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Abstract

Microglia are the tissue resident macrophages of the central nervous system (CNS) and they perform a variety of functions that support CNS
homeostasis, including phagocytosis of damaged synapses or cells, debris, and/or invading pathogens. Impaired phagocytic function has been
implicated in the pathogenesis of diseases such as Alzheimer's and age-related macular degeneration, where amyloid-β plaque and drusen
accumulate, respectively. Despite its importance, microglial phagocytosis has been challenging to assess in vivo. Here, we describe a simple, yet
robust, technique for precisely monitoring and quantifying the in vivo phagocytic potential of retinal microglia. Previous methods have relied on
immunohistochemical staining and imaging techniques. Our method uses flow cytometry to measure microglial uptake of fluorescently labeled
particles after intravitreal delivery to the eye in live rodents. This method replaces conventional practices that involve laborious tissue sectioning,
immunostaining, and imaging, allowing for more precise quantification of microglia phagocytic function in just under six hours. This procedure
can also be adapted to test how various compounds alter microglial phagocytosis in physiological settings. While this technique was developed
in the eye, its use is not limited to vision research.

Video Link

The video component of this article can be found at https://www.jove.com/video/54677/

Introduction

The overall goal of this method is to accurately assess and quantify in vivo microglial phagocytosis. Microglia are the tissue resident
macrophages of the central nervous system (CNS). They perform a variety of functions to ensure maintenance of tissue homeostasis. These
include immune surveillance, secretion of neurotrophic factors and, of pivotal importance, phagocytosis1. Microglial phagocytosis is key in
several important events during development of the brain and retina, such as phagocytosis of irrelevant synapses (synaptic pruning) and removal
of apoptotic neurons2-4. Furthermore, microglial phagocytosis of damaged or apoptotic neurons, cellular debris, and invading microbes has
been shown to be essential for maintaining CNS homeostasis through adulthood5. Finally, microglial phagocytosis has been implicated in the
pathogenesis of several neurodegenerative diseases, including Alzheimer's disease and age-related macular degeneration, where it has been
suggested that defective or insufficient phagocytic capacity may contribute to the build-up of amyloid-β (Aβ) plaques and drusen, respectively6,7.

Microglial function is tightly regulated by their microenvironment, notably by soluble factors such as tumor-growth factor β or cell-cell interactions.
Neurons constitutively express several cell surface ligands, such as CD200 and CX3CL1, while microglia exclusively express the respective
receptors CD200R and CX3CR1. These receptors contain immunoreceptor tyrosine-based inhibition motifs (ITIMs) in their intracellular portion.
These inhibitor receptors are critical for preventing the over-stimulation of microglia, which can contribute to neuroinflammation. Thus, under
normal physiological conditions, cell-cell interactions between neurons and microglia keep microglia in a quiescent state. During tissue injury,
however, neurons can down-regulate expression of these ligands, removing their inhibitory effect on microglia activation. Microglial function
(including phagocytosis) is thus tightly linked to their microenvironment8. Nevertheless, to date, there are no standardized assays to study
microglia phagocytosis in a physiological context or in a way that fully replicates their CNS microenvironment.

Several assays have been developed to measure phagocytic activity of microglia in vitro, where primary microglia or microglia cell lines are
cultured with target cells (e.g., apoptotic neurons) or fluorescently labeled beads. Target uptake is then assessed using fluorescent imaging
microscopy or flow cytometry9-12. These assays allow testing of how pharmacological or genetic manipulation may affect microglial phagocytosis
and, while informative, fail to fully replicate the complex in vivo environment. Indirect methods for examining microglial phagocytosis in vivo
have been reported: these are accomplished by staining of molecules thought to be involved in phagocytosis (e.g., CD68), assessing physical
proximity of microglia and targets for phagocytosis (e.g., compromised neurons or synaptic elements), or by immunohistochemical detection
of phagocytic targets within microglial cells (e.g., Aβ)13-17. Two studies have used more direct approaches to assess microglia phagocytosis
in vivo. Hughes and colleagues have used imaging techniques to measure microglial uptake of beads delivered via the intracranial route18.
Sierra et al. developed a refined method to quantitatively assess microglia phagocytosis of apoptotic cells using complex imaging techniques4.
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However, these methods involve complicated protocols for tissue preparation, sectioning, imaging, and analysis. We have previously used flow
cytometric analysis to assess phagocytosis of photoreceptor outer segments by retinal pigmented epithelium (RPE) cells in culture19. Here, we
describe a protocol to rapidly assess uptake of fluorescently labeled particles by retinal microglia as a quantitative measure of in vivo microglia
phagocytosis.

