were cleaned and confirmed by plotting PE vs APC-Cy7 (Fig 2B). Clean beads were a tight cluster of PE+ and APC-Cy7- events. 

Singlets and live cells were next identified from all events. Singlets were determined by plotting FSC-H vs FSC-A. Singlets were positively correlated in these two properties while doublet and triplet cells had greater FSC-A than FSC-H (Figure 2C). Live cells were delineated by plotting Live / Dead vs FSC-A. Dead cells were Live / Dead positive, and cells demonstrate greater FSC-A than debris (Fig 2D). Note that count beads were Live / Dead+ and were removed at this step.

Figure 3 shows the initial gating strategy for the delineation of mononuclear phagocytes from live, singlet cells. Live singlets were visualized using a CD45 versus CD11b plot (Figure 3, left). Note that CD45+CD11b- (mostly B-cells and T-cells), CD45dimCD11b+ (putative microglia), and CD45+CD11b+ cells (infiltrating immune cells, increased with laser [Fig 3B, left]) were selected. The absence of CD45+ cells in the CD45 FMO confirmed the gate selection (Figure 3C, left). Next, neutrophils, eosinophils, B-cells, NK cells, and T-cells were excluded by plotting CD45+ live singlets using Lineage gate (Lin: Ly6G [neutrophils], SiglecF [eosinophils], B220 [B-cells], NK1.1 [NK cells], CD4 [T-cells], and CD8 [T-cells]) vs CD11b. The increase in CD11b+Lin- cells between No Laser (Figure 3A, middle) and Laser (Figure 3B, middle) groups was easily observed. Note the lack of CD11b+Lin- cells in the CD11b FMO (Figure 3C, middle) and the lack of Lin+ cells in the Lin FMO (Figure 3C, right). Microglia can be separated from infiltrating mononuclear phagocytes by the quantity of CD45 expression13,24. CD11b+Lin- cells were visualized using a CD11b vs CD45 plot to identify CD45dim putative microglia and CD45high infiltrating mononuclear phagocytes. The relative increase in CD45high mononuclear phagocytes was clear in the Laser-treated mouse (Figure 3A,B, right).

Figure 4 identified microglia, three macrophage subsets, monocytes, and dendritic cells. Microglia were determined by plotting CD45dim cells on a CD64 vs MHCII plot (Figure 4, left panel). Microglia have been shown to be CD64+MHCIIlow previously13. Microglia were relatively unchanged with laser and absent in the CD64 FMO (Figure 4A,C left). CD45high cells were next plotted on the same CD64 vs MHCII graph. CD64+MHCII- macrophages (MHCII- Macs), CD64-MHCII- monocytes, and MHCII+ cells were identified (Figure 4A,B, middle left). Note the absence of MHCII+ cells in the MHCII FMO (Figure 4C, middle left). MHCII+ cells were further discriminated using CD64 and CD11c. CD64+CD11c- macrophages (CD11c- Macs), CD64+CD11c+ macrophages (CD11c+ Macs), and CD64-CD11c+ dendritic cells (DCs) were defined (Figure 4A,B, middle right). Note the absence of CD11c+ cells in the CD11c FMO (Figure 4C, middle right). Monocytes were subtyped as classical Ly6C+ or non-classical Ly6C- monocytes (Figure 4, right). Note the absence of Ly6C+ monocytes in the Ly6C FMO (Figure 4C, right).

Number of cells per mouse (or per 2 eyes) was calculated with the following equation: 



Using the volumes in this method, the equation is: 



Cell count and bead count will be specific to each sample. The concentration of beads is specific to each lot of count beads and provided by the manufacturer on each vial. 

Macrophages infiltrate the choroid after laser injury25, and macrophage depletion reduces CNV area18. These older studies rely upon immunofluorescence imaging, which cannot reliably differentiate mononuclear phagocytes, or fewer flow cytometric markers for macrophage identification. Macrophage heterogeneity is an emerging concept in innate immunology, where macrophages are capable of performing multiple functions depending upon their origin and tissue microenvironment12,26. We performed multi-parameter flow cytometry on untreated and laser treated mouse eyes on Day 3 after laser injury to identify mononuclear phagocytes and macrophage heterogeneity. Laser treatment increased MHCII-, CD11c-, and CD11c+ macrophages by 7.0-25.6, 2.8-7.2, and 3.9-8.2 fold respectively (Figure 5A,C). Dendritic cell counts were also up-regulated 4.5-4.7-fold by laser (Figure 5F). Microglia and monocyte counts were not affected by laser treatment (Figure 5D,E). No significant differences were detected with or without systemic perfusion prior to enucleation. These results demonstrate increased macrophage populations and dendritic cells after laser injury with no change to microglia or monocytes. Furthermore, these data highlight how multi-parameter flow cytometry can detect macrophage heterogeneity.

FIGURE AND TABLE LEGENDS: 

Table 1: Antibody fluorophore and clones (see step 4.9). Generally, one sample is either one or two digested eyes. Add flow buffer to a tube first then each antibody. Dilutions can be made to avoid pipetting too small a volume, while changing total flow buffer volume appropriately. See Table of Materials for product number and company.

