
UNIT 5.3Preparation of Cells and Reagents for
Flow Cytometry
Flow cytometry is a widely used method for analyzing the expression of cell surface and
intracellular molecules (on a per cell basis), characterizing and defining different cell
types in heterogeneous populations, assessing the purity of isolated subpopulations, and
analyzing cell size and volume. This technique is predominantly used to measure
fluorescence intensity produced by fluorescent-labeled antibodies or ligands that bind to
specific cell-associated molecules.

A procedure for direct and indirect staining of single-cell suspensions of lymphoid tissue
or peripheral blood lymphocytes (PBL) to detect cell surface membrane antigens is
presented (see Basic Protocol 1). In addition, four support protocols present methods for
fluorescence labeling of purified antibodies (see Support Protocols 1 to 4).

A protocol for flow cytometric analysis of intracellular antigens in single-cell suspensions
(e.g., mononuclear cells from human or murine peripheral blood or bone marrow,
lymphoid cell suspensions, cells grown in suspension cultures, or dissociated tissues; see
Basic Protocol 2) is also included. The procedure outlined in Basic Protocol 2 involves
successive steps of fixation, membrane permeabilization, staining with directly labeled
or unlabeled antibody, and washing to exchange solutions and remove excess unbound
antibody. Alternate Protocol 1 describes intracellular staining of unfixed cells in the
presence of a detergent. Finally, Alternate Protocol 2 describes staining nonviable cells
to facilitate discrimination of dead cells in fixed or permeabilized cell preparations.

Accurate quantitative results on each staining experiment depend on the correct determi-
nation of the reactivity of the antibody with the intracellular antigen. This requires
optimization of antibody staining by titration of the reagents and the use of appropriate
staining controls. The Commentary presents a discussion of these topics (see Critical
Parameters).

BASIC
PROTOCOL 1

IMMUNOFLUORESCENCE STAINING OF SINGLE-CELL
SUSPENSIONS FOR DETECTION OF SURFACE ANTIGENS
Immunofluorescence staining for flow cytometric analysis involves making a single-cell
suspension from lymphoid tissues or peripheral blood, successive binding steps in which
cells are incubated in tubes or microtiter plates with unlabeled or fluorescent-labeled
antibodies or ligands, and wash steps using excess buffer to remove unbound antibodies.
Support protocols describe the preparation of conjugated antibodies, while choice of label
is discussed in Critical Parameters.

A successful staining procedure is dependent on optimization of experimental conditions
through titering of reagents and use of appropriate controls. The Commentary presents a
thorough discussion of these strategies (see Critical Parameters).

Materials

Sample material: lymphoid tissue (UNIT 3.1) or single-cell suspension of human
peripheral blood (UNIT 7.1)

Staining buffer (see recipe), 4°C
Labeled or unlabeled antibody (see Support Protocols 1 to 4) diluted to the

appropriate concentration as determined by titering (see Critical Parameters)
Propidium iodide (PI) solution (optional; see recipe)
Fixation solution (optional; prepare immediately before use; see recipe)

12 × 15–mm round-bottom test tubes or 96-well round-bottom microtiter plates
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100-µm nylon mesh (optional)
Sorvall RT-6000B with H-1000B rotor (or equivalent)

Additional reagents and equipment for trypan blue exclusion (APPENDIX 3B)

Prepare cells for antibody staining
1. Disrupt sample material in a small petri dish containing 5 ml staining buffer, 4 C.°

Tissue may be disrupted by teasing with fine forceps, by mashing between two frosted
microscope slides, or by mashing with a ground glass stopper.

2. Remove cell clumps and debris by allowing them to settle 2 to 3 min in a 12 × 15–mm
round-bottom test tube before transferring the supernatant to a second tube, or by
passing the suspension through 100-µm nylon mesh into a test tube.

3. Centrifuge cell suspension 8 min in a low-speed centrifuge at 300 × g (e.g., 1000 rpm
in a H-1000B rotor), 4°C, and discard supernatant. Resuspend cell pellet in 10 ml
staining buffer, 4°C.

4. Determine viable cell count by trypan blue exclusion (APPENDIX 3B).

Stain cells with antibody
5. Centrifuge cell suspension (from step 3) 8 min at 300 × g, 4°C, and discard

supernatant. Resuspend cell pellet to 2 × 107 cells/ml in staining buffer, 4°C.

If using the biotin-avidin staining system, be certain that the staining medium contains no
FBS (0.1% BSA is an appropriate substitute) or biotin.

6. Add 50 µl cell suspension (106 cells) to 12 × 75–mm round-bottom test tubes or the
wells of a 96-well round-bottom microtiter plate.

7. Add 10 µl appropriately diluted, labeled antibody to each tube or well containing
cells and mix gently. Incubate 20 min in an ice bath.

The same method is used for staining in microtiter plates as in test tubes, except as noted
in step 10. There is less chance of spillover between samples when using test tubes. Different
times or temperatures of incubation are sometimes required for antibodies that bind at low
affinity.

Wash cells in preparation for flow cytometry
8. Wash cells by adding 2 ml staining buffer, 4°C.

9. Centrifuge cell suspension 6 min at 300  g, 4 C. Discard supernatant by aspiration
or rapid inversion of the tubes.

× °

10. Repeat wash steps 8 and 9 one time.

If microtiter plates are used for staining, wash cells three to five times with 100 ìl staining
buffer, 4°C each time. Centrifuge plates 3 min at 500 × g (1500 rpm in H-1000B), 4°C and
discard supernatants as above.

For detecting unlabeled primary antibodies with labeled second antibodies, or for use of
the biotin-avidin system and/or multicolor staining, add each reagent separately and repeat
the incubation and wash steps with the addition of each antibody. For multicolor analyses,
and in cases where no antibody interactions are possible, two reagents (i.e., two primary
antibodies) can be added simultaneously (see Critical Parameters).

11. Resuspend stained cell pellets in 400 µl of 4°C staining buffer. Keep cell suspension
on ice until analyzed by flow cytometry.

The cell suspension can also be treated to detect dead cells by adding 10 ìl propidium
iodide solution to each tube prior to analysis. It is occasionally necessary to fix cells before
analysis (see Critical Parameters). Cells can be fixed by resuspending pellet in fixation
solution. Fixed cells can be stored for ≤1 week at 4°C.
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BASIC
PROTOCOL 2

IMMUNOFLUORESCENCE STAINING OF FIXED AND PERMEABILIZED
SINGLE-CELL SUSPENSIONS FOR DETECTION
OF INTRACELLULAR ANTIGENS

This method of preparing cells for intracellular staining retains the scatter characteristics
of cells on the flow cytometer, preserves surface immunofluorescence, and allows
accurate measurement of cellular DNA content by yielding good coefficients of variation
on DNA histograms. It is therefore particularly suited for multiparameter flow cytometric
analysis. The technique can be performed with low cell numbers (i.e., as few as 2.5 × 105

cells) because cell loss is minimal.

