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Abstract

This unit provides protocols for measuring the abundance and growth of macrophage precursors in

agar cultures and the proliferation of isolated mature macrophages in vitro, by either direct cell

counting or by DNA measurement. Methods for the immunohistochemical identification of

macrophages and the determination of their proliferative status in vivo by immunofluorescence are

also included. It also describes methods for characterization of macrophage differentiation through

the immunofluorescence analysis of cell surface expression of CSF-1 receptor.

INTRODUCTION

The first part of this unit provides protocols for measuring the abundance and growth of

macrophage precursors in agar cultures (Basic protocol 1) and the proliferation of isolated

mature macrophages in vitro, by either direct cell counting (Basic protocol 2), or by DNA

measurement (Basic protocol 3). These methods can be applied to macrophage cell lines

(Chitu et al., 2009; Yu et al., 2008), as well as to many primary macrophage populations

including: bronchoalveolar lavage cells, liver Kupffer cells, bone-marrow-derived

macrophages, splenocyte-derived macrophages, as well as peritoneal exudate or resident

peritoneal macrophages (Chen et al., 1979; Chitu et al., 2009; Stanley et al., 1978). In

addition, we describe methods for the immunohistochemical identification of macrophages

(Basic protocol 4) and the determination of microglial growth in vivo by

immunofluorescence (Basic protocol 5).

The second part describes the characterization of macrophage differentiation through the

analysis of the expression of CSF-1 receptor (CSF-1R) (Basic protocol 6). Colony

stimulating factor-1 (CSF-1) is the primary regulator of macrophage differentiation, survival

and proliferation in the mouse (Cecchini et al., 1994; Stanley et al., 1978). The CSF-1

receptor (CSF-1R), encoded by the c-fms proto-oncogene (Sherr et al., 1985), is an excellent

marker of cells of the monocytic lineage (monoblast → promonocyte → monocyte →

macrophage) (Byrne et al., 1981). While it is expressed at low levels on hematopoietic stem

cells (Akashi et al., 2003; Sarrazin et al., 2009) its expression increases ~10 fold at the

earliest stage of commitment to the monocytic lineage (colony forming unit - macrophage

(CFU-M)) and is further upregulated on their adherent progeny (monoblasts → promonocyte
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→ monocyte → macrophage) (Bartelmez et al., 1989; Tushinski et al., 1982). In peripheral

blood, CSF-1R mRNA is found in both granulocytes and monocytes. However, CSF-1R

protein expression is not detected in granulocytes (Sasmono et al., 2007). These data

indicate that the CSF-1R is a good marker of cells of the monocytic lineage. In addition,

measurement of the level of CSF-1R expression is useful, in combination with other cell

surface markers, for the analysis of differentiation along the monocytic lineage. In Basic

Protocol 6 we provide a protocol for the detection of cell surface CSF-1R in bone-marrow-

derived monocytic lineage cells by FACScan. A protocol for the characterization o f

monocytes/macrophages using three-color immunofluorescence was previously published

by Riedy and Stewart (CPI Unit 14.2.8, 1995).

BASIC PROTOCOL 1 DETERMINATION OF MACROPHAGE PRECURSOR

NUMBERS AND GROWTH IN VITRO

This protocol describes an assay designed to measure the abundance of macrophage

progenitors in hematopoietic tissues (e.g. bone marrow, spleen). Tissues are dispersed and

the cells are plated at low density in 0.3% agar over a 1% agar feeder layer containing

CSF-1. Since only the primitive macrophage precursors (CFU-M) generate colonies, the

number of colonies formed is a direct measure of the abundance of macrophage precursors

in the tissue. The diameter of these colonies is indicative of the proliferative capacity and

degree of differentiation of their progenitors.

NOTE: The quantities indicated below are sufficient for plating bone marrow and splenic

samples from 10 mice in triplicate or quadruplicate. They should be adjusted proportionally

for individual experimental needs.

Materials

Mice, 6–10 weeks old

Bacto-Agar (Difco)

α-MEM powder (Gibco)

Human recombinant CSF-1 (Pro-Spec)

1% agar in double-distilled water, bring to boil 3x to sterilize, equilibrate and keep at

41°C to avoid gelling

0.66% agar in double-distilled water, sterilized

1× α-MEM: 6.33g α-MEM powder, 0.21g glutamine, 17.5 g Gentamycin, 1.75g

NaHCO3, double distilled water to 420 ml, filter sterilized.

2× complete α-MEM: 3.165g α-MEM powder, 0.105g glutamine, 8.75 g Gentamycin,

0.875g NaHCO3, double distilled water to 105 ml, filter sterilize, then add 70ml (40%)

FCS.

6% acetic acid in 1× α-MEM.

0.4% Trypan Blue in PBS

Chitu et al. Page 2

Curr Protoc Immunol. Author manuscript; available in PMC 2014 October 03.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



35 and 150 mm diameter tissue culture dishes (BD Bioscience)

41°C water bath

37°C, 5% CO2 humidified tissue culture incubator

Inverted microscope equipped with a digital camera.

4% (v/v) paraformaldehyde in PBS

40-mesh sieve

100-mm Petri dishes

35-mm tissue culture plates

22G needles

5-ml syringes

15ml conicalcentrifuge tubes

Inage J software (http://rsweb.nih.gov/ij/download.html)

Day 0: Prepare the feeder layer

1 Prepare 1% agar in 5.5 ml aliquots, equilibrate at 41°C

2 Prepare 2× complete α-MEM, add CSF-1 to 54ng/ml, make 15ml aliquots,

equilibrate at 41°C

3 Mix an aliquot of 1% agar with an aliquot of 2x complete α-MEM, homogenize

well and add 1ml in each 35-mm diameter tissue culture plate.

CAUTION: To prevent gelling prior to plating, the underlayer mix should be

kept at 41°C at all times and dispensed rapidly but carefully in the tissue culture

plates to create a uniform layer. Plates should be kept on a flat surface until the

agar solidifies (~ 2–3 min).

4 Create a humidified container by placing an uncovered 35mm tissue culture

plate containing sterile double-distilled water in the center of a 150mm plate.

Add 6 other 35 mm plates containing the feeder layer in each humidified

container. Transfer to the incubator.

