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Abstract

Monocytes are circulating cells imperative to the response against pathogens. Upon infection, they 

are quickly recruited to the affected tissue where they can differentiate into specialized phagocytes 

and antigen-presenting cells. Additionally, monocytes play a vital role in chronic inflammation, 

where they can promote and enhance inflammation or induce its resolution. There are two major 

subsets of monocytes, “inflammatory” and “nonclassical,” which are believed to have distinct 

functions. In atherosclerosis, both types of monocytes are constantly recruited to lesions, where 

they contribute to plaque formation and atherosclerosis progression. Surprisingly, these cells can 

also be recruited to lesions and promote resolution of atherosclerosis. Tracking these cells in 

various disease stages may inform about the dynamic changes occurring in the inflamed and 

resolving tissues. In this chapter we will discuss methods for differential labeling of the two 

monocyte subsets in order to examine their dynamics in inflammation.
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1 Introduction

The discovery of phagocytes is mainly attributed to Ilya Metchnikoff, who received the 

Nobel Prize in 1908 for his findings. Metchnikoff discovered that a subtype of white blood 

cells that were recruited to sites of inflammation was able to engulf foreign bodies in starfish 

larva. The main observation was that these cells, which were termed “phagocytes,” mediate 

bacterial clearance through their capabilities to surround and kill other cells [1, 2].

Monocytes are a subset of phagocytes, which are released from bone marrow and 

extramedulla sites of hematopoiesis, patrol the blood, and can be rapidly recruited to sites of 

inflammation, such as infection or tissue damage. In tissues, monocytes may differentiate 

into macrophages and dendritic cells [3, 4]. All of the above mentioned cell types participate 
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in diverse functions, including pathogen clearance, wound healing, removal of dead cells, 

and recruitment and activation of adaptive immune cells.

In the blood of mice and humans, monocytes represent 4–10% of the leukocytes and can be 

distinguished from other blood leukocytes through their expression of CD115 (CSF-1R) [5]. 

Classically, monocytes are divided into two major subsets, which have been described in 

multiple species and have distinct characteristics. In mice, classical monocytes are defined as 

CCR2+CX3CR1+Ly6chi and are commonly referred to as “inflammatorymonocytes,” 

whereas nonclassical monocytes are CCR2−CX3CR1++CCR5+Ly6clo [6]. In humans, the 

equivalent subpopulations are CD14++CD16− and CD14+CD16+, respectively [7].

The crucial roles of monocytes and monocyte-derived cells in homeostasis and inflammation 

prompted the interest in understanding their trafficking in vivo. Early studies used the 

intravenous injection of India ink, which was believed to be taken up primarily by 

monocytes. With that technique Ebert and Florey reported the recruitment of monocytes to 

sites of injury and their differentiation into macrophages in rabbit ears [8]. It was later 

shown that monocytes can be labeled with 3H-thymidine, a radioactive nucleotide that 

incorporates into newly synthesized DNA. In their kinetic studies, van Furth and Cohn 

demonstrated that 60–80% of blood monocytes can be radioactively labeled after either one 

intravenous or four intramuscular injections of 3H-thymidine in mice [9], with slightly 

different labeling kinetics; intravenous administration resulted in a peak of labeled blood 

monocytes after 48 h, whereas with intramuscular injections, labeling in the blood peaked 60 

h postinjection.

Radiolabeling was also performed on leukocytes ex vivo, after which the cells were 

introduced back to the model animals. In one such study, labeled cells were introduced back 

into pigeons, to examine the origin of cells in the atherosclerotic plaque [10]. This study 

showed that most of the cells in early lesions are of monocyte/macrophage origin, whereas 

mature lesions are more complex and contain smooth muscle cells, extracellular matrix, and 

adaptive immune cells. Adoptive transfer of cells was also performed later without the need 

for radiolabeling but with the use of genetic differences between the transferred cells and the 

recipient animal [11]. For instance, monocytes of male mice were transferred to female 

recipients in order to quantify the recruitment of monocytes to atherosclerotic lesions using a 

polymerase chain reaction (PCR) to the Y-chromosome gene sry. In the past three decades, 

many other genetic-based models have been introduced to track leukocytes and monocytes 

in particular. The use of the congenic pan-leukocyte markers CD45.1 and CD45.2 enabled 

the tracking of adoptively transferred hematopoietic cells in the recipient mouse using PCR 

or flow cytometry [12].