In addition, as discussed in the Commentary (see Critical Parameters) the protocol can
be easily modified to facilitate the detection of intracellular antigens which differ in their
sensitivity to denaturation or in the retention of the antigen-antibody complex after
permeabilization of the cell. The degree of fixation can be varied by increasing the
concentration of paraformaldehyde in the fixation solution. Tween 20 can be replaced
with an alternate detergent if the antigenic protein is more resistant to extraction from a
permeabilized cell.

For simultaneous analysis of cell-surface and internal antigens, cells that have been
stained for expression of cell-surface antigens can also be stained for expression of
intracellular antigens using this protocol. Fluorochrome selection and appropriate anti-
body combinations are discussed in the Commentary (see Critical Parameters). Do not
use peridinin chlorophyll protein (PerCP) –labeled antibodies for cell-surface staining,
as PerCP fluorescence is lost after permeabilization.

Materials

Cell sample: mononuclear cells derived from human or murine peripheral blood,
bone marrow, thymus or spleen; cells grown in suspension cultures; or
dissociated tissues (UNIT 3.1)

PBS (APPENDIX 2A) without Ca2+ and Mg2+, 4°C
Fixation solution (see recipe), 4°C
Permeabilization solution (see recipe)
Fluorochrome-labeled, biotin-labeled, or unlabeled antibody (see Support

Protocols 1 to 4 or use commercial supplier) appropriately diluted in staining
buffer (see recipe)

Washing buffer (see recipe)
Second-step fluorochrome-labeled antibody or avidin/streptavidin
PBS containing 1 mg/ml propidium iodide (PI) or 7-aminoactinomycin D

(7-AAD; optional; see recipes for PI and 7-AAD stocks)

12 × 15–mm round-bottom test tubes
Sorvall H-1000B rotor or equivalent
62-µm nylon mesh (Small Parts; optional)

1. Place ∼106 cells into a 12 × 15–mm test tube and add 1 to 2 ml PBS without Ca2+ or
Mg2+. Centrifuge 5 min at 300 × g (e.g., 1000 rpm in a H-1000B rotor), 4°C.

The ability to discriminate between dead and live cells by their light-scatter patterns is
often lost in fixed or permeabilized cell preparations; therefore, if considerable numbers
of dead cells are present, they should be removed by Ficoll-Hypaque separation prior to
fixation and permeabilization. Alternatively, dead cells can be identified by staining with
a fluorescent dye and exclusion by flow cytometric analysis (see Alternate Protocol 2).

2. Remove supernatant by aspiration or rapid decanting and discard. Add 875 µl cold
PBS to cell pellet and mix gently. Add 125 µl cold fixation solution and mix again.
Incubate 1 hr at 4°C.
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A 1-hr incubation gives optimal light-scatter discrimination between different cell types
(e.g., between lymphocytes and monocytes) on the flow cytometer. The incubation time may
be shortened to 30 min for cell preparations that contain only one cell type. As discussed
in the Commentary (see Critical Parameters and also see Troubleshooting), different
paraformaldehyde fixative concentrations and incubation temperatures may be needed for
optimal retention of a particular intracellular antigen.

3. Centrifuge cell suspension 5 min at 300 × g, 4°C. Remove supernatant by aspiration
or rapid decanting and add 1 ml permeabilization solution to the cell pellet. Mix gently
and incubate 15 min at 37°C.

4. Add 1 ml PBS. Centrifuge cells 5 min at 300 × g, 4°C. Remove supernatant by
aspiration or rapid decanting.

A cell pellet may not be visible after the fixation step because fixed cells aggregate less well
and therefore tend to spread out at the bottom of the tube.

5. For unlabeled, fluorochrome-, or biotin-labeled antibodies: Add 100 µl of the
appropriate working dilution of antibody in staining buffer to cell pellet. Mix well.
Incubate 30 min at 4°C. Add 1 ml washing buffer and centrifuge 5 min at 300 × g,
4°C. Remove supernatant and wash pellet again with 1 ml washing buffer. Centrifuge
5 min at 300 × g, 4°C.

If cells have been stained with a fluorochrome-labeled primary antibody, proceed directly
to step 7a or 7b, as needed.

A blocking step involving preincubating cells 1 min with 50 ìl heat-inactivated human AB
serum or normal mouse serum before adding the antibody dilution may reduce nonspecific
binding. Human AB serum cannot be used, however, if simultaneous analysis of cell-surface
immunoglobulin chains is to be performed. Longer incubation times and higher staining
temperatures (e.g., 22° to 25°C or 37°C) may be required for some antibodies, for instance
for IgM antibodies that will cross cell membranes less effectively and will diffuse more
slowly inside the cell compared to IgG antibodies. See Critical Parameters and see
Troubleshooting for further discussion.

6. To stain cells again after unlabeled or biotin-labeled first antibodies have been used:
Repeat step 5 using second-step fluorochrome-labeled polyclonal antibody or
avidin/streptavidin.

Labeled avidin/streptavidin or F(ab′)2 fragments are the reagents of choice for intracellular
second-step staining because they eliminate the possibility of Fc binding.

7a. If simultaneous analysis of DNA content will not be performed: Resuspend cells at a
concentration of 1–2 × 106 cells/ml in staining buffer. Filter samples through 62-µm
nylon mesh to remove clumps, if necessary. Analyze samples on flow cytometer
within 2 hr of staining. Keep samples at 4°C, protected from light, until flow
cytometric analysis.

Cells that have been fixed and permeabilized will have altered light-scatter properties
compared to untreated cells—i.e., usually less forward scatter signal on the flow cytometer.
For best results, analyze the cells on the flow cytometer as soon as possible. Samples can
be held longer, depending on the cell type and the retention of the antigen-antibody
complex. For extended storage (e.g., >16 hr) resuspend cells in 1% paraformaldehyde to
prevent deterioration.

7b. If simultaneous measurement of intracellular antibody staining and DNA content is
to be performed: Resuspend cells at a concentration of 1–2 × 106 cells/ml in 20 µg/ml
7-AAD or 10 µg/ml PI in PBS. Incubate at least 30 min at 4°C. Filter samples through
nylon mesh to remove clumps, if necessary. Analyze samples on flow cytometer
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within 2 hr of staining. Keep samples at 4°C, protected from light, until flow
cytometric analysis.

PI is used in combination with fluorescein isothiocyanate (FITC)–labeled antibodies;
7-AAD can be used with FITC-labeled antibodies and must be used with phycoerythrin
(PE)–labeled antibodies (see Critical Parameters).

SUPPORT
PROTOCOL 1

LABELING ANTIBODY WITH FLUORESCEIN ISOTHIOCYANATE (FITC)

Conjugation of fluorescein isothiocyanate (FITC) to purified antibody is an extremely
valuable technique for identifying surface molecules using either fluorescence micros-
copy or flow cytometry. In the procedure that follows, the amino groups of the antibody
molecule are coupled with fluorescein derivatives. Following removal of unbound FITC,
the fluorochrome/antibody ratio is determined and the labeled antibody is used in the
basic (see Basic Protocols 1 and 2) and alternate protocols (see Alternate Protocols 1 and
2).