Table 2: Configuration of flow cytometer. Filter and mirror setup for a four-laser cytometer and the available fluorophores which can be detected in each channel. PMT = photomultiplier tube, FSC = forward scatter, SSC = side scatter.

Table 3: Antibody fluorophore and clones for single color controls. Each antibody should be added to the appropriate compensation bead as outlined in steps 5.3.1 – 5.3.3. 

Figure 1: Representative voltage set up for the red laser. (A) Single color controls (SCCs) for Alexa647. On the left, the SCC for Alexa647 is shown. Left middle displays the spill of the Alexa647 SCC into the Alexa700 channel. The peak of the Alexa647 SCC is shown in magenta and the 0.5 Log goal differential is displayed in cyan. Note that the peak is to the left (less bright) than the cyan line. Middle right demonstrates the spill of the Alexa647 SCC into the APC-Cy7 channel. Right illustrates the cells in the Alexa647 channel. Note that all cells are less bright than the SCC (magenta line). (B) SCC for Alexa700. Middle left shows the SCC for Alexa700. Left displays the spill of the Alexa700 SCC into the Alexa647 channel. Middle right demonstrates the spill of the Alexa700 SCC into the APC-Cy7 channel. The peak of the Alexa700 SCC is shown in magenta and the 0.5 Log goal differential is displayed in cyan. Note that the peak is to the left (less bright) than the cyan line. Right illustrates the cells in the Alexa700 channel. Note that all cells are less bright than the SCC (magenta line). (C) SCC for APC-Cy7. Left and middle left show the spill of the APC-Cy7 SCC into Alexa647 and Alexa700, respectively. Note that both peaks are to the left of the cyan line. Middle right demonstrates the ACP-Cy7 SCC. Right illustrates the cells in the APC-Cy7 channel. Note that all cells are less bright than the SCC (magenta line).

Figure 2: Representative identification of count beads, singlets, and live cells. (A) Side scatter area (SSC-A) vs forward scatter area (FSC-A) for all cells on a contour plot. Count beads are identified by high SSC-A, low FSC-A, and very tight clustering of the uniform beads. (B) PE vs APC-Cy7 plot for clean bead gate. The arrow between A and B indicates plotting of only the count bead positive events. Clean count beads are delineated by high PE and low APC-Cy7 fluorescence. (C) FSC-Height (FSC-H) vs FSC-Area (FSC-A) plot of all cells demonstrates singlet cells in a positively correlated wide line. Doublets and other multiplets show greater FSC-Area than FSC-Height. (D) Live / Dead vs FSC-A for singlet cells. Live cells are defined as Live / Dead low and FSC-A positive. Percentages indicate percent of parent.

Figure 3: Representative identification of mononuclear phagocytes. Left: CD45 vs CD11b pseudocolor plot of live cells from unlasered (A), lasered (B), and fluorescence minus one (FMO) control. CD45+ cells are defined in A-B and absent in the FMO. Note the increase of CD45+CD11b+ cells in the lasered (B) group. Middle: Pseudocolor plot of lineage (Lin) marker vs CD11b for CD45+ cells. CD11b+Lin- cells are delineated in A-B and are absent in the FMO for CD11b (bottom). Right: CD11b vs CD45 plot of CD11b+Lin- cells. CD45dim and CD45high cells are identified. Note the increase in CD45high cells in the lasered (B) group. Percentages indicate percent of parent.

Figure 4: Representative identification of microglia, dendritic cells, monocytes, and macrophage subsets. Left: CD64 vs MHCII pseudocolor plot of CD45dim cells defines microglia as CD64+MHCIIlow. Note the similar amount of microglia in unlasered (A) and lasered (B) groups, and the absence of microglia in the FMO control (C). Middle left: CD64 vs MHCII pseudocolor plot of CD45high cells defines MHCII- macrophages as CD64+MHCII-, monocytes as CD64-MHCII-, and MHCII+ cells. Note the increase in MHCII- macrophages in the lasered group (B), the absence of MHCII+ cells in the FMO (C, middle), and the CD64 FMO (C, left) helped determine the cutoff for CD64+ and CD64- cells. Middle right: CD64 vs CD11c pseudocolor plot of MHCII+ cells. CD11c- macrophages were defined as CD64+CD11c-, CD11c+ macrophages were identified as CD64+CD11c+, and dendritic cells (DCs) were delineated as CD64‑CD11c+. Both macrophage subsets and dendritic cells were increased with laser (B). Note the absence of CD11c+ cells in the FMO (C). Right: Ly6C vs Tim4 pseudocolor plot of monocytes. Classical Ly6C+ and non-classical Ly6C- monocytes were identified. Note that classical Ly6C+ monocytes were absent in the Ly6C FMO (C). Percentages indicate percent of parent.

Figure 5: Representative data for mononuclear phagocytes between unlasered and lasered mice both with and without systemic perfusion. MHCII- (A), CD11c- (B), and CD11c+ (C) macrophage counts were all increased with laser. No changes were detected between unlasered and lasered microglia (D) or monocytes (E). Dendritic cells (DC) were also increased with laser (F). Brown Forcythe and Welch ANOVA with Dunnett’s T3 multiple comparison test was used to define statistical differences due to unequal variances between groups.