The protocol we describe here allows for reliable and quantitative measurement of retinal microglial phagocytosis in just under six hours in
three critical steps: (1) intravitreal delivery of fluorescently labeled particles, (2) harvest and preparation of retinal tissue, and (3) flow cytometric
analysis. The method we have developed is a robust method to assess microglial phagocytosis in the retina, and it can be successfully used to
test how various compounds or genetic manipulation alter this key microglial function in physiological settings. As a specialized area of the CNS,
the retina is an easily accessible model system to study microglia function20. While this method was developed in the eye, we believe it can be
useful for all neuroscientists investigating microglia phagocytic function.

Protocol

All animals were treated in accordance with the ethical guidelines established by the Scripps Research Institute.

1. Preparation of Materials for Injection

1. Sterilize a 33 G needle and syringe: disassemble and autoclave at 115  οC. Prepare needles for injection by rising in sterile phosphate
buffered saline (PBS).

2. Thaw fluorescently labeled particles at room temperature for 5 - 10 min. Prepare particle solution for injection by reconstituting to a 50 mg/ml
solution in sterile PBS with Ca2+/Mg2+.
 

NOTE: AF488-labeled particles of fungal origin that have been validated for phagocytosis assays are used in this protocol21-23. For optimal
uptake, prepare particles fresh and immediately before injection.
 

Note 2: Particle concentrations may be optimized for each specific experiment.

2. Intravitreal Injection of Bead Solution

NOTE: Two people are required to perform the injection, in a way such that the person performing the injection can hold the mouse and maintain
the focus on the eyeball, while the other person passes the loaded syringe and pushes the plunger.

1. Anaesthetize the rodent by intraperitoneal injection of 100 mg/ml ketamine and 10 mg/ml xylazine at a dose of 20 µl/10 g of body weight.
Before injection, use toe pinch to assess level of anesthesia.
 

NOTE: Isoflurane has a profound effect on myeloid cell function, thus, its use throughout this assay should be avoided24,25.
2. Load needle with 0.5 µl of fluorescently labeled particle solution.
3. Lay the mouse sideways under a surgical microscope (Figure 1A-B). Use a soft material, e.g., a gel pack, for better positioning of the mouse.

For young mice in which the eyes are not yet open, gently open the eyelids with the help of fine 45o angled forceps by creating a fissure along
the slit from which the eyelids will eventually open.

1. With the help of fine 45o angled forceps carefully apply pressure around the eyelid, so that the eyeball pops slightly out of the socket.
Hold the head with two fingers just above the ear and by its jaw and gently stretch the skin in parallel to the eyelids to keep the eye
slightly out of the socket. Be careful not to grasp too close to the throat (Figure 1B).

4. To puncture the eyeball, insert the syringe's needle in the corneal limbus (where the cornea and sclera connect). This is visible as a gray
circle in pigmented mice. Retract the needle slightly to expel a small volume of vitreous fluid and then inject. The person performing the
injection should gently hold the mouse with one hand and the needle with the other; the second person should slowly push the plunger.

5. Retract the syringe slowly. Apply eye moisturizing drops to keep the eye hydrated.
6. Let the rodent recover in a cage over a heat pad and continue to monitor the animal. If working with pups, do not return the animal to a cage

with other alert animals until it is breathing and capable of spontaneous movement. If working with adults, do not return the rodent to a cage
with other alert animals until it regains sternal recumbence.

3. Harvesting of Retinal Tissue

NOTE: Retinal tissue from eyes not injected with fluorescently labeled particles should be collected as a control for flow cytometric analysis. Though
the assay can be performed using a single retina, for best performance, two retinas should be pooled together.

1. Collect retinal tissue 3 hr after intravitreal injection of fluorescently labeled particles.
 

NOTE: While time after injection of the particle solution may be optimized for each specific experiment, we found that 3 hr after injection,
particle uptake could be seen throughout most layers of the retina (Figure 1C-D).