Day 1: Prepare cells for plating

5 Prepare 0.66% agar, equilibrate at 41°C

6 Prepare CFU-M agar mix by mixing 8.3ml 2× complete α-MEM with 11.7 ml

0.66% agar. Keep at 41°C.

7 Euthanize the mice. Dissect femurs and spleens, keep on ice in Petri dishes

containing cold 1× α-MEM.

8 To maintain cell viability and sterility, all manipulations should be done on ice

in a tissue culture hood. Place spleen on top of a 40-mesh sieve in a 100 mm

Petri dish, add 4ml of cold 1× α-MEM and gently force the cells through the

Chitu et al. Page 3

Curr Protoc Immunol. Author manuscript; available in PMC 2014 October 03.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

http://rsweb.nih.gov/ij/download.html


sieve using outer end of a sterile 5ml syringe plunger. Transfer the cells by

Pasteur pipette to a 15ml centrifuge tube, rinsing the plate twice with 3ml cold

1× α-MEM to collect the remaining splenocytes.

9 Remove bone marrow cells from femurs by flushing (22G needle) with 1–2ml

cold 1× α-MEM and transfer cells to a 15 ml centrifuge tube.

10 Make single cell suspensions by passing 5 times through a 22G needle.

Centrifuge, 5 min at 400×g, 4°C. Resuspend in 10 ml cold 1× α-MEM. Mix by

pipetting and add a 0.5ml aliquot of the cell suspension to a microfuge tube for

counting.

11 To lyse the red blood cells, mix 1 part cell suspension with 3 parts 6% acetic

acid in 1× α-MEM. Count in a hemocytometer and determine viability by trypan

blue exclusion. Record bone marrow and splenic cellularity.

12 Dilute the bone marrow cell suspension to a density of 105 cells/ml and the

splenocyte suspension to 2×106 cells/ml, in final volume of 1ml. Keep on ice.

For each experimental condition, add 0.5ml cell suspension to 2 ml CFU-M agar

mix, mix well and plate 0.5 ml/plate (104 bone marrow cells or 2×105

splenocytes/plate/3 plates) on top of the underlayer. Allow to gel on a flat

surface (5–10 min), then place in the humidified container and transfer to the

incubator.

Day 7: Evaluate colonies

13 Take out one humidified container at a time and count colonies containing more

than 20 cells under the microscope. Fix cells with 4% paraformaldehyde in PBS,

seal and store at 4°C. Calculate the number of CFU-M per femur or spleen

taking into account tissue cellularity.

14 Take digital photographs of as many representative colonies/plate as possible.

Measure their surface area using Image J (http://rsbweb.nih.gov/ij/

download.html).

COMMENTARY

Background information

CFU-C (CFU in culture or CFU-CSF-dependent) assays refer to semi-solid culture assays in

which CSFs are used to stimulate the proliferation and differentiation of the earliest

progenitor cells that respond to each particular CSF alone. The progenitor cells generate

discrete colonies (clones) of differentiated progenitor cells in the culture medium. By

culturing at a non-limiting concentration of CSf, one observes a linear relationship between

the number of cells plated and colony number, that is the basis of the assay (Stanley, 2009).

The culture of the progenitors in semi-solid medium prevents the growth of other cell types

(e.g. fibroblasts) in the serum-containing medium used, while the proliferation and

differentiation of the progenitors are absolutely dependent on the addition of CSF. We and

others have used the term CFU-M to refer to the progenitor which when incubated with

CSF-1 gives rise exclusively to macrophages. The CFU-M assay can be used to monitor the
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changes in the frequencies of macrophage progenitors in disease and following various

treatments or genetic manipulations.

Critical parameters and trouble shooting

For optimal culture conditions it is wise to pretest several batches of fetal calf serum.

The agar should not be autoclaved or boiled for too long.

To prevent premature gelling, the temperature of the agar medium should be maintained

between 37°C–41°C. Care must be taken not to leave the cells in the agar medium at 41°C

for more than the time necessary for plating. Gelling of the agar underlayer must be

complete before addition of the overlayer and the overlayer must gel before incubation at

37°C.

Anticipated results

Typically 104 bone marrow cells harvested from the femurs of 6–9 week old BALB/c mice

contain 60–80 CFU-M while 2× 105 splenocytes contain 10–25 CFU-M. The average area

of bone marrow-derived CFU-M colonies is ~3000 μm2 while splenic CFU-M are slightly

smaller (~ 2000 μm2).

Time considerations

Depending on the number of mice to be analyzed and number of replicates for each

condition, the preparation of the media and the plating of the underlayer takes 4–8h. Mouse

dissection, harvesting of the bone marrow cells and splenocytes, cell counting and plating

will take 8–10h for 6 mice. Data analysis including colony counting, fixation, photography

and Image J analysis will take another 8–10h.

BASIC PROTOCOL 2 MEASUREMENT OF MACROPHAGE PROLIFERATION

IN VITRO

This protocol describes an assay to measure macrophage proliferation by direct cell

counting. Briefly, macrophages are plated at low density, maintained in media containing

high concentrations of CSF-1 for two weeks and their growth is monitored daily. The cell

numbers are plotted on a logarithmic scale and the doubling times during the exponential

growth phase are calculated from the linear portion of the growth curve.

Materials

Macrophages: Primary macrophages or macrophage cell lines.

Complete medium: α-MEM supplemented with 10% FCS and 120ng/ml CSF-1

(ProSpec) PBS, ice-cold

1% (w/v) Zwittergent 3–14 (Calbiochem) stock in water, stored at 4°C

0.005% (w/v) Zwittergent working solution in PBS, freshly prepared and stored on ice

35 mm diameter tissue culture dishes (BD Bioscience)
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Hemocytometer and Coulter Counter [*Copyeditor: the Coulter Counter should be

listed as optional – RC]

Inverted microscope

1 Prepare primary macrophages from spleen or bone marrow (see Basic Protocol

1) and count viable cells using trypan blue dye exclusion (Appendix 3B).

Resuspend in complete medium at 2×104 viable cells/ml in a final volume of

45ml. Mix well by pipetting.

Macrophage cell lines may also be used.

2 Plate 1ml of cell suspension in each of 42 tissue culture dishes (triplicate

samples for a 2-week culture period). Place the plates in a humidified incubator

with 5% CO2 in air.