Materials

1 to 2 mg/ml purified monoclonal antibody (UNITS 2.4 & 2.5)
FITC labeling buffer, 4 C (see recipe; prepare 2 weeks before use)° ≤
5 mg/ml FITC in anhydrous dimethylsulfoxide (DMSO)
Dialysis buffer, 4°C (see recipe)
Sephadex G-25 column (Pharmacia Biotech PD-10; optional)

Additional reagents and equipment for dialysis (APPENDIX 3H)

Conjugate FITC and antibody
1. Dialyze purified monoclonal antibody against 500 ml FITC labeling buffer at 4°C

with two to three changes over 2 days (APPENDIX 3H).

This step removes free NH4  ions and raises the pH to 9.2. Generally, up to 5 ml of 1 to 2
mg/ml antibody can be dialyzed against 500 ml buffer.

+

2. Determine antibody concentration based upon A280.

Concentration of antibody (mg/ml) = A280 × 0.74 × dilution factor.

3. Add 20 µl of 5 mg/ml FITC in anhydrous DMSO for each milligram of antibody.
Incubate 2 hr at room temperature.

Both the dye and organic solvent must be anhydrous; prepare FITC/DMSO solution
immediately before use.

4. Remove unbound FITC by dialysis in 500 ml dialysis buffer at 4°C with two to three
changes over 2 days. Alternatively, filter on a Sephadex G-25 column.

Determine FITC/antibody ratio
5. Dilute FITC-IgG complex with dialysis buffer so that A280 is 2.0.<

6. Determine and record A280 and A492.

7. Calculate protein concentration:

where 1.4 is the reciprocal of the FITC-conjugated antibody molar coefficient.

A A
pr 280 − ×(( ) 492 0.35

otein mg/ml =
1.4

)
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8. Calculate moles of protein:

pr ( )( ) otein mg/ml
protein moles =

1.5×105

A
FITC ( )moles = 492

0.69 ×105

where 1.5 × 105 = mol. wt. Ig and 0.69 × 105 = mol. wt. FITC.

9. Determine fluorochrome/protein (F/P) ratio:

moles of FITC
F/P =

moles of protein

An F/P ratio of 5 to 6:1 is usually optimal for flow cytometry.

SUPPORT
PROTOCOL 2

LABELING ANTIBODY USING LONG-ARMED BIOTIN

Biotin is a naturally occurring vitamin with a molecular weight of 244 Da. It has an
extremely strong affinity for avidin (Kd = 10−15 M); thus, biotin-labeled antibodies can be
detected using commercially available avidin coupled to fluorochromes. Because the
binding of biotin or the subsequent binding of avidin may induce changes in protein
structure, many companies now supply biotin containing a spacer between the protein-
binding site and the avidin-binding site (sometimes known as long-armed or spacer
biotin). Biotin can also be easily coupled to antibodies via a hydroxysuccinimide ester,
usually without disturbing the biological properties of the antibody.

Follow the method for FITC conjugation (see Support Protocol 1), substituting the
following reagents and steps as indicated.

Additional Materials (also see Support Protocol 1)

Succinimide ester labeling buffer (see recipe)
10 mg/ml long-armed biotin (Zymed) in anhydrous dimethylsulfoxide (DMSO)

1. Dialyze (APPENDIX 3H) 1 to 2 mg/ml purified antibody as for FITC labeling (see Support
Protocol 1), using succinimide ester labeling buffer instead of FITC labeling buffer.

2. Determine protein concentration based upon A280.

Concentration of antibody (mg/ml) = A280 × 0.74 × (dilution factor).

3. Add 10 µl of 10 mg/ml long-armed biotin in anhydrous DMSO for each milligram
of antibody. Incubate 1 hr at room temperature.

Both the dye and organic solvent must be anhydrous; prepare biotin/DMSO solution
immediately before use.

4. Remove unbound biotin by dialysis at 4°C as for FITC labeling (see Support Protocol
1, step 4).

Biotin/protein ratio cannot be determined spectrophotometrically, but titration comparison
of the same antibody labeled with FITC can indicate whether relabeling is necessary.
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SUPPORT
PROTOCOL 3

LABELING ANTIBODY WITH TEXAS RED

Texas Red, the sulfonylchloride derivative of sulforhodamine 101, has been used for many
years in dual-laser multiparameter flow cytometry; however, directly labeling antibodies
with this dye can be difficult, depending upon the class of the antibody and host species
(Titus et al., 1982), as concentrations required to achieve adequate dye/protein ratios often
precipitate the antibody-dye conjugates. The recent development of the modified Texas
Red–X succinimidyl ester has greatly improved Texas Red labeling, allowing a greater
range of antibodies to be labeled with substantially less precipitation of antibody-dye
conjugates. The procedure is similar to the protocol for biotin labeling (see Support
Protocol 2), with the modifications detailed below.

Materials

1 to 2 mg/ml purified monoclonal antibody
°Succinimide ester labeling buffer, 4 C (see recipe)

5 mg/ml Texas Red–X succinimidyl ester (Molecular Probes) in
N,N-dimethylformamide (DMF)

Dialysis buffer, 4°C (see recipe)
Stabilizing buffer (see recipe)

Dialysis tubing
Sephadex G-25 column (Pharmacia Biotech; optional)

1. Dialyze purified monoclonal antibody against 500 ml succinimide ester labeling
buffer at 4°C with two or three changes over 2 days (APPENDIX 3H). Allow ≥4 hr between
buffer changes.

For discussion of dialysis and a detailed procedure, see UNIT 2.7.

2. Determine antibody concentration based upon A280 and adjust to 1 to 2 mg/ml.

Concentration of antibody (mg/ml) = A280 × 0.7 × dilution factor.

3. Add 5 µl of 5 mg/ml Texas Red–X succinimidyl ester for each milligram of antibody.
Incubate 1 hr at room temperature.

Both the dye and organic solvents must be anhydrous; prepare Texas Red–X/DMF solution
immediately before use.

4. Remove unbound Texas Red–X by dialysis at 4°C as in step 1, but using dialysis
buffer. Alternatively, filter on a Sephadex G-25 column.

5. Remove any precipitated antibody by centrifuging 3 min at 10,000 × g, 4°C.

6. Determine Texas Red/antibody ratio by measuring A596/A280.

A ratio of 0.5 to 0.7 usually gives the best results and probably represents two to three Texas
Red molecules bound per antibody, based upon a molar extinction coefficient for antibody
bound to Texas Red of 8.4 × 104 M−1 at 596 nm (Titus et al., 1982).