DISCUSSION: 
Multi-parameter flow cytometry allows for the quantitative analysis of multiple cell types in a complex tissue. In this report, we describe the flow cytometric detection of mononuclear phagocyte populations, including monocytes, dendritic cells, and macrophage subsets, after laser injury in the mouse eye. Liyanage et al recently reported a similar gating strategy to detect neutrophils, eosinophils, lymphocytes, DCs, macrophages, infiltrating macrophages, and monocytes27. Our gating strategy primarily differs by the addition of CD64. Liyanage et al identifies DC as CD4-CD8-B220-CD11b+CD11c+ cells, and macrophages as CD4-CD8-B220-CD11b+CD11c-NK1.1-Ly6G- cells. We identify DC as CD4-CD8-B220-Ly6G-SiglecF-NK1.1-CD11b+CD11c+CD64- cells and macrophages as CD4-CD8-B220-Ly6G-SiglecF-NK1.1-CD11b+CD64+ cells. The use of CD64 to discriminate DC from macrophages is well established6, and this strategy allows us to identify macrophage heterogeneity, including CD11c+ macrophages. The major limitation of this method is that it does not provide data on tissue architecture or the location of specific cells within the eye. In order to determine whether these cells are in the retina, choroid, iris, or another ocular structure, our protocol can be combined with histological methods or modified to include more extensive ophthalmic dissection to individually run multi-parameter flow cytometry on each ocular subcompartment. 

We have optimized the protocol for digestion of whole mouse eyes to prevent any variance created by dissection. For example, dissection of posterior eye cups with removal of cornea, iris, and lens could create variability from retained iris or corneal material (under-dissection) or increased laser injury to normal posterior eye cup area (over-dissection). Our comparison between control unlasered and lasered eyes detects the infiltration of mononuclear phagocytes because of retinochoridal injury. For the analysis of the effects of systemic diseases upon the eye, i.e. uveitis and diabetes, individual ocular subcompartment analysis is essential. The method of digestion, in section 2 of the protocol, is the most critical, while other steps in sections 3 - 5 have been used successfully on multiple tissue types24. We arrived at our digestion conditions through an iterative method that involved: (1) testing of chemical digestion method (Collagenase D vs digestion enzyme), (2) determination of length of chemical digestion (30, 60, and 90 minutes), and (3) addition of mechanical digestion (none, once, twice, three times). At each step we judged the success of the digestion conditions by cell viability and number of CD45HiCD64+ (infiltrating macrophages) cells. We found that digestion enzyme (see Supplementary Table of Materials) recovered more live cells than Collagenase D and attempting half of the digestion enzyme concentration resulted in fewer infiltrating macrophages. Next, 60 minutes of chemical digestion with mechanical digestion nearly doubled the infiltrating macrophage populations. Three mechanical digestions were optimal with 25-30% live cells of singlets and the most infiltrating macrophage populations. Finally, faster mechanical digestion conditions caused severe loss of both live cells and macrophages.

In the future, we propose extending the method by removing the cornea, iris, and lens followed by separately digesting the retina and the posterior eye cup (sclera, choroid and retinal pigmented epithelium). With this modification, we expect to reduce the digestion conditions because of the proteinaceous and dense characteristics of the lens and cornea respectively. These reductions could include reduced digestion enzyme concentration, switching to Collagenase, decreased time of digestion, or diminished amount of mechanical digestion. We expect overall reduced digestion conditions for the posterior eye cup, and further diminished digestion conditions for retina alone.

Additional future directions include the expansion of our conventional multi-parameter flow cytometry panel to a conventional 6 laser instrument or spectral flow cytometry. Spectral flow cytometry allows for fluorophore detection across the entire spectrum, rather than determined by the available filters. Spectral flow cytometry results in more specific color detection. However, spectral flow cytometry requires an entirely new set of considerations to be followed and is beyond the scope of this manuscript. For more details, please see this recent JoVE article28. The 6 laser instruments include an ultraviolet laser, which adds 6-9 detectors. When adding markers to a mouse eye flow cytometry panel, we recommend detection of more ocular cell types. For example, the Lineage gate could be separated to detect neutrophils, eosinophils, mast cells, NK cells, and lymphocytes independently. It is not recommended to increase the subset detection of mononuclear phagocytes because of the small number of macrophages at steady state. When adding new antibodies, we suggest careful antibody titration. 

In summary, we have presented an adaptable, robust method for the detection of mononuclear phagocyte populations in the mouse eye. Due to the highly overlapping cell surface markers of monocytes, dendritic cells, macrophages, and microglia, multi-parameter flow cytometry is the best method to detect these cellular populations. Flow cytometry can be used for analysis of cell types, fate mapping, and/or cell sorting for transcriptomic or proteomic evaluation. Its major limitation is lack of tissue architecture, and key findings can be confirmed using traditional histology. 
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