3 Every 24 hours, harvest and count the cells as follows:

3a Siphon off the cell culture media

3b Wash the monolayer with ice-cold PBS

3c Add 1ml 0.005% Zwittergent to the monolayer. Incubate 5 min at

room temperature.

3d Harvest the cells by pipetting several times. Verify complete

removal of cells from the dish by examination under an inverted

microscope.

3e Dilute the cell suspension 50-fold using Coulter Isoton counting

fluid, mix well by Pasteur pipette and count using Coulter Counter.

4 Starting from day 3, maintain CSF-1 concentrations and nutrients by completely

replacing the media every 24 hours.

5 At the end of the experiment, enter all data into an Excel file and plot the log10

of the average cell number as a function of time (days) as shown in Figure

14.20.1 (upper panel). Identify the linear portion of the curve and plot the

corresponding data in a new chart. In the new chart, add an exponential trend

line, and calculate the doubling time from its equation (Figure 14.20.1, lower

panel).

COMMENTARY

Background information

Macrophages can be isolated from a variety of tissues (Stanley et al., 1978) including the

liver (Chen et al., 1979), peritoneum (Worton RG, 1969) and pulmonary alveolae (Lin HS,

1975) or can be differentiated in vitro from bone marrow (Stanley, 1989; Tushinski et al.,

1982) or splenic (Chitu 2009) precursors, or from blood monocytes (Lin HS, 1977). Unlike

macrophage cell lines, which can be easily harvested by scraping with a permissable loss of

cell viability, primary macrophages are very adherent to tissue culture dishes, resistant to

trypsinization, and cannot be removed by non-enzymatic methods (i.e. scraping, or
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incubation with EDTA) without a significant (~70%) loss of cells. However, primary

macrophages adhere loosely to Petri dishes. Thus, if the experiment requires amplification

of the primary macrophage population before initiating the growth curve, we recommend

their propagation by culture in Petri dishes. Macrophages can be harvested from Petri dishes

without significant loss of viability by scraping following a 10 min incubation in 2mM

EDTA in PBS at room temperature. They should be subsequently washed to remove the

EDTA, resuspended in the cell culture media, counted in trypan blue to determine their

viability and replated at the viable cell densities recommended in the protocol.

Critical parameters and trouble-shooting

Depending on their degree of differentiation, macrophage populations will grow at different

rates. For example, primary bone marrow derived macrophages (BMM) have an average

doubling time of 20h while splenocyte-derived macrophages have a doubling time of ~30h

(Chitu et al., 2009). The initial plating density should be adjusted appropriately to allow for

a logarithmic growth phase of at least 5–7 days. Typically, we start cultures of day 3 BMM

at 2×103 cells per 35mm dish and cultures of splenocytes or BAC1.2F5 splenic macrophages

(Morgan et al, 1987) at 2 × 104 cells/dish.

When used to compare the proliferation of different cell types, control cultures in the

absence of CSF-1 should be included to simultaneously determine cell survival. Primary

mouse BMM free of contaminating CSF-1-producing fibroblasts are dependent on CSF-1

for both survival and proliferation (Stanley et al., 1978; Tushinski et al., 1982). In the case

of macrophage cell lines, CSf-1 dependence varies, e.g. BAC1.2F5 macrophages are CSF-1-

dependent (Morgan et al., 1987) while RAW267.4 macrophages are CSF-1-independent

(Raschke et al., 1978).

Anticipated results

A typical growth curve of splenocytes in the presence of CSF-1 is shown in Figure 14. 29.1.

Time considerations

A growth curve takes about 2 weeks to complete. Depending on the source of macrophages

(i.e. cell lines in culture, or primary cells) the initial step of cell preparation and/or

harvesting may take from 15 min to 3 days. Cell counting and plating at day 0 will take 1–2

h. Cell harvesting and counting from days 1–12 will take ~1h. The exchange of media for

the remaining cells will take an additional hour during the first days and up to 30 min less

during the last days of the experiment.

BASIC PROTOCOL 3 MEASUREMENT OF MACROPHAGE PROLIFERATION

IN VITRO USING 48 WELL PLATES

This protocol describes a method for the determination of cell number by measuring the

amount of DNA in cells grown on a multiwell plate. The DNA is stained with a fluorescent

dye and measured with a microplate reader. This protocol allows the rapid, simultaneous

estimation of macrophage proliferation in multiple cell lines.
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Materials

1. Tissue culture medium: alpha modified minimal essential medium (αMEM)

supplemented with 0.15mM asparagine, 20mM glutamine, and containing 0.05mM

mercaptoethanol, 10% heat inactivated new born bovine serum (or fetal bovine

serum) and 36ng/ml CSF-1 (for immortalized cell lines, or 120ng/ml for primary

macrophages).

2. 4′,6-diamidino-2-phenylindole, dihydrochloride (DAPI): make a 1mg/ml stock

solution (1000X) in double distilled water. Aliquot the stock solution and store at

−20°C. Caution: DAPI is a known mutagen and should be handled with care. The

dye must be disposed of safely and in accordance with applicable local regulations.

Excitation maximum for DAPI bound to dsDNA is 358 nm, and the emission

maximum is 461 nm.

3. Staining buffer: 100mM Tris-HCl, 150mM NaCl, 1mM CaCl2, 0.5mM MgCl2,

0.1% NP-40, pH 7.4 at room temperature.

4. Phosphate buffered saline (PBS)

5. 48 well tissue culture microplates

6. Microplate fluorescence reader with filters within ±5nm of 358nm for excitation

and 461nm for emission (Polar Star Optima, BMG Labtech)

7. 37°C tissue culture CO2 incubator

8. Hemocytometer or other cell counter

9. −70°C freezer or dry ice

10. Cells: primary macrophages (see discussions of Basic protocol 2 in the

Commentary) or CSF-1-dependent macrophage cell lines (e.g. Bac1.2F5, Morgan

et al., 1987)

Growing cells on microplates

1. Use one plate for the determination of the cell number of different cell lines for one

time point. Plate cells in triplicate. Use 3 wells for the dye only control and another

3 wells for fluorescence determination of a known number of cells prepared and

stored frozen as described in construction of calibration curve method 1 (below)

and added in each plate on the day of the assay to normalize variation of

fluorescence intensity measurements on different days.