7. Dilute Texas Red-Ig complex solution 1:1 with stabilizing buffer.
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SUPPORT
PROTOCOL 4

LABELING ANTIBODY WITH PHYCOBILIPROTEINS

Coupling phycobiliproteins such as phycoerythrin (PE) and allophycocyanin (APC) to
antibodies is more difficult than labeling with FITC (see Support Protocol 1) or biotin
(see Support Protocol 2). A sulfhydryl-maleimide linkage is used to couple the antibody
to the phycobiliprotein. The unbound antibody and phycobiliprotein are then separated
by size on a gel-filtration column.

The procedure described here is for PE-antibody coupling. The step for APC coupling is
identical except where noted.

 Additional Materials (also see Support Protocol 1)

10 to 25 mg/ml phycoerythrin (PE)
Coupling buffer, pH 5.5 and 7.5 (see recipe)
Sulfhydryl addition reagent: N-succinimidyl-S-acetylthioacetate (SATA;

Calbiochem): store under nitrogen after opening
Dimethylformamide (DMF)
Heterobifunctional cross-linker: γ-maleimidobutyric acid N-hydroxysuccinimide

ester (GMBS, Calbiochem; store under nitrogen after opening)
Deacetylation buffer (see recipe)
Tetrahydrofuran (THF)
Cysteine
Running buffer, degassed (see recipe)
AcA 34 column (IBF Biotechnics)

Prepare the PE-SATA conjugate
1. Dialyze PE against 500 ml coupling buffer, pH 7.5 as for FITC labeling (see Support

Protocol 1, step 1 and APPENDIX 3H). Use sufficient PE to give a PE/IgG (w/w) ratio
of 3:1.

The precise concentration of PE must be determined by spectrophotometric measurements
at A596 and the concentration adjusted with coupling buffer to within the indicated range.

2. Dilute N-succinimidyl-S-acetylthioacetate (SATA) to 1 mg/ml in DMF.

3. Add 10 µl diluted SATA solution for each milligram of PE to be labeled. Incubate 30
min at room temperature.

4. Dialyze PE-SATA conjugate in 500 ml coupling buffer, pH 7.5 at 4°C with two to
three changes to remove unreacted SATA. Store at 4°C for later use.

Label the antibody and isolate the conjugate
5. Dialyze purified antibody in 500 ml coupling buffer, pH 7.5 as described in step 1 of

FITC-labeling protocol (see Support Protocol 1) to a final IgG concentration of ≥1
mg/ml.

6. Dilute γ-maleimidobutyric acid N-hydroxysuccinimde ester (GMBS) to 2 mg/ml
(7.14 mM) in THF.

7. Deacetylate PE-SATA conjugate from step 4 by adding 100 µl deacetylation buffer
for each milliliter of PE-SATA. Incubate 1 hr at room temperature.

8. Add 10 µl diluted GMBS solution for each milligram of antibody to be labeled.
Incubate 30 min at room temperature.

9. Wash one Sephadex G-25 column for each 2.0 ml IgG-GMBS conjugate solution to
be loaded by adding 10 ml coupling buffer, pH 5.5 (per column). Load 2.0 ml
IgG-GMBS solution onto the washed column. Monitor eluate spectrophotometrically
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using a 280-nm filter and collect the portion represented by the first peak. Proceed
immediately to step 10.

The first peak is the GMBS-labeled antibody. The second peak is free GMBS and should
be discarded.

Couple PE-SATA and IgG-GMBS conjugates
10. Mix deacetylated PE-SATA conjugate from step 7 with IgG-GMBS conjugate from

step 9 immediately after isolating the latter. Incubate 2 hr at room temperature.

Use a 3:1 ratio of PE to IgG for optimum yield, but use a 2:1 ratio of APC/IgG.

11. Quench residual maleimide groups by adding cysteine to twice the antibody concen-
tration.

For example, add 25 ìl of 0.1 mg/ml cysteine (569.5 ìM) per milligram of IgG.

12. Separate PE-IgG conjugate from unconjugated PE and free IgG using an AcA 34
column. Sample volume to be loaded onto column should be between 0.5% and 4%
of total bed volume of column. Pour an appropriately sized column using degassed
running buffer according to manufacturer’s directions.

Due to slow packing and running rates, it generally requires one night to pack a column
and an additional night to isolate the sample; therefore it is advisable to pack the column
before labeling.

13. Load sample onto column and run column at manufacturer’s suggested rates. Several
peaks will appear on the column printouts. The first peaks are PE-IgG conjugates
with more than one PE-per-IgG. The peak with one PE-per-IgG will appear imme-
diately before the unconjugated PE peak. The last peak will be unconjugated IgG.

Confirm number of PE-per-IgG using flow cytometry techniques or spectrophotometrically
using A596 /A280 ratios. Best results have come from using the one-PE-per-Ig conjugate.

ALTERNATE
PROTOCOL 1

IMMUNOFLUORESCENCE STAINING OF UNFIXED CELLS FOR
DETECTION OF INTRACELLULAR ANTIGENS

This method for preparing cells for intracellular staining is very rapid, preserves immu-
nofluorescence, and can also be used for measuring DNA content. It is particularly useful
for cell preparations where the preservation of light scatter is less critical—e.g., for cell
lines and for the staining of intracellular antigens that are denatured by cross-linking
fixatives, such as paraformaldehyde.

For simultaneous analysis of surface and internal antigens, cells that have been stained
for expression of cell-surface antigens can also be stained for expression of intracellular
antigens using this protocol. Fluorochrome selection and appropriate antibody combinations
are discussed in the Commentary (see Critical Parameters). Do not use PerCP-labeled
antibodies for cell-surface staining, as PerCP fluorescence is lost after permeabilization.

Additional Materials (also see Basic Protocol 2)

0.3% and 0.1% (w/v) saponin (Sigma) in PBS (APPENDIX 2A): store ≤1 month in
amber container at 4°C

0.3% saponin in PBS with 10 µg/ml PI or 20 µg/ml 7-AAD (optional): add PI or
7-AAD stock to appropriate concentration (see recipes); prepare fresh before
use and protect solution from light
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1. Place ∼2 × 106 cells into a 12 × 15–mm test tube and add 1 to 2 ml PBS. Centrifuge
5 min at 300 × g (e.g., 1000 rpm in Sorvall H-1000B), 4°C. Discard supernatant and
wash pellet with another 1 to 2 ml PBS. Centrifuge 5 min at 300 × g, 4°C.

The light-scatter profiles of the cells on the flow cytometer will change considerably after
permeabilization. This will also lead to a loss of discrimination between live and dead
cells; therefore, whenever considerable numbers of dead cells are present, they should be
removed by Ficoll-Hypaque separation prior to permeabilization or be identified by
fluorescent-dye staining and excluded by flow cytometric analysis (see Alternate Protocol
2 and also see Critical Parameters for further discussion).