2. Sacrifice mice by cervical dislocation.
3. Collect the eyeballs by gently pressing against the eyelid with the help of fine 45o angled forceps to proptose the eyeball. Position the forceps

behind the eyeball and pull.
4. Dissect the retina under a dissecting microscope. Transfer the eyeball to a Petri dish containing a small amount of PBS with Ca2+/Mg2+. In a

dry area of the Petri dish, perforate the eyeball in the corneal limbus with the tip of superfine forceps.
5. Hold the eyeball with the help of fine 45o angled forceps and use spring scissors to cut around the corneal limbus, until roughly half of the

corneal limbus circumference is cut.
6. Hold the eyeball with the fine 45o angled forceps and bring the eyeball into PBS. With a second pair of fine 45o angled forceps tear the cornea

and sclera apart. The lens and retina will come out intact.
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7. Separate the lens and retina. Collect the retina and transfer to a 5.4 ml polystyrene test tube containing 2 ml of PBS with Ca2+/Mg2+.

4. Preparing a Single Cell Suspension

1. Prepare single cell suspensions using a neuronal tissue dissociation kit with minor modifications to the manufacturer's instructions. Briefly,
triturate retinas by pipetting up and down with a P1000 pipette and performing an enzymatic digestion at 37 oC without shaking.

5. Staining Single Cell Suspensions for Flow Cytometric Analysis

1. Resuspend cells in 200 µl of staining buffer (Dulbecco's phosphate-buffered saline with 0.2% bovine serum albumin (BSA) and 0.09% sodium
azide) and transfer to a U-bottom 96-well plate. Centrifuge for 5 min at 130 x g.
 

NOTE: Sodium azide is harmful to humans and the environment. Use appropriate personal protective equipment and discard waste in
accordance with local regulations.

2. Invert the plate over a sink to discard supernatant. To block Fc receptors, resuspend cells in 25 µl of stain buffer containing 5 µg/ml of anti-
mouse CD16/CD32 antibody per well. Incubate for 5 min at room temperature.

3. Add 25 µl of staining buffer containing 0.5 µg/ml of anti-mouse Ly6C-APC-Cy7, 0.5 µg/ml of anti-mouse Ly6G-Pe-Cy7 and 2.5 µg/ml of anti-
mouse CD11b-AF650. Incubate for 15 min at room temperature in the dark.

4. Centrifuge for 5 min at 130 x g. Invert the plate to discard supernatant. Wash by resuspending cells in 200 µl of staining buffer.
5. Centrifuge for 5 min at 130 x g. Resuspend in 200 µl of stain buffer containing 0.5 µg/ml of propidium iodide (PI). Transfer to 1.2 ml microtiter

tubes.
6. Wash wells with an additional 100 µl of staining buffer containing 0.5 µg/ml of PI and pool with the previous 200 µl in the 1.2 ml microtiter

tubes. A total volume of 300 µl of stained cells is obtained.

6. Flow Cytometric Analysis

1. Using a conventional three laser (violet, blue, and red laser), avoid PE, PerCP-Cy5.5, BV510, and PI dyes due to significant spillover from the
extremely bright fluorescent AF488-particles. Use a fourth (yellow) laser to optimize this assay, as it allows for a PE-labeled antibodies and PI
(in the mCherry channel instead of the PerCP-Cy5.5 channel) to be used (Figure 2).
 

NOTE: If a yellow laser is not available, use a dead cell exclusion dye in another channel.
2. Gate on PI negative cells (PI-) to exclude dead cells (Figure 2B).
3. After excluding dead cells, gate on CD11b positive cells (CD11b+), this will include all myeloid cells (Figure 2C).
4. Within the CD11b+ population, gate on Ly6C-/Ly6G- to exclude neutrophils (CD11b+/Ly6G+) and monocytes (CD11b+/Ly6C+; Figure 2D).

After gating on microglia (here defined as CD11b+/Ly6C-/Ly6G- for simplicity), two clear populations should be visible; one negative and one
positive for the fluorescently labeled particles. Phagocytic cells will have taken up particles and are therefore AF488+ (Figure 2E).
 

NOTE: Ly6C positive or Ly6G positive populations can also be analyzed to measure particle uptake using this staining approach. The
percentage of phagocytic CD11b+ cells correlates well with the percentage of phagocytic microglia (Figure 2F). For researchers without flow
cytometry experience, a simpler analysis with CD11b staining alone can be performed, albeit this will include phagocytic neutrophils and
monocytes, as well as microglia. Within this CD11b+/Ly6C-/Ly6G- population, these cells are > 99% microglia as judged by staining with the
markers F4/80 and CX3CR1; these markers can be added but are not necessary in our hands.