Example of cell plating plan:

B C1 C3 C5 C7 C9 C11 C13

B C1 C3 C5 C7 C9 C11 C13

B C1 C3 C5 C7 C9 C11 C13

S C2 C4 C6 C8 C10 C12 C14
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S C2 C4 C6 C8 C10 C12 C14

S C2 C4 C6 C8 C10 C12 C14

B = reagent blank without cells; S = standard reference with a known number of cells; C1 – C14 = different cell
lines.

2. Plate 3000 to 5000 cells in 0.5 ml medium per well at time zero.

3. Change medium every other day to maintain optimal amounts of growth factor and

nutrients for cell proliferation.

4. Assay cell density on day 1 after plating and then every other day for up to 12 days.

Cell density measurement for adherent macrophages

1. Carefully aspirate by Pasteur pipette all medium from each well without disturbing

the cells on the bottom of the well.

2. Replace the cover and place the plate in a −70°C freezer or on powdered dry ice for

15 minutes to freeze the cells (the plate can be stored in a −70°C freezer if the assay

is not performed immediately).

3. Transfer the plate to room temperature and allow the cells to thaw completely

(about 3 minutes).

4. Add 200μl of DAPI working solution (1 μg/ml) in staining buffer to each well and

leave the plate in the dark at room temperature for 1 h.

5. Agitate the plate briefly to mix well contents, then measure the emission at 460nm

with excitation at 355nm from each well in a fluorescence microplate reader.

6. Determine the cell number by matching the fluorescence measurement to the cell

number from a calibration curve.

Cell density measurement for non-adherent macrophage cell lines

1. Pipette the culture medium up and down rapidly to resuspend the cells.

2. Transfer the cell suspension from each well to a 1.5 ml microfuge tube and

centrifuge the tubes at 1000 × g for 1min at room temperature to pellet the cells.

3. Carefully aspirate the supernatant from the microfuge tube without disturbing the

cell pellet with a 3ml syringe fitted with a G26 needle.

4. Freeze the cells in the tubes on dry ice for 15 min, and then thaw them for 3 min at

room temperature (cells can be stored in a −70°C freezer if the assay is not

performed immediately).

5. Add 100μl of DAPI working solution (1ug/ml) in staining buffer to the thawed cell

pellet and vortex briefly to resuspend the cells.

6. Transfer the contents of each tube to a well in a 48 well microplate. Wash the tube

by adding 100μl of DAPI working solution, vortexing and centrifuging (1,000 × g

for 15 sec) to collect the solution from the sides of the tube. Transfer the DAPI
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wash to the same well and incubate the plate at room temperature in the dark for

1h.

7. Agitate the microplate briefly to mix, then measure the emission as described for

adherent cells.

Construction of the calibration curve for the conversion of fluorescence
measurement to cell number—Two methods can be used to construct a calibration

curve for the conversion of fluorescence measurement to cell number. Method 1 will give

the actual number of cells, but involves more steps. Method 2 will give the number of cells

attached to the plate after cell plating. However, this will be less than the actual number of

cells plated as some cells will not adhere.

Eight different concentrations of cells (4, 10, 20, 40, 70, 100, 200 and 400 × 103 cells per

well) are used to construct a calibration curve which is linear in both double log and double

linear plots of cell number against fluorescence units. Double log plots give a better

distribution of points than the double linear plots. The total number of cells required to

construct the curve in triplicate is 2.6 × 106 and this quantity can be harvested from a 70%

confluent 100mm dish culture.

Method 1

1. Detach cells from the plate by scraping (or treatment with EDTA) in PBS.

2. Collect the cell suspension in a 15 ml conical polypropylene tube. Cap the tube and

centrifuge the cell suspension at 400 × g for 3 min to pellet the cells. Carefully

aspirate off the supernatant and resuspend the cells in 0.4ml PBS.

3. Count and dilute the cells to 2000/μl in PBS as a stock cell suspension.

4. Pipette the cell suspension into labeled 1.5ml microfuge tubes as tabulated in the

table below, in triplicate.

Cell number 4 × 103 10 × 103 20 × 103 40 × 103 70 × 103 100 × 103 200 × 103 400 × 103

Vol. stock 2μl 5μl 10μl 20μl 35μl 50μl 100μl 200μl

5. Pellet the cells in the tubes by centrifugation at 1000 ×g for 1min. Use a 1ml

syringe fitted with a 26G needle to aspirate the supernatant carefully from the tubes

containing more than 10μl of cell suspension without disturbing the cell pellet. No

aspiration is necessary for tubes containing 10μl or less.

6. Follow steps 4 to 7 of Basic Protocol 3 for measurement of cell density of non-

adherent cells.

Method 2

1 Prepare the cell suspension as described in Method 1 steps 1–2, but resuspend

the cells in culture medium rather than PBS.
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2 Count and dilute the cells to 2000/μl in culture medium as a stock cell

suspension.

3 Pipette the indicated volumes of cells in triplicate into wells containing the

volumes of medium indicated in the table below. Mix the cells with the medium

in the well upon their addition.

Cell number 4 × 103 10 × 103 20 × 103 40 × 103 70 × 103 100 × 103 200 × 103 400 × 103

Vol. stock 2μl 5μl 10μl 20μl 35μl 50μl 100μl 200μl

Medium in well 500μl 500μl 500μl 480μl 465μl 450μl 400μl 300μl

4 Incubate the plate for 4 to 6 h in a humidified 37°C incubator in 5% CO2 in air,

until the cells attach and begin to spread on the well.

7 Follow steps 4 to 7 of Basic Protocol 3 for measurement of cell density of non-

adherent cells.