2. Dilute fluorochrome-labeled antibody in 0.3% saponin/PBS to an appropriate work-
ing dilution.

3. Remove supernatant by aspiration or rapid decanting and add 100 µl fluorochrome-
labeled antibody in saponin to cell pellet. Mix gently without vortexing. Incubate 30
min at 4°C.

Saponin needs to be present during each antibody incubation and during each washing
step to maintain membrane permeability. Blocking with human AB serum or normal mouse
serum, before the addition of the antibody dilution, can reduce nonspecific staining. Longer
incubation times and higher staining temperatures, e.g., 22° to 25°C or 37°C, may be
required for some antibodies. For further discussion see Critical Parameters and also see
Troubleshooting.

4. Add 2 ml PBS and centrifuge 5 min at 300 × g, 4°C. Discard supernatant and wash
pellet with 1 ml of 0.1% saponin/PBS. Centrifuge 5 min at 300 × g, 4°C.

If cells have been stained with a fluorochrome-labeled primary antibody, proceed directly
to step 6a or 6b, as needed.

5. To stain cells again after unlabeled or biotin-labeled first antibodies have been used,
repeat steps 3 and 4 using second-step fluorochrome-labeled polyclonal antibody or
avidin/streptavidin.

Labeled avidin/streptavidin or F(ab′)2 fragments are the reagents of choice for intracellular
second-step staining because they eliminate the possibility of Fc binding.

6a. If simultaneous analysis of DNA content will not be performed: Resuspend cells at a
concentration of 1–2 × 106/ml in staining buffer in PBS (do not use 0.3%
saponin/PBS). Filter cells through nylon mesh to remove clumps if necessary. Keep
samples at 4°C, protected from light, until flow cytometric analysis.

Because cells were not treated with a fixative, samples should be analyzed on the flow
cytometer as soon as possible.

6b. If a simultaneous analysis of DNA content will be performed: Resuspend cells at a
concentration of 1–2 × 106/ml in 0.3% saponin with 10 µg/ml PI or 20 µg/ml 7-AAD.
If antibody is labeled with PE (see Support Protocol 4), use 0.3% saponin with 20
µg/ml 7-AAD. Incubate 10 min at 4°C. Keep samples at 4°C protected from light
until flow cytometric analysis. Filter through nylon mesh to remove clumps if
necessary. Because samples are not fixed, analyze on the flow cytometer as soon as
possible.
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ALTERNATE
PROTOCOL 2

STAINING OF NONVIABLE CELLS WITH 7-AMINOACTINOMYCIN D FOR
DEAD-CELL DISCRIMINATION
This protocol describes the use of 7-aminoactinomycin D (7-AAD) for the fluorescent
detection of nonviable (i.e., dead) cells that have lost membrane integrity in fixed or
permeabilized cell preparations. DNA binding of fluorescent 7-AAD, which can leak out
of stained cells into unstained cells after fixation or permeabilization, is blocked by
including nonfluorescent actinomycin D (AD) in the fixation, permeabilization, staining,
washing, and resuspension solutions.

Additional Materials (also see Basic Protocol 2)

1 mg/ml 7-aminoactinomycin D (7-AAD) stock solution (see recipe)
Fixation solution containing 80 µg/ml actinomycin D (AD; see recipe), 4°C
0.2% and 0.1% (v/v) Tween 20 in PBS containing 10 µg/ml AD
Staining buffer (see recipe) containing 10 µg/ml AD
Fluorochrome-labeled antibody in 0.3% (w/v) saponin/PBS containing

10 µg/ml AD
0.1% saponin in PBS containing 10 µg/ml AD

1. Place ∼106 to 2 × 106 cells in a 12 × 15–mm test tube and add 1 to 2 ml PBS. Centrifuge
5 min at 300 × g (e.g., 1000 rpm in Sorvall H-1000B), 4°C. Discard supernatant and
resuspend cells in 1 ml staining buffer. Add 1 µl of 1 mg/ml 7-AAD stock solution
for a final concentration of 1 µg/ml. Mix well and incubate 20 min in the dark.

2. Centrifuge 5 min at 300 × g, 4°C, and remove supernatant by aspiration or rapid
decanting. Resuspend pellet in 3 ml PBS and centrifuge 5 min at 300 × g, 4°C.

To stain fixed and permeabilized single-cell suspension:
3a. Remove supernatant by aspiration or rapid decanting and add 875 µl cold PBS to cell

pellet. Mix gently.

4a. Add 125 µl cold fixation solution containing 80 µg/ml AD and mix gently. Incubate
1 hr at 4°C.

Final concentration of AD in the 0.25% paraformaldehyde solution will be 10 ìg/ml.

Complete removal of unbound 7-AAD is critical because residual 7-AAD will bind to the
DNA of unstained live cells immediately when cells are permeabilized.

5a. Treat cells with Tween 20 and stain for immunofluorescent detection of intracellular
antigens in fixed and permeabilized single-cell suspensions as described (see Basic
Protocol 2, steps 3 to 6), except use 0.2% and 0.1% Tween 20/PBS and staining
solutions containing 10 µg/ml AD.

To stain unfixed cells permeabilized with saponin:
3b. Remove supernatant by aspiration or rapid decanting. Add 100 µl of the appropriate

working dilution of fluorochrome-labeled antibody in 0.3% saponin/PBS containing
10 µg/ml AD. Mix gently without vortexing. Incubate 30 min at 4°C.

4b. Add 2 ml staining buffer containing 10 µg/ml AD. Centrifuge 5 min at 300 × g, 4°C.
Discard supernatant and repeat wash with 1 ml of 0.1% saponin/PBS/AD. Centrifuge
5 min at 300  g, 4 C.× °

Complete removal of unbound 7-AAD is critical, particularly when permeabilizing cells
with saponin, because residual 7-AAD will bind to the DNA of unstained live cells
immediately when cells are permeabilized.

5b. Stain cells for immunofluorescent detection of intracellular antigens in unfixed cells
(see Alternate Protocol 1, steps 3 to 6), except use saponin and staining solutions
containing 10 µg/ml AD.
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REAGENTS AND SOLUTIONS

Use deionized, distilled water in all recipes and protocol steps. For common stock solutions, see
APPENDIX 2; for suppliers, see APPENDIX 5.

Actinomycin D (AD) stock solution, 1 mg/ml
1 mg actinomycin D (actinomycin C1; Boehringer Mannheim)
50 µl absolute ethanol, −20°C
Mix well
Add 950 µl cold PBS (APPENDIX 2A)
Sonicate solution 10 min at 4°C or let sit a minimum of 24 hr at 4°C before use.
Store ≤1 month at 4°C.

AD does not dissolve readily, but it is most soluble at low temperatures.

7-aminoactinomycin D (7-AAD) stock solution, 1 mg/ml
1 mg 7-AAD (Calbiochem or Sigma)
50 µl absolute methanol
Mix well
Add 950 µl PBS (APPENDIX 2A)
Mix again
Store protected from light ≤1 month at 4°C

Working solutions (prepared immediately before use) contain 20 ìg/ml 7-AAD. They should
also be protected from light.