Representative Results

Here we describe a method to rapidly and reliably quantify the number of phagocytic retinal microglia in a physiological setting using flow
cytometric analysis (Figure 2). This method can be adapted to test the effect of compounds and/or genetic manipulation on the phagocytic
capacity of microglia (Figures 3A, 3B). It can also be used in young (10 - 20 days postnatal) or adult mice (Figure 3C). Varying doses of
lipopolysaccharide (LPS) were administered intraperitoneally. 24 hr after LPS challenge, the protocol described here was used to assess
retinal microglia phagocytic function (Figure 3A). A dose of 1.42 mg/kg of LPS induced a statistically significant increase in the percentage of
phagocytic microglia when compared to vehicle control (Figure 3B), as would be expected26.
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Figure 1: Intravitreal Injection Setup and Representative Retinal Section showing Fluorescently Labeled Particles in Retinal Layers. (A)
A gel pack is positioned under the dissection microscope. (B) A rodent is held as shown to position the eye for intravitreal injection. (C) Three
hours after injection fluorescently labeled particles can be seen throughout most retinal layers. (D,E) CX3CR1GFP/GFP mice and particles labeled
with a red fluorophore were used to visualize particle uptake by microglia. Microglia in the deeper (D) and superficial (E) layers take up particles.
Scale bars - 20 µm. Please click here to view a larger version of this figure.

 

Figure 2: Gating Strategy to Select Phagocytic Microglia. (A) Single cells suspensions from retinal tissue from a p10 mouse are analyzed.
(B) After excluding dead cells (PI+), (C) CD11b+ cells are selected. (D) To select only for microglia, CD11b+ neutrophils (Ly6G+) and monocytes
(Ly6C+) are excluded. (E) Phagocytic microglia will have taken up fluorescently labeled particles. (F) The number of phagocytic CD11b+ cells is
similar to that of microglia (CD11b+Ly6G-Ly6C-). n= 9, pooled from three independent experiments; error bars represent mean ± SEM. Please
click here to view a larger version of this figure.
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Figure 3: Microglia Phagocytic Function can be Assessed after LPS Challenge and in Pups and Adult Mice. (A) Young mice (p10)
were challenged with intraperitoneal LPS at varying doses, 24 hr before assessing phagocytosis. (B) Challenge with 1.42 mg/kg resulted in
a significantly increased percentage of phagocytic retinal microglia when compared to vehicle controls (p= 0.0021). (C) This protocol can be
used to measure retinal microglial phagocytic function in pup and adult mice alike. There is a significantly smaller percentage of phagocytic
microglia in adult mice when compared to young (p10) mice (p= 0.019) not challenged with LPS. n= 9 -12, pooled from three to four independent
experiment; error bars represent mean ± SEM. Please click here to view a larger version of this figure.

Discussion

There are three critical steps in this method: (1) intravitreal injection of fluorescently labeled particles; (2) harvesting and preparation of retinal
tissue; and (3) flow cytometric analysis. We recommend that researchers practice intravitreal injections prior to performing the method we
present here. Albino mice (e.g., BALB/c) and a colored solution (e.g., fluorescently labeled particles) can be used for easy visualization of
the needle and injected solution. Intravitreal injections are challenging and if not performed correctly will lead to biased and variable results.
Common problems associated with poor injection technique are perforation of the lens and/or damage to the retina, which may result in bleeding
and inflammation. To minimize the risk of trauma to the eye, the rodent should be in a stable position with minimal head movement. To penetrate
the eyeball, the syringe should be inserted slowly and not pushed too far to avoid hitting the lens. Another common complication is reflux of
the injected material out of the eye. To avoid this, the plunger should be depressed slowly and, after injection, the eyeball should be allowed to
retract into the eye socket and the syringe should be retracted slowly. The best intravitreal injections activate microglia at low levels, but clear
differences between untreated and treated groups can be measured. It is essential that appropriate controls (e.g., non-challenged mice) are
used in each experiment to establish baseline phagocytic levels. Another aspect of this method that requires practice is the retinal dissection. To
ensure comparable single cell preparations across specimens, retinal tissue must be collected swiftly and with minimal possible tissue disruption.
Performing the last steps of dissection in PBS (see 3.4 - 3.7) will facilitate collection. Finally, it is important to prepare the retinal tissue for flow
cytometry correctly. Activated microglia upregulate Fc receptors and thus nonspecific binding to the Fc portion of antibodies may occur7. An Fc
block must be performed to prevent nonspecific staining. Selection of appropriate fluorophores and compensation set up is also important27.