COMMENTARY

Background information

The net DNA content per cell in cell culture remains relatively constant in cultures of non-

synchronously cycling cells. Thus, an accurate assay for total DNA content will reflect cell

numbers accurately (Tushinski et al, 1982). In addition, assays based on DNA binding are

generally independent of fluctuations in cellular metabolism. The development of

fluorescence indicators which exhibit fluorescence enhancement upon DNA binding enable

rapid cell quantitation in the multiwell microplate format. Dyes which have been used for

cell quantitation include Hoechst 33258 (Labarca and Paigen, 1980; Latt and Stetten, 1976;

Papadimitriou and Lelkes, 1993), Hoechst 33342 (Blaheta et al., 1991), DAPI (Kapuscinski

and Skoczylas, 1978; McCaffrey et al., 1988), and propidium iodide (Dengler et al., 1995;

Krishan, 1990; Wan et al., 1994). Although these fluorescence assays cannot accurately

measure cells fewer than 1000 cells per sample, their simplicity of the procedure for these

assays make them the method of choice for rapid and accurate determination of cell

proliferation. The dyes are relatively inexpensive and any of the above dyes can be used in

the protocol. Recently, more sensitive dyes have been developed for such assays and kits

using these are available commercially that can detect as few as 100 cells per well in

microplate assays (Jones et al., 2001).

Critical parameters and trouble-shooting

Although 96 well microplates have been used for the assay, we found that the larger

growing surface of the wells of 48 well microplates yields lower variability in cell number

and permits longer growing times for proliferation studies. Also, to more accurately estimate

cell number it is important to use the same, or a very similar cell type, to construct the

calibration curve.
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Anticipated results

For the calibration curve, both the double log plot and the double linear plot of fluorescence

intensity against cell number will give a straight line passing through the origin. Points will

distribute more evenly in double log plot than linear plot. For comparative studies of growth

rates among cell types, conversion of fluorescence intensity to cell number may not be

necessary.

Time considerations

It will take about one hour and 30min to perform the assay of one plate. This includes 15

min to freeze the cells, 3min for thawing, 2 min for pipetting, 1h for fluorescence

development, and about 5min for fluorescence measurement for each microplate. For

multiple plates, additional time is only needed for the pipetting and fluorescence

measurements.

BASIC PROTOCOL 4 DETERMINATION OF MACROPHAGE NUMBERS IN

VIVO

This protocol describes a procedure for the identification of tissue resident macrophages in

paraffin sections by immunohistochemistry using antibodies directed against the cell surface

marker, F4/80.

Materials

Mouse paraffin-embedded tissue sections, 4μm thick

Histoclear (National Diagnostics)

90%, 80% and 70% ethanol (v/v) in double distilled water

PBS

Washing solution: 0.05% Tween-20 in PBS

Peroxidase quenching solution: 1% hydrogen peroxide in 50% Methanol (v/v) in PBS

extemporaneously prepared by diluting 30% hydrogen peroxide.

Blocking solution: 2% normal rabbit serum in PBS; 100μl/slide

1% (v/v) Rat anti-F4/80 antiserum in PBS with 0.05% Tween-20; 100 μl/slide

Vectastain Peroxidase Rat IgG ABC kit (Vector Laboratories)

3, 3′ diaminobenzidine (DAB) substrate kit for peroxidase (Vector Laboratories)

Harris Hematoxylin solution modified 7.5% (Sigma)

Bluing solution: Ammonia water (0.5% v/v ammonium hydroxide pH 8), or Scott’s Tap

Water Substitute for Histology (1% MgSO4, 0.067 % NaHCO3 in tap water)

Slide holders and staining trays

Humidified chamber for slide incubation
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Glass coverslips 24 ×60 mm (Corning)

Mounting media Permount (Fisher Scientific)

Light microscope

Note 1: the F4/80 antigen is labile. Mice should be anesthetized and perfused with

Periodate-Lysine-Paraformaldehyde-Glutaraldehyde (PLPG) fixative (Cecchini et al., 1994)

before dissection. Alternatively, immediately after being euthanized, mice can be injected

with 5ml PLPG in the left ventricle of the heart, however this procedure may disrupt tissue

architecture by breaking capillaries and other small blood vessels.

Note 2: all procedures described below are performed at room temperature.

Additional reagents and equipment for immunohistochemical staining (Unit 24,1)

1. Dewaxing: place slides in slide holders and immerse in Histoclear for 5 min.

Remove and immerse in fresh Histoclear for another 5 min. Repeat three more

times or until there are no visible traces of paraffin on the slides.

2. Rehydration: immerse slides sequentially in 90% ethanol, followed by 80% ethanol

and 70% ethanol (5 min immersions). Wash with PBS for 5 min, twice.

3. Quenching of endogenous peroxidase: immerse slides in peroxidase quenching

solution, incubate 30 min. Remove slides and wash twice with PBS for 10 min.

4. Block Fc receptors and nonspecific antibody adsorption sites: place slides on a flat

surface in a humidified incubation chamber. Remove excess liquid around the

tissue by blotting carefully with Kimwipes. Add 100 μl blocking solution on top of

each section and incubate 30 min.

Note: When handling a large number of slides caution should be taken that tissue

sections do not dry out before being covered with the antibody solution.

5. Remove excess blocking solution around the tissue, add anti-F4/80 antibody,

100μl/section. Incubate for 1.5–2h in the humidified chamber.

6. Place slides in the slide holder and wash away unbound antibody by immersing the

slides in PBS with 0.05% Tween-20 for 5 min. Repeat.

7. Dilute the secondary biotinylated antibody (1 drop in 10 ml PBS with 1% rabbit

serum and 0.05% Tween-20 (final conc ~0.5% v/v). Place slides in the humidified

chamber and remove excess liquid around the tissue. Add 100 μl of diluted

antibody to each section and incubate for 30 min.

8. Prepare VECTASTAIN ABC reagent: To 10 ml PBS with 0.05% Tween-20 add 2

drops reagent A, 2 drops reagent B, mix immediately and allow to stand for

approximately 30 min before use.

9. Wash away unbound antibody as described in step 6.

10. Place slides in the humidified chamber and blot the excess liquid around the tissue.

Add 100 μl VECTASTAIN ABC reagent to each section and incubate for 30 min.
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11. Wash away unbound antibody as described in step 6.

12. Prepare peroxidase substrate solution (DAB): To 5 ml of double distilled water add

2 drops of buffer stock solution and mix well. Add 4 drops DAB stock solution and

mix well, then add 2 drops hydrogen peroxide solution and mix well.

13. Place slides in the humidified chamber and blot the excess liquid around the tissue.

Add 100 μl DAB substrate solution to each section and incubate for 2–10 min,

periodically checking the color development under the microscope.