Coupling buffer, pH 5.5 or 7.5
0.1 M Na2PO4⋅7H2O
0.1 M NaCl (APPENDIX 2A)
1 mM EDTA (APPENDIX 2A)
Adjust pH to 5.5 or 7.5 with concentrated HCl
Store ≤1 week at room temperature

Deacetylation buffer
Dissolve 3.47 g hydroxylamine (mono HCl; 0.5 M final) and 0.73 g EDTA (anhy-
drous free acid; 0.025 M final) in ∼50 ml H2O and adjust to pH 7.5 with solid
anhydrous disodium hydrogen phosphate. Add H2O to 100 ml final volume.

Dialysis buffer
0.1 M Tris⋅Cl, pH 7.4 (APPENDIX 2A)
0.1% (w/v) NaN3

0.2 M NaCl (APPENDIX 2A)
Adjust pH to 7.4 with concentrated NaOH
Store ≤1 week at room temperature

FITC labeling buffer
0.05 M boric acid
0.2 M NaCl (APPENDIX 2A)
Adjust pH to 9.2 with concentrated NaOH
Store ≤1 week at room temperature

Fixation solution
2 g paraformaldehyde (electron microscopy–grade, Polysciences)
100 ml PBS (APPENDIX 2A)
Adjust pH to 7.2 with 0.1 M NaOH or 0.1 M HCl
Store protected from light ≤1 month at 4°C
To dissolve paraformaldehyde, heat solution to 70°C in a fume hood for ∼1 hr. Cool
to room temperature before adjusting pH. Check pH periodically.

continued
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Do not heat the solution above 70°C. For best results, use only very pure preparations of
paraformaldehyde (i.e., electron microscopy–grade from Polysciences). For intracellular
antigens that are very sensitive to acid denaturation, use only freshly prepared fixation
solutions as discussed in Critical Parameters.

Permeabilization solution: 0.2% (v/v) Tween 20
Mix 200 µl Tween 20 (Sigma) with 100 ml PBS. Store ≤1 month in amber container
at 4°C. Warm to room temperature before use.

Propidium iodide solution
50 µg/ml propidium iodide
0.1% (w/v) sodium citrate
Store protected from light ≤1 year at 4°C.

Propidium iodide (PI) stock solution, 1 mg/ml
1 mg/ml propidium iodide in PBS (APPENDIX 2A)
1 mg/ml ribonuclease A (Sigma)
Store protected from light ≤1 month at 4°C.

Working solutions (prepared immediately before use) contain 10 ìg/ml PI. They should also
be protected from light.

Running buffer
81.82 g NaCl
4 ml glycerol
Dissolve in 3.8 liters PBS (APPENDIX 2A)
Adjust pH to 7.5 with concentrated HCl
Add PBS (APPENDIX 2A) to 4 liters

To degas buffer, place room temperature buffer in an Erlenmeyer flask equipped with a
one-hole stopper and tubing (alternatively, a sidearm vacuum flask and stopper may be
used). Apply vacuum through the tubing (or sidearm) while stirring buffer vigorously. Sample
is degassed when no more bubbles rise out of solution.

Store at room temperature ≤1 week.

Stabilizing buffer
Hanks’ balanced salt solution (APPENDIX 2A) without phenol red, containing:
0.1% (w/v) NaN3

5.0% (w/v) BSA, fraction V
Store ≤1 year at 4°C.

Staining buffer
Hanks balanced salt solution (APPENDIX 2A) without phenol red, containing:
0.1% (w/v) NaN3

1.0% (w/v) bovine serum albumin (BSA; fraction V)
Store at 4°C ≤1 year.

Succinimide ester labeling buffer
0.1 M NaHCO3

0.1 M NaCl
Adjust pH to 8.4 with concentrated HCl
Store ≤1 week at room temperature

Washing buffer: 0.1% (v/v) Tween 20
Mix 100 µl Tween 20 with 100 ml PBS. Store ≤1 month in amber container at 4°C.
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COMMENTARY

Background Information
In direct immunofluorescence staining,

cells are treated with an antibody that has been
conjugated to a fluorochrome (e.g., FITC; see
Basic Protocols 1 and 2 and Support Protocol 1).
In indirect staining (sometimes referred to as a
sandwich technique), the primary reagent is not
labeled but is detected by a second fluoro-
chrome-labeled reagent. This second reagent
may be an antibody with specificity for the first
antibody. Alternatively, the avidin-biotin sys-
tem can be used (see Support Protocol 2),
whereby an antibody is conjugated to biotin and
is detected with fluorochrome-labeled avidin
(an egg-white glycoprotein with a very high
intrinsic affinity for biotin). Another method of
indirect staining uses aminophenyl hapten–
conjugated antibodies, such as those made with
arsanilic acid (Mishell and Shiigi, 1980). De-
tection of these antibodies is accomplished with
fluorochrome-labeled antibodies specific for
the haptens.

Indirect immunofluorescence offers several
advantages over direct immunofluorescence.
For instance, biotinylated antibodies can be
detected with avidin conjugated to any number
of different fluorochromes that are inexpensive,
of high quality, and widely available from a
number of commercial sources. In immuno-
fluorescence using two antibodies, the second
specific for the first, detection of a first antibody
that is unpurified and unlabeled can be achieved
using a second purified, labeled antibody. In
addition, indirect immunofluorescence often
amplifies the fluorescence signal.

Coordinate expression of more than one
antigen or surface molecule on a given cell can
be analyzed using multicolor staining. Multi-
color staining usually combines direct and in-
direct immunofluorescence in a single proto-
col. This maintains specificity within a multi-
color labeling system without sacrificing its
versatility.

Staining of intracellular antigens for flow
cytometry depends on techniques that fix or
permeabilize the membranes of cells in solution
to allow access of antibodies to internal cellular
components. Most of the methods that have
been developed use formaldehyde in combina-
tion with a detergent or alcohol (ethanol or
methanol) to prepare cells for intracellular
staining (for reviews see Jacobberger, 1989,
and Clevenger and Shankey, 1993). Some
methods use detergents without prior fixation
of cells (Schroff et al., 1984; Jacob et al., 1991).

Alcohols coagulate cellular proteins and solu-
bilize lipids. Thus, they simultaneously fix and
permeabilize the cells. Formaldehyde cross-
links proteins (Puchtler and Meloan, 1985) and
when used alone, it does not provide adequate
permeabilization; therefore, detergents are
needed to solubilize membranes after formal-
dehyde fixation (Clevenger et al., 1985).

Alcohols create cellular debris which leads
to clumping and subsequent cell loss. They also
dramatically change the light-scatter profile of
cells on the flow cytometer, which can make
the identification of the cell populations of
interest difficult. In contrast, fixation with for-
maldehyde maintains the light-scatter proper-
ties of cells and preserves surface immunofluo-
rescence (Lanier and Warner, 1981); therefore,
although it requires an extra step for permeabi-
lization, formaldehyde fixation is the preferred
method of preparing cells for intracellular
staining for flow cytometry.