An important advance in the field was the generation of mice that allow fluorescent tagging 

of monocytic populations, such as the CX3CR1-GFP [13] and the CCR2-RFP [14] mice. 

The CX3CR1-GFP mouse is widely used and enables the tracking of all cells that express 

CX3CR1, among them monocytes. However, since CX3CR1 is frequently downregulated in 

monocytes that are differentiating into macrophages, another reporter mouse was recently 

described: the CD68-GFP mouse [15]. Additionally, a CX3CR1 fate-mapping mouse was 
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generated, enabling the constitutive and, in a later development, conditional labeling of cells 

that had expressed CX3CR1 at any given time [16].

To research the trafficking of specific monocyte populations without the need for genetic 

manipulations or cell transfer, researchers have taken advantage of the innate properties of 

these cells to take up a wide variety of easily-labeled substances. One approach to 

fluorescently label phagocytes is via the administration of liposomes containing fluorescent 

dyes, such as DiI [17, 18]. Liposomes are bilayered phospholipid spheres that are 

phagocytosed by specialized cells, such as macrophages, dendritic cells, and monocytes. 

Encapsulation of a fluorescent dye in liposomes results in the fluorescent labeling of its 

ingesting cell, thus preferentially marking phagocytes.

The same cellular property is also utilized for the specific depletion of phagocytes, using 

liposomes loaded with clodronate [19], since phagocytes that ingest the clodronate-

liposomes undergo apoptosis. Specifically, monocytes are eliminated from the circulation 

with maximal depletion at 18 h post intravenous injection of clodronate-liposomes. 

Following clodronate-liposome treatment, Ly6Chi cells begin to reappear in the blood after 2 

days, while Ly6Clo monocytes reappear only after 7 days [17]. Sunderkötter and colleagues 

depleted all monocyte subsets with clodronate-liposomes and reinjected the mice with DiI-

liposomes after 2 days, to preferentially label the newly formed Ly6Chi cells. With this 

method they have showed that Ly6Chi monocytes can differentiate into Ly6Clo cells.

We and others have used fluorescent latex bead injection following monocyte depletion with 

clodronate-liposomes to mark circulating monocytes [6, 20]. Interestingly, administration of 

these inert latex beads without prior depletion of circulating monocytes results in differential 

labeling of Ly6Clo monocytes [21]. Hence, depending on the time point after clodronate 

depletion of monocytes, the fluorescent beads will label preferentially Ly6Chi or Ly6Clo 

monocyte subsets, and we and others have applied these protocols to track monocyte entry 

and the subsequent fate of monocyte-derived cells in atherosclerotic plaques [6, 22, 23] (Fig. 

1a and 1b).

Differential labeling of Ly6chi monocytes can also be achieved by an approach that does not 

require clodronate treatment. Since their progenitors in the bone marrow are highly 

proliferative, this enables their labeling by compounds that intercalate into newly 

synthesized DNA, such as EdU or BrdU [24, 25] (Fig. 1c). Beginning at 6 h following BrdU 

treatment, labeled Ly6chi monocytes appear in the circulation and plateau at peak labeling 

12–24 h posttreatment [25]. It should be noted that traditionally EdU and BrdU have been 

used to mark proliferating cells in tissues, highlighting the importance of the choice of the 

time point for analysis after injection of these nucleotide mimics. For example, if 

observations of macrophages in peripheral tissues, such as atherosclerotic plaques, are made 

within 6 h of injection, positively labeled macrophages will likely be the result of 

proliferation in situ. On the other hand, if the time point is later, positive cells in tissues will 

be the combination of newly recruited cells (with EdU or BrdU incorporation occurring in 

bone marrow precursors) and local proliferation. As noted in the laboratory procedures 

below, fortunately, it is relatively easy to determine if the observed labeling was from 
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recruitment of circulating monocytes or from the proliferation of monocyte-derived cells in 

the tissue.

This chapter will discuss methods of monocyte labeling and subsequent cell tracking (entry 

into and disappearance from) atherosclerotic plaques, focusing on results we have published 

(e.g., [20, 23, 26]). Specifically, techniques of labeling Ly6chi or Ly6clo monocytes distinctly 

and the subsequent disappearance of macrophages derived from these cells (taken to indicate 

cell exit from plaques) will be presented. An illustration of the value of these methods is our 

recent demonstration that resolution of atherosclerosis, a process referred to often as 

regression, requires the recruitment of Ly6chi monocytes in a CCR2-dependent manner [22]. 