14. Counterstaining with blue hematoxylin (optional): Place slides in the slide holder

and dip slowly in 7.5% hematoxylin. Incubate for 30–45 sec. Wash quickly by

dipping in several baths of double distilled water until no more color washes off the

slides. Dip in 0.5% bluing solution for 5 sec. Repeat the washing.

15. Dehydrate slides by immersing them sequentially for 5 min in 70% ethanol,

followed by 80% ethanol, 90% and 100% ethanol (5 min immersions). Repeat the

incubation in 100% ethanol. Mount slides with Permount.

16. Examine slides under a light microscope equipped with a video camera. If desired,

count macrophages and calculate their density/mm2 in each section.

COMMENTARY

Background information

Tissue resident macrophages have a large array of functions including antigen or apoptotic

cell phagocytosis, antigen presentation, secretion of antimicrobial and immunomodulatory

agents as well as the secretion of factors involved in tissue repair and homeostasis.

Macrophages adapt to the tissue microenvironment by modulating their pattern of gene

expression, which leads, among other phenotypes, to changes in the expression of

macrophage–specific markers. For example, in mouse, the F4/80 antigen is expressed in

most mouse tissue macrophages, but is absent in the MOMA1+ macrophage subset (Table

14.20.1). In contrast, other antigens, such as Mgl 1 or CD169, are expressed only by a subset

of the macrophage population of a tissue. Furthermore, antigens highly expressed in the

monocytic lineage may also be expressed at lower levels in other myeloid cell types such as

granulocytes, or dendritic cells, as well as in non-myeloid cells (Table 14.20.1). A good

example is the widely used human monocyte/macrophage marker CD14 which is also

expressed in granulocytes, epithelial and myoepithelial cells, cornea, smooth muscle,

fibroblasts, spermatozoa and pancreatic islet beta cells (Jersmann, 2005). Thus, both the

nature of the target tissue and the possible cross-reactivity of antibodies should be taken into

account for optimal macrophage detection.

Critical parameters and trouble-shooting

Efficient dewaxing is critical for the success of staining. While in the first two steps of

dewaxing, recycled Histoclear can be used, only fresh Histoclear can be used for the the last

two steps. Efficient blocking of the endogenous peroxidase by incubation in hydrogen

peroxide as well as efficient blocking of Fc receptors and other nonspecific antibody

adsorption sites are critical for specific staining. For blocking, the normal serum used should
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not be from the same species as the primary antibody. An appropriate negative control for

the specificity of F4/80 staining using rat BM8 antiserum is a normal rat antiserum. If

monoclonal antibodies are used, sections stained with a species and subtype-matched control

immunoglobulin should be used as the negative control. Other negative controls include

sections stained with the biotinylated secondary antibody or with the ABC detection reagent

only.

Bluing solutions should be used with great care. The ideal pH is 8. At higher pHs, the

solution may partially remove the hematoxylin. It may also wrinkle or cause the section to

fall off the slide. This happens particularly with decalcified bone sections. Water or PBS

carryover can dilute the bluing solution and acidify it (the pH of water is approximately 5).

Thus, we recommend the use of freshly prepared bluing solutions.

Two different rat IgG clones recognizing the F4/80 antigen, clone CI:A3-1 and clone BM8,

are available. These antibodies display a slightly different pattern of staining. Only clone

CI:A3-1 reacts with microglia. In contrast, clone BM8 will recognize a slightly higher

percentage of bone marrow, alveolar lavage, resident and thioglycollate-elicited peritoneal

cells than clone CI:A3-1. F4/80 is useful as a macrophage marker only in mouse tissues. In

human tissues, the F4/80 homologue, EGF-like module containing mucin-like hormone

receptor (EMR1) is a highly specific marker for eosinophils and is not detectable in

monocytes, macrophages, myeloid dendritic cells or basophils (Hamann et al., 2007).

Anticipated results

The BM8 antibody reacts with F4/80, a cell surface antigen while hematoxylin stains the

nuclei. Macrophages will appear as brown patches on a blue background. The co-

localization of macrophages with markers of cell proliferation on the same section utilizing

immunohistochemical techniques is difficult due to antibody and substrate color

compatibility issues. For such experiments, triple fluorescent labeling with DAPI (nuclear,

blue) and FITC (green)- and PE (red)-coupled secondary antibodies on frozen sections is

recommended. Alternatively, two consecutive sections can be stained separately with

markers for macrophages and proliferation and examined side by side. The cell body of a

macrophage measures ~ 21 μm, thus, it is very likely that if staining for both macrophage

and proliferation markers is detected in the same location in 2 consecutive 4–8 μm sections,

both markers label the same cell.

Time considerations

The staining procedure takes about 8 hours for up to 24 slides (1 full slide holder).

BASIC PROTOCOL 5: DETERMINATION OF MICROGLIAL PROLIFERATION

IN VIVO

To evaluate macrophage proliferation in situ, the colocalization of a macrophage marker

with sites of BrdU incorporation, or with the proliferative marker Ki67, can be examined

(Ginoux et al., 2006). Another approach is to compare the pattern of staining in consecutive

thin sections labeled with either macrophage or cell proliferation markers (Menke et al.,
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2009). Here we provide a protocol for tehidentification of proliferating microglia in brain

tissue.

Materials

Mice, 6–8 weeks old

20 mg/ml BrdU in 154 mM NaCl, 7 mM NaOH

CO2 chamber for euthanasia

Dissection instruments

phosphate buffered saline (PBS)

4% paraformaldehyde (PFA) in PBS

30% sucrose in PBS

Embedding media: Tissue-Tek Cryo-Optimal Cutting Temperature (O.C.T.)

Compound (Fisher)

2N HCl

0.1M sodium borate solution, pH 8.5

0.1% Sodium borohydride

Humidified dark chamber

Blocking solution: 0.1% Triton X-100, 0.005% saponin, 10% goat serum, 1% bovine

serum albumin (BSA) and 100 mM glycine in PBS

Staining buffer: 0.1% BSA, and 0.05% saponin in PBS

Primary antibodies: mouse IgG1 anti-BrDU (Nova Castra), and rabbit IgG anti-Iba1

(Wako Pure Chemical Industries, Ltd.)