We routinely use mice aged 10 to 20 postnatal days for these experiments. However, this protocol can also be used to assess microglial
phagocytic function in adult mice (Figure 3C). Of note, due to presence of the hyaloid vasculature, populations of exogenous myeloid cells
(Ly6C+ or Ly6G+) are more prominent in young mice (approximately 40 - 50% of all CD11b+ cells) than in adults (approximately 5% of all CD11b+

cells). Researchers should determine the age most appropriate for their experiments. The protocol presented here allows for robust detection
of the levels of phagocytic microglia in the retina. However, we recommend that three to four biological replicates be used in each experiment
and that at least three independent experiments are performed. While the particles used in this protocol have been validated for phagocytic
assays21-23, if additional validation is required, immunohistochemical co-localization of the particles with specific phagocytic markers could be
performed.

One potential limitation of this method is differential access of microglia to the particles. In the normal retina, microglia reside in two layers,
the deeper outer plexiform layer, and the more superficial inner plexiform layer, which is closer to the vitreous7. Upon stimulation, or during
aging, microglia can migrate throughout all retinal layers. In this method, fluorescently labeled particles are injected into the vitreous. Three
hours after injection this results in particle accumulation throughout the retina and particularly along the vitreal surface. Researchers may further
optimize the concentration of particles or time after injection for their experiments. It is likely that microglia in closer proximity to the vitreous will
have easier access to the particles. Nevertheless, we show that the particles spread across the retina and are taken up by microglia across
all layers but not in retinal pigmented epithelium (RPE) cells, probably due to limited bead access (Figure 1C-E). We have yet to determine
whether subretinal microglia (which can accumulate with age) would gain access to the particles. If this is important to the researcher, this
protocol could be performed after careful subretinal injection of the particles. Another important consideration is that there may be inherently
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different behaviors between retinal microglia and microglia in other regions of the CNS. It is well known that specific brain regions have different
susceptibilities to disease. For example, in Parkinson's disease, neurons in the substantia nigra are mostly affected, while in Alzheimer's
disease, the hippocampal neurons are mostly affected28. Thus, when studying the pathology of a specific disease, brain region is likely to be an
important factor. A similar protocol to the one described here could be performed after intracranial injection to explore potential differences in
the phagocytic response between retinal and brain microglia. The retina has many common features with other regions of the brain, including
the presence of a blood-retina-barrier20. Retina microglia and brain microglia originate from the same yolk-sac progenitors and appear very
similar with regard to morphology and cell-surface marker expression7,29. Furthermore, several brain diseases (e.g., Alzheimer's disease, stroke,
and multiple sclerosis) have ocular manifestations, indicating that the retina is also affected20. While researchers should be aware of potential
regional differences, we believe this is an informative model for all microglia research, and suggest that all neuroscientists studying microglial
phagocytosis could use this protocol.

A distinct advantage to performing this assay in the eye is that multiple techniques have been developed to induce diverse neurogenic stresses
in the retina, and the stress responses can be monitored in vivo and quantified using standardized protocols30. By inducing neurogenic stress
and then performing the assay described here, researchers can analyze microglia function across a broad spectrum of insults that vary in
severity. Finally, when combined with flow cytometry sorting techniques, this protocol has the advantage over immunohistochemistry that it may
allow for in depth analysis of phagocytic microglia (e.g., qPCR, cell-culture, proteomics).

Uptake of particles has previously been used to measure phagocytic function, both in in vitro and in vivo systems. The latter involved intracranial
injection of particles, harvesting and freezing of brain tissue, cryosectioning, immunostaining, imaging and post-imaging analysis18. The protocol
presented here allows for much faster quantification of retinal microglia phagocytic function. It has the advantage over in vitro systems that
the highly sensitive microglia are not removed from their microenvironment, allowing for assessment of phagocytic function in a physiological
context. Specifically, it should enable the testing of how defects in other cell types (e.g., genetic ablation of genes in neurons) affect microglia
phagocytic function. It also has the advantage over previous in vivo assays that it uses flow cytometry, allowing for fast, quantitative, and
accurate detection of phagocytic cell populations.
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