These studies employed one of the protocols described below for the dual labeling of 

circulating monocytes at different time points with latex beads and EdU in order to 

differentiate between monocyte recruitment into and macrophage disappearance from 

plaques after the resolution of atherosclerosis was induced [23].

The ability to track monocytes and cells derived from them has provided major insights into 

the study of the innate immune system in various contexts such as inflammatory diseases, 

including atherosclerosis, and the homeostatic regulation of tissue macrophages. The 

protocols described are relatively easy to implement, and we expect continued progress in 

their application by refinements in existing approaches as well as by the development of new 

ones.

Using the approach described herein, the EdU will label monocytes that will enter the plaque 

during the progression of the disease (Fig. 1a). This method allows the quantification of the 

EdU+ cell abundance in plaques, after which one can compare between baseline plaques 

(plaques not exposed to resolving conditions) and plaques that underwent atherosclerosis 

resolution. This comparison will indicate whether monocytes and cells derived from 

circulating monocytes (such as macrophages and dendritic cells) that were recruited during 

the progression phase had disappeared from the plaque during the resolution phase, as well 

as to quantitatively estimate the changes. Furthermore, with this method, because of when 

they are administered, fluorescent beads will label monocytes that are newly recruited to the 

plaque only in the phase of atherosclerosis resolution, which we know continues to occur 

even under conditions favorable to resolve plaques [27]. Importantly, alterations in the time 

of EdU or bead injection should be carefully considered, as discussed in the Introduction. 

For example, EdU injection <6 h before harvesting the mice will result in labeling of locally 

proliferating cells, rather than recruited monocytes, since labeled monocytes begin to appear 

in the blood 6 h after treatment [25]. Additional time would be required for the cells to 

circulate and extravagate to the affected tissue.

Though we are illustrating monocyte/macrophage trafficking methods in atherosclerosis, 

these methods may be applied to other inflammatory diseases such as arthritis and obesity, 

as well as to more general aspects of tissue macrophage homeostasis.

2 Materials

1. Clodronate-liposomes (see Note 2).
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2. Insulin syringe, either 0.5 mL or 1 mL.

3. Sterile phosphate-buffered saline (PBS) 1×.

4. Fluoresbrite® YG Microspheres 1.00 μm.

5. Heparin-coated capillary tubes.

6. 1.5 mL tubes.

7. Red blood cell lysis buffer.

8. 0.5 M EDTA pH 8.0.

9. Hank’s Balanced Salt Solution (HBSS) 10×.

10. Bovine serum albumin (BSA).

11. FACS buffer: 1× HBSS, 1% BSA, 0.2% 0.5 M EDTA pH 8.0.

12. PE/Cy7 anti-mouse CD45 antibody.

13. PE anti-mouse CD115 (CSF-1R) antibody.

14. FITC anti-mouse CD115 (CSF-1R) antibody.

15. APC anti-mouse Ly6c antibody.

16. EdU (5-ethynyl-2-deoxyuridine).

17. Click-iT™ Plus EdU Pacific Blue™ Flow Cytometry Assay Kit.

18. Click-iT Plus EdU staining solution: 87.5 μL PBS, 9 μL water, 1 μL 10× buffer 

additive, 2 μL CuSO4, 0.5 μL Pb azide.

19. Frozen section (see Note 3).

20. Poly-L-lysine-coated slides.

21. Slide holder.

22. Slide staining dish.

23. Click-iT™ Imaging Kit.

24. V2% paraformaldehyde in PBS.

25. 4% paraformaldehyde in PBS.

26. EdU staining mix: 215 μL 1× reaction buffer, 10 μL CuSO4, 0.6 μL Alexa Fluor 

azide, 25 μL buffer additive.

27. Triton X-100.

28. DAPI diluted 1:10,000 in PBS.

29. ProLong Gold Antifade Reagent.

2.For labeling of Ly6chi monocytes, use this protocol; however, for labeling of Ly6clo monocytes, start the protocol from step 3.
3.When harvesting, place the aortic root or arch in molds containing OCT, perpendicular to the mold base, and quickly freeze by 
placing over dry ice. Using a cryostat, generate 6 μm slices, and place them on poly-l-lysine-coated slides.
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30. Coverslips.