Secondary antibodies: goat-anti mouse IgG1 – FITC (1:200) and goat anti-rabbit

IgG-TRITC (1:200) (Southern Biotechnology Associates, Inc., Al, USA)

Antifade-mounting media with DAPI (Molecular probes)

Glass coverslips 24 ×60 mm (Corning)

Fluorescence microscope

BASIC PROTOCOL 5: DETERMINATION OF MICROGLIAL PROLIFERATION

IN VIVO

[*Copyeditor: We need an introduction here. The title needs to be amended to indicate the

utility of the method, e.g. to measure proliferation of brain microglia and macrophages. –

RC]
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BrdU labeling

1 Inject mice intraperitonially with 100μl of 20 mg/ml BrdU in 154 mM NaCl, 7

mM NaOH. Euthanize by CO2 asphyxiation (UNIT 1.8) after 2hr. Immediately

perfuse each mouse with 5ml cold PBS, followed by 15 ml of 4% PFA in PBS.

Decapitate mice, remove skin and calvaria to expose the brain, and gently

remove the brain from the skull socket with forceps.

Tissue embedding and sectioning

2 Cut brain into 1- to 2-mm sections (UNIT 12.4), then fix in 4%PFA in PBS, pH

7.4, 2 to 4hr for embryonic brain or 16hr for postnatal brain, at 4°C, with

shaking on a rotating shaker.

3 Incubate successively in 15%, then 30% sucrose in PBS (1 hr in each solution

for embryonic brain and 4 hr in each solution for postnatal brain) at 4°C, with

rotation.

4 Embed in OCT, store blocks at −80°C and cut into 30μm thick sections. Store

sections at −20°C.

Staining

5 Wash sections 3 times with PBS for 5 min.

6 Incubate in 2N HCl for 1 h at 37°C then neutralize by incubating in 0.1 M

sodium borate solution, pH 8.5 for 10 min.

7 Quench with 0.1% Sodium borohydride for 10 min at room temperature.

8 Wash 3 times with PBS, each time for 5 min.

9 Incubate in blocking solution for 1 h at 4°C.

10 Wash 3 times with PBS, each time for 5 min.

11 Incubate with primary antibodies anti-BrdU, mouse IgG1 (1:100) polyclonal

rabbit IgG anti-Iba1 (1:700) diluted in staining solution, overnight at 4°C.

12 Wash 3 times with PBS, each time for 5 min.

13 Incubate with secondary antibodies goat-anti mouse IgG1 –FITC (1:200) and

goat anti-rabbit IgG-TRITC (1:200) diluted in PBS for 1 h 30 min at 4°C in a

humidified dark chamber.

14 Wash 3 times with PBS, each time for 5 min.

15 Mount on glass coverslips using antifade-mounting media with DAPI. Examine

by fluorescence microscopy.

COMMENTARY

Background information

Ionized calcium binding protein 1 (Iba1) is an adaptor protein selectively expressed in

microglia and activated tissue macrophages (Hirasawa et al., 2005). BrdU (5-bromo-2′-
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deoxyuridine) is a thymidine analog that is incorporated into newly synthesized DNA,

labeling cells that have progressed through the S-phase of the cell cycle. It is subsequently

detected by a monoclonal antibody.

Critical parameters and trouble-shooting

In this protocol, the detection of incorporated BrdU requires DNA denaturation such as

F4/80. This step can damage acid-sensitive antigens. To overcome this problem, other cell

proliferation markers, such as Ki67, can be used. However, Ki67 will require heat-mediated

antigen retrieval that can also damage some antigens. Thus, the decision regarding the best

staining procedure must be made empirically. A third possibility is the use of the novel

“click chemistry” coupling technique (Cappella et al., 2008). This technique is based on 5-

ethynyl-2′-deoxyuridine (EdU) incorporation into newly synthesized DNA followed by

coupling of BrdU azide to the incorporated EdU and detection with fluorescently-labeled

anti-BrdU antibodies without a need for the denaturation or antigen retrieval step. Cell

proliferation assay kits utilizing the click chemistry are now commercially available.

As with any staining procedure, negative control staining with species and isotype-matched

antibody controls, as well as with secondary antibodies only, is recommended.

Anticipated results

Cell nuclei will appear blue fluorescent. All microglia in the tissue sections will appear red

and all proliferating cells will appear green. Superimposition of the red and green signals in

photoshop will allow the identification of proliferating macrophages and microglia.

Time considerations

The staining procedure takes about 4 h in the first day and 1–1.5 h in the second day.

BASIC PROTOCOL 6: MEASUREMENT OF CELL SURFACE CSF-1R WITH

BIOTINYLATED AFS98 FOR CHARACTERIZATION OF MACROPHAGE

DIFFERENTIATION

This procedure is used to characterize different populations of macrophage precursors of

defined developmental stages based on the expression of surface markers (see Background

Information). In this protocol, macrophages are stained with a biotinylated antibody AFS-98

which specifically recognizes cell surface CSF-1 receptor (CSF-1R), encoded by the c-fms

proto-oncogene. The CSF-1R is detected by PE-labelled Streptavidin. The relative

expression of cell surface CSF-1R is determined by FACScan. Because of the ability of

biotin to interact with up to 6 molecules of streptavidin, this technique will detect CSF-1R

with up to 12 times higher sensitivity than an indirect immunofluorescent labeling utilizing

fluorescently–labelled secondary antibodies.

NOTE: All buffers should be pre-equilibrated at 4°C. To maintain cell viability and to avoid

receptor-antibody complex endocytosis all incubations should be performed on ice.

NOTE: Avoid exposure to light once the fluorescently-labeled reagents are added.
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Materials

Phosphate-buffered saline (PBS), ice-cold

Staining buffer: 1% BSA (Sigma) in PBS, ice cold. Make fresh and filter sterilize

through a 0.45 μm filter.

Mouse BD Fc Block (rat IgG2b anti-mouse CD16/CD32)

Biotinylated Rat IgG 2a anti-CSF-1R AFS98 (eBioscience)

Biotinylated Rat IgG2a Isotype Control (eBioscience)

Streptavidin-PE (BD Pharmingen)

1% NaN3 in PBS, pH 7.4 (optional)

0.01% paraformaldehyde in 1% NaN3 in PBS pH 7.4 (optional)

Prepare the cells

1 Add 2–5×105 monocytes/macrophages per sample to a 5 ml round-bottom

polypropylene tube. Wash the cells with 2 ml of cold PBS to remove serum

proteins prior to antibody staining. Centrifuge for 5 min at 400 × g, 4°C.