Basic Protocol 2 describes fixation using a
low concentration of paraformaldehyde in
combination with a mild detergent (Tween 20).
It is particularly suited for simultaneous meas-
urement of intracellular and surface staining as
well as DNA content (Schmid et al., 1991).
Furthermore, the procedure may be modified
to permit detection of a diverse array of intra-
cellular proteins (Clevenger and Shankey,
1993). By changing the formaldehyde concen-
tration or the type of detergent used, the proce-
dure can be used to detect proteins that differ
in their susceptibility to antigenic denaturation
and their resistance to extraction from a perme-
abilized cell (Mann et al., 1987). After fixation
and permeabilization, the cells are stained with
antibodies using standard immunofluorescent
techniques for flow cytometry. Problems re-
lated to intracellular staining are discussed be-
low (see Critical Parameters).

Critical Parameters

Preparation and storage of reagents
Although the protocols for labeling antibod-

ies with fluorochromes and biotin are simple,
optimal results are highly dependent upon the
reagents used. The organic solvents (DMF,
DMSO, and acetonitrile) and the dye powders
used must be anhydrous. For this reason it is
recommended that dyes be purchased in small
amounts and stored in a desiccator. Organic
solvents can be purchased packed under nitro-
gen in syringe vials. Solutions of FITC, Texas
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Red, and biotin should be made just prior to
use. It is recommended that the FITC labeling
buffer and coupling buffer be made not more
than 1 week before use. Texas Red labeling is
more difficult than labeling with FITC or bio-
tin, as it is more dependent upon the class and
species of antibody to be labeled (Titus et al.,
1982).

Immunofluorescence staining is simple to
perform, but several factors can influence the
intensity levels achieved and specificity of
binding. It is important to keep the staining
vessels partially submerged in an ice bath and
to include sodium azide in the staining buffer.
Modulation and internalization of surface anti-
gens can occur as a result of antibody cross-
linking (Taylor et al., 1971; Loor et al., 1972),
which can produce a loss of fluorescence inten-
sity. Low temperature and the presence of so-
dium azide prevent this phenomenon by inhib-
iting metabolic activity. Cross-linking of sur-
face antigens can also be prevented by using
the monovalent form of antibodies prepared as
Fab fragments (Porter, 1959). It is important
that antibody preparations be free of aggregates
because these complexes also bind through the
Fc portions of the immunoglobulin molecule,
promoting nonspecific binding to surface Fc
receptors.

The preferred reagent for formaldehyde
fixation of cells for intracellular staining is a
buffered solution made from paraformalde-
hyde, the solid polymer of formaldehyde. Com-
mercially available formalin solutions can con-
tain formic acid, which may be generated from
formaldehyde by exposure to excess heat and
light or produced during the manufacturing
processes. In addition, commercially available
formalin that is not buffered contains methanol
as a stabilizing agent. Both formic acid and
methanol can have detrimental effects on struc-
tures of intracellular antigens. When kept at
4°C, and protected from light, the paraformal-
dehyde solution described in this protocol is
stable for at least 1 month as long as a pH of
∼7.2 is maintained. It is advisable to check the
pH periodically and discard the solution if it
has become acidic; however, for antigens that
are very sensitive to denaturation, only freshly
prepared fixation solution should be used. Al-
ternatively, a 16% electron microscopy (EM)–
grade formalin solution sealed under nitrogen
gas is available (from Polysciences) for labora-
tories that do not have access to a fume hood.

The permeabilization solution, which con-
tains either Tween 20 (see Basic Protocol 2) or
saponin (see Alternate Protocol 1), is stable at

least 1 month when stored at 4°C and protected
from light. Again, use only pure preparations
because contaminating substances may affect
the antigenic properties of intracellular pro-
teins.

Intracellular staining
To stain intracellular proteins, antibodies

have to cross cellular membranes. An anti-
body’s coupling with an intracellular antigen
depends on its affinity for the antigen and how
easily it can access the appropriate epitopes
inside the cell. Using polyclonal antisera can
therefore improve the staining of intracellular
antigens because they represent mixtures of
antibodies of different affinities that are di-
rected against a variety of epitopes. Further-
more, antibodies of different isotype (IgG ver-
sus IgM) have different molecular weights and
vary in their diffusion constants. Consequently,
increased staining temperature and longer in-
cubation time can improve reactivity with the
intracellular antigen; however, low temperature
(i.e., 4°C) favors the stability of antibody-li-
gand complexes. For staining of cells that have
been permeabilized by saponin, the presence of
detergent in the staining solution is required for
antibody penetration (Jacob et al., 1991; Sander
et al., 1991).

Antibodies purchased from various com-
mercial sources can differ dramatically in their
reactivity with a given intracellular antigen. It
is advisable to buy only reagents that have been
developed and tested for flow cytometry, espe-
cially ones known to be useful for intracellular
staining. Ideally, several antibodies directed
against the intracellular antigen of interest
should be tested to determine which one gives
the best separation between specific staining
and background. Antibodies used for detecting
proteins on immunoblots may not give good
results in flow cytometric assays because they
may not be directed against the conformation-
dependent epitopes present in intact cells. Also,
antibodies that react well with cells fixed onto
slides may not adequately stain intracellular
antigens of cells in solution.

Nonspecific binding of antibodies is a con-
siderable problem in intracellular staining be-
cause there are many more components to
which an antibody can attach itself inside the
cell than there are on the cell surface. For this
reason, monoclonal antibodies often give
clearer results for intracellular staining than
polyclonal antisera, which tend to show high
background staining. Also, directly labeled an-
tibodies are preferable for intracellular stain-
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ing, because with second-step reagents, the
nonspecific binding of the first and the second
antibody have to be considered. When indirect
staining must be done, avidin/streptavidin or
F(ab′)2 fragments of antisera are the reagents
of choice because of reduced Fc binding. Ad-
dition of serum (e.g., 50% heat-inactivated hu-
man serum or 20% normal mouse serum) to the
staining buffer can decrease the level of non-
specific staining. Multiple washing steps with
buffers that contain low concentrations of de-
tergent can further reduce nonspecific back-
ground staining.

Careful titration of all staining reagents is
mandatory to find the optimal antibody concen-
tration. The optimal concentration may differ
from the amount recommended for cell-surface
staining. When an indirect staining system is
used, both the first- and second-step reagents
have to be titrated. This is usually done with a
staining matrix to determine the antibody con-
centrations that give the best separation of
staining above background and autofluores-
cence, which are higher in fixed than in unfixed
cells. For studies of antigen quantification, it is
important to determine the saturating amount
of antibody to ensure that the fluorescence
signal from each individual cell will represent
the actual antigen content. In addition, cells that
have not been fixed and permeabilized, and
cells that do not express the intracellular anti-
gen of interest, should be used as negative
experimental staining controls. Cells that ex-
press the intracellular antigen of interest should
be used as positive staining controls.

Basic Protocol 2, first described in Schmid
et al. (1991), is well suited for combining cell-
surface staining with intracellular staining. Sur-
face staining is performed according to stand-
ard protocols. The cells are then fixed and
permeabilized and the intracellular antigen is
stained. There will be some loss of fluorescence
intensity of cell-surface antigen staining after
the fixation and permeabilization step; how-
ever, with FITC, PE, and Tricolor staining, even
dimly expressed antigens are preserved suffi-
ciently to allow discrimination from back-
ground. In contrast, the fluorochrome peridinin
chlorophyll protein (PerCP) shows a dramatic
loss of staining intensity after the permeabili-
zation step. This makes PerCP unsuitable for
combined cell-surface antigen and intracellular
staining by the procedures described (see Basic
Protocol 2 and Alternate Protocol 1).

Antibodies labeled with fluorochromes pos-
sessing different emission spectra must be used
for combined surface and intracellular staining.

Again, directly labeled antibodies are prefer-
able, because a second-step reagent will also
bind to the surface antibody, unless a biotiny-
lated antibody or an antibody made in a differ-
ent species is used intracellularly.

The current method is also applicable to
combining surface and intracellular staining
with DNA staining (Schmid et al., 1991; Storek
et al., 1992). Formaldehyde fixation is the pre-
ferred method for preserving cell-surface im-
munofluorescence for flow cytometry (Lanier
and Warner, 1981); however, formaldehyde
also rapidly cross-links nuclear histones, which
will impair access of the dye (e.g., PI or 7-
AAD) to DNA. A low concentration of para-
formaldehyde (0.25%) is therefore used in Ba-
sic Protocol 2 to reduce the effect of cross-link-
ing on nuclear proteins and, thus, improve the
coefficient of variation on the resulting DNA
histograms. Depending on the fluorochrome
label of the antibody used for surface or intra-
cellular staining, either PI or 7-AAD can be
used for DNA staining, as discussed below.

Fixation and permeabilization
Basic Protocol 2 is simple to perform and

will produce cell preparations with little debris.
Cell loss is minimal and the cell populations
are distinctly visible on the flow cytometer;
however, this protocol may not be suitable for
all cells and all intracellular antigens. Because
the exact effects of fixation and detergent treat-
ment on cellular membranes and antigens are
not yet completely understood, the most critical
parameter is the selection of an appropriate
fixation and permeabilization procedure for a
previously uncharacterized intracellular pro-
tein. Thus, the optimal procedure for a given
antigen has to be determined empirically. This
may mean that different concentrations of for-
maldehyde or an alternate fixation time or tem-
perature have to be tried (Mann et al., 1987).
Use of the detergent saponin may improve the
stainability and retention of intracellular anti-
gens (Franek et al., 1994) or permit the detec-
tion of intracellular cytokines (Sander et al.,
1991).

However, because of the inverse relationship
between the permeability of cells for probes and
the retention of intracellular structures, the op-
timal detergent and its concentration have to be
matched to the fixative and the antigen. For
instance, Tween 20, which is used in Basic
Protocol 2 for permeabilization after fixation,
is a very mild detergent that is able to preserve
the discrimination between cell clusters even
when cell preparations are fixed in low concen-
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trations of paraformaldehyde. Altering the con-
centration of Tween 20 or replacing it with
another detergent (e.g., Triton X-100) can alter
the light-scatter properties of cells considerably
and affect the discrimination of cell clusters on
the flow cytometer or cause extraction of cel-
lular components.

Finally, to detect antigens that are denatured
by cross-linking fixatives like formaldehyde,
the optimal technique may be to treat cells with
various concentrations of ethanol or methanol
(Bauer and Jacobberger, 1994) or to use a pro-
tocol in which unfixed cells are permeabilized
by saponin (Jacob et al., 1991).

The best way to determine whether a fixa-
tion protocol is suitable for staining a given
antigen is to use cells that express the intracel-
lular antigen of interest as a positive experimen-
tal control. In addition, the success of an indi-
vidual staining experiment for a new intracel-
lular antigen should always be verified by
fluorescence microscopy, because flow cyto-
metry cannot offer information on the physical
location of the fluorescence in the cell. Local-
ization of staining—e.g., nuclear versus cyto-
plasmic—is an important confirming parame-
ter for antigens with a known intracellular lo-
cation and may be affected by the fixation and
permeabilization procedure (Clevenger and
Shankey, 1993).

Discrimination of nonviable cells
Nonviable (i.e., dead) cells can bind to anti-

bodies nonspecifically and therefore have to be
excluded from flow cytometric analysis. Fre-
quently, nonviable cells can be discriminated
from live cells on the basis of light scatter. This
discrimination, however, is often lost in fixed
or permeabilized cell preparations; therefore,
whenever there are considerable numbers of
dead cells present, it is advisable to remove
dead cells and clumps from the cell preparation
by Ficoll-Hypaque separation. However, this
can lead to cell losses and in some cases to the
selective loss of cells of interest due to altera-
tions in cell density.

Alternatively and preferably, dead cells can
be distinguished from live cells by their uptake
of fluorescent DNA dyes due to loss of mem-
brane integrity. PI, which is commonly used for
dead-cell discrimination, cannot be used be-
cause it will leak out of the stained dead cells
and into the unstained cells after fixation and
permeabilization. 7-AAD has also been used
for dead-cell discrimination, and is particularly
useful for combined staining with PE because
its far-red emission can be effectively separated

from the orange emission of PE (Schmid et al.,
1992). Staining of live cells by 7-AAD, which
leaks out of dead cells after permeabilization,
can be prevented by adding nonfluorescent
actinomycin D (AD) to the fixing or per-
meabilization solution (Fetterhoff et al., 1993).
This technique is described in Alternate Proto-
col 2 and its application is discussed below (see
Anticipated Results).

Another method involves covalent binding
of ethidium monoazide by UV exposure to the
DNA of nonviable cells (Riedy et al., 1991).
Recently, the use of the dye Tricolor (Caltag)
for dead-cell discrimination in fixed or perme-
abilized cell preparations has been described
(Levelt and Eichmann, 1994).

Choice of label
Fluorescein-conjugated antibodies are most

commonly used for single-color flow cytometry
analysis. Other conjugation methods are used
for second-, third-, and fourth-color analysis of
multiple parameters. Choice of label is largely
dependent upon the flow cytometer available
and the corresponding laser and optical filter
combination. The number of parameters and the
density of molecules per cell also dictate the
number and type of fluorochromes used. Addi-
tional factors to consider include the ability of
specific antibodies to withstand the conjugation
procedures and retain activity as well as the
availability or accessibility of target amino acids
for covalent linkage to the fluorochrome.

Fluorochrome selection for intracellular
staining

Fluorochromes for intracellular staining ex-