31. Fluorescent microscope with capabilities of excitation at 441 nm emission and at 

485 nm.

32. Confocal microscope with capabilities of excitation at 651 nm emission and at 

667 nm.

3 Methods

3.1 Labeling Monocytes with Latex Beads (See Note 2)

1. Anesthetize a mouse with isoflurane.

2. Inject 250 μL of clodronate-liposomes intravenously.

3. Eighteen hours later, prepare fluorescent beads by diluting them 1:4 with PBS, 

under sterile conditions.

4. Anesthetize the mouse with isoflurane.

5. Inject 200 μL of the diluted beads retro-orbitally with an insulin syringe.

3.2 Measuring Latex Bead Incorporation in Blood Monocytes (See Note 4)

1. Twenty-four hours post-latex bead injection, harvest 50–80 μL of blood by tail-

tipping using heparin-coated capillary tubes.

2. Collect the blood into a 1.5 mL tube containing 10 μL of 0.5 M EDTA pH 8.0.

3. Throughout the experiment keep cells on ice, in the dark.

4. Add 1.2 mL of 1× red blood cell lysis buffer. Incubate for 15 min.

5. While incubating, take 30 μL from each sample, and mix them in a new tube. 

These cells would be used for unstained and single-stained controls.

6. Spin down cells at 600 × g for 5 min.

7. Discard supernatant and resuspend in 1 mL FACS buffer. Dislodge the pellets 

after every wash, by gently pipetting.

8. Repeat steps 6 and 7 twice.

9. Divide the control cells into four: one unstained control and three for single 

antibodies.

10. Make antibody mix; dilute CD45-PE/Cy7, Ly6C-APC, and CD115-PE 1:100 in 

FACS buffer.

11. Add 100 μL of the antibody mix to each sample.

12. Incubate for 30 min.

4.It is crucial to measure the incorporation of beads and EdU in blood monocytes, since there can be significant mouse-to-mouse 
variations. The percentage of monocytes that had incorporated these materials would be used as a normalization factor for each mouse 
individually (details in Subheading 3.3).
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13. Wash cells with 1.2 mL FACS buffer.

14. Spin down cells at 600 × g for 5 min.

15. Discard supernatant and transfer cells to FACS tubes.

16. Analyze single cells by flow cytometry (see Note 5).

3.3 Counting Latex Beads and Normalizing to Blood Monocyte Incorporation

1. After generating frozen sections [28], count beads in plaques using a fluorescent 

microscope (see Notes 6 and 7 and Fig. 2).

2. Use the following equation to calculate the corrected bead per section:

Corrected beads per section = Counted beads per section × 100
%Bead positive monocytes

3.4 Labeling Ly6chi Monocytes with EdU and Measuring Incorporation in Blood 
Monocytes (See Notes 8 and 9)

1. Inject 250 μL of 1× EdU intraperitoneally.

2. Twenty-four hours post-EdU injection, harvest 50–80 μL of blood by tail-tipping 

using heparin-coated capillary tubes.

3. Proceed protocol as in Subheading 3.2 steps 3–8.

4. Divide the control cells into five: one unstained control, three for single 

antibodies, and one for EdU only control (see Note 10).

5. Add 100 μL Click-iT® fixative or 2% paraformaldehyde. Incubate for 15 min at 

room temperature.

6. Wash twice by adding 1 mL FACS buffer, gently pipette up and down, and 

centrifuge at 600 × g for 5 min. Discard the supernatant.

7. Add 100 μL perm/wash reagent. Incubate 15 min on ice.

8. Centrifuge at 1000 × g for 5 min. All centrifugation steps from here onward are 

at 1000 × g.

9. Prepare the EdU staining solution (see Note 11).

5.Be mindful that the beads are extremely bright and may leak into other channels. For the flow cytometry analysis, we typically use 
the BD Bioscience LSRII cytometer.
6.No additional steps are required for bead visualization. It is recommended to count the beads before staining the slides for 
morphometric analysis.
7.For bead counting use the GFP/FITC channel of a fluorescent microscope. We typically use the Leica DM4000B microscope.
8.Labeling with BrdU instead of EdU will produce similar results; however, staining protocols for BrdU are more complicated, and 
thus we tend to use EdU.
9.Since EdU and BrdU label proliferating cells, an analysis of dividing cells in the target tissue is required (such as Ki67 staining), to 
confirm that EdU intercalated into recruited monocytes and not to locally proliferating cells. Furthermore, it may also be necessary to 
perform co-localization immune-histochemical studies with cell type-specific antibodies or to use such antibodies in flow cytometric 
analyses after aortic digestion.
10.An additional control is required (fluorescent minus one), since the EdU staining increases the background noise. The ideal control 
is a blood of a mouse that has not been injected with EdU. An alternative control will lack CuSO4—a key component for the 
fluorescent reaction.
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10. Remove all the supernatant carefully with a 200 μL pipette.

11. Add 100 μL of the staining solution, and mix gently by pipetting up and down. 

Incubate for 30 min at room temperature, in the dark.

12. Wash cells twice by adding 1 mL perm/wash reagent and centrifuging for 5 min. 

Discard supernatant.

13. Prepare antibody mix; dilute CD45-PE/Cy7, Ly6C-APC, and CD115-FITC 

1:100 in perm/wash reagent.

14. Add 100 μL of the antibody mix. Incubate on ice, in the dark, for 30 min.

15. Wash with 1 mL FACS buffer, centrifuge for 5 min, and discard the supernatant.

16. Transfer cells to FACS tubes using 150 μL FACS buffer.

17. Analyze single cells using flow cytometry.

3.5 EdU Staining in Plaques

1. Generate frozen sections [28].

2. Thaw frozen sections at room temperature for 5 min. All incubation steps are 

performed at room temperature.

3. Fix with 4% paraformaldehyde solution for 1 h.

4. Wash slides twice, by placing the slide holder apparatus in a bath containing 3% 

BSA in PBS. All washing steps are performed using 3% BSA in PBS for 5 min.

5. Permeabilize with 0.5% Triton X-100 diluted in PBS for 1 h.

6. Wash slides twice.

7. Prepare EdU staining mix.

8. Cover the sections with 250 μL EdU staining mix, and incubate for 1 h, protected 

from light.

9. Wash slides with PBS for 5 min.

10. Incubate with 5 μg/mL DAPI for 5 min.

11. Wash slides twice with PBS for 5 min.

12. Put 1 drop of ProLong Gold Antifade Reagent in the middle of the slide, and 

place a coverslip on the slide.

13. Visualize the tissue using a confocal microscope.

14. Count Alexa Fluor 647 positive cells (Fig. 2, Note 12).

15. Normalize the counted events to the EdU incorporation in blood monocytes, 

using the equation in Subheading 3.3 step 2.

11.Prepare the EdU reaction mix not more than 15 min before use, and add its component in the mentioned order.
12.For EdU-positive cell counting, use the 647 channel of a confocal microscope. We typically use the Leica TCS SP5 microscope.
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Fig. 1. 
Detection of beads and EdU in atherosclerotic plaques. (a) Suggested labeling timing with 

EdU and beads for examining monocyte trafficking during the resolution of atherosclerosis 

(modified from ref. 23). EdU is injected 4–5 days prior to the induction of resolution, to 

mark cells recruited during plaque formation. Comparing the abundance of EdU-positive 

cells between baseline and the resolution group will characterize the subset of monocytes 

that are leaving the plaque. Beads are injected 2–3 days prior to harvest, to label monocytes 

that are newly recruited specifically during lesion resolution. (b, c) Frozen sections of aortic 

arches were imaged in the (b) 488 channel to visualize latex beads or in the (c) 647 channel 

to visualize EdU (see Note 1)

1.As noted in the Introduction, using the labeling method with the fluorescent latex beads and EdU at different time points, it is 
possible to investigate the recruitment versus disappearance of monocyte-derived cells during the resolution of atherosclerosis [23]. 
This can be achieved by injecting mice with EdU 3–5 days before the resolution of atherosclerosis is induced [29–31] and injection of 
beads 1–3 days before mice in a resolving environment (e.g., after lowering of plasma lipids) are harvested. An example of an 
experimental design to implement this approach is summarized in a figure modified from our recent paper [23] and reproduced in Fig. 
1a.
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Fig. 2. 
Differential labeling of Ly6Chi and Ly6Clo monocytes with EdU and fluorescent beads, 

respectively. Flow cytometry plots of blood cells harvested from mice injected either with 

fluorescent beads or EdU 24 h prior to measurement. Ly6Chi (red) and Ly6Clo (blue) were 

gated from all CD45+ cells and analyzed for beads and EdU incorporation
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