Stain the cells

2 Block Fc receptors: resuspend cell pellets in 100 μl staining buffer, add 2μl Fc

blocking antibody. Incubate on ice for 15 min. Centrifuge for 5 min at 400 × g,

4°C.

3 Primary antibody binding: Decant supernatant and resuspend cells in 100 μl

biotinylated AFS98 (1μg/ml) or control IgG-biotin (1μg/ml), diluted in staining

buffer. Incubate for 30 min on ice. Add 1 ml of cold staining buffer. Centrifuge

the tubes for 5 min at 400 × g, 4°C. Discard the supernatants. Wash twice with

2ml staining buffer. Pellet the cells and remove supernatant.

4 Detection: Resuspend cells in 100 μl of Streptavidin-PE (5μg/ml) in staining

buffer. Mix well and keep in the dark on ice for 30 min. Add 1 ml 1% BSA in

PBS. Centrifuge at 400 × g, 4°C, for 5min. Remove the supernatant. Wash the

pellet twice with 2ml of cold staining buffer. Centrifuge for 5 min at 400 × g,

4°C and discard the supernatant.

Prepare cells for analysis—NOTE: If cells cannot be analyzed within 2–3 h of staining,

skip steps 5–6 and fix the cells as described in step 7. Cell fixation is not suitable when cells

should be retained for further culture.

5 Resuspend the cells in 500 μl staining buffer. Check the sample for cell

clumping. If clumping is observed, filter the cell suspension through a 100 μm

mesh filter prior to FACS analysis to prevent the clogging of the instrument.

Keep the cell suspension on ice, in the dark.

6 Perform flow cytometric analysis.
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Fixing the cells

7 After step 4, resuspend the cells in 100 μl staining buffer. Add 250 μl 0.01%

paraformaldehyde, 1% NaN3 in PBS. Incubate 10–15 min on ice. Add 2ml PBS

with 1% NaN3. Centrifuge for 5 min at 400 × g, 4°C. Decant the supernatant and

resuspend the cells in 250 μl PBS with 1% NaN3. The sample should be stored

in the dark at 4°C and can be analyzed within the next 2–3 days. Before

submitting the sample for analysis check for cell clumping as described in step

5.

NOTE: Fixation may quench some fluorescent proteins such as GFP.

NOTE: Sodium azide is included in this step to prevent sample contamination via bacterial

growth.

COMMENTARY

Background information

Unlike T lymphocytes, where functional and developmental subsets that can be readily

distinguished by a combination of CD4, CD8, CD45RA and CD45RO surface markers,

macrophages cannot be easily distinguished from other myeloid cells such as granulocytes

or dendritic cells. So far, the attempts to separate populations of macrophage precursors of

defined developmental stages based on the expression of surface markers typically leads to

the isolation of monocyte precursor-enriched rather than pure monocyte precursor

populations (Kondo et al., 2003). In Table 14.20.2., we have summarized what we consider

to be the best documented combinations of cell surface markers useful for the isolation of

macrophage progenitors at distinct developmental stages, from hematopoietic stem cells to

late monocytes. Table 14.20.3. summarizes the markers available for examining monocyte

maturation.

Critical parameters and trouble-shooting

Macrophages have many Fc-receptors on the cell surface thus, to avoid nonspecific antibody

binding, it is advisable to block Fc receptors using a rat-anti mouse CD16/CD32 antibodies

(Fc block). Note that under these circumstances the procedure described here cannot be

adapted for the use of unconjugated rat primary antibody/fluorescently-labeled anti-Rat

immunoglobuluin as a detection reagent because it will react with both Fc block and

CSF-1R antibodies. This method also cannot be used for staining with antibodies that are

directed against Fc-receptors (e.g., CD16, CD32).

Streptavidin contains the Arg-Tyr-Asp peptide that mimics the Arg-Gly-Asp peptide, which

mediates the interaction of fibronectin with integrin receptors. Controls were macrophages

are stained only with streptavidin should be performed and examined. If the background

staining is high, the fluorescently-labeled streptavidin can be titrated to optimize the signal/

noise ratio. In addition, because macrophages exhibit high autofluorescence, every

experiment must include unstained samples as a control for intrinsic autofluorescence,

which will be useful in setting the scan parameters. A high intrinsic autofluorescence may

reduce the sensitivity of detection for antigens expressed at low density on macrophages.
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Anticipated results

Figure 14.20.2. illustrates the increase in CSF-1R expression and in the frequency of

CSF-1R-positive cells during macrophage differentiation from bone marrow precursors.

Time considerations

The time required to perform the staining is expected to be ~4h. Flow cytometric analysis

will require a variable amount of time depending on the number of samples.
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Fig. 14.20.1.
Analysis of CSF-1-stimulated macrophage growth. A) A typical growth curve of splenocyte-

derived macrophages (SDM) cultured in the presence of 120ng/ml CSF-1. In the upper

panel, the double-headed arrows delineate the lag, exponential growth (Exp) and stationary

(Stat) phases for macrophages derived from a wild type (wt) mouse and a mouse possesing

SDM that grow at a faster rate (mut). B) Calculation of the doubling times (measured in

hours) of SDM using the data derived from the exponential growth phase identified in A).
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Fig. 14.20.2.
Increased CSF-1R expression and increased frequency of CSF-1R-expressing cells during

macrophage differentiation from bone marrow cells using the procedure of Stanley ER

(1989). A. Distribution of CSF-1R -positive and and -negative cells among nonadherent

(days 0–3), adherent and nonadherent (day4) and adherent (days 6–10) macrophage and

precursor populations. Note: At days 1–3 adherent cells include mature bone marrow

macrophages as well as fibroblasts that are excluded from the analysis. Adherent cells at

days 4–10 are generated by replating the day 3 non-adherent (macrophage precursor)

fraction in media containing CSF-1 (Tushinski et al., 1982). B. Quantification of the

dynamic changes in CSF1R−, CSF1R lo and CSF1R hi cell populations identified in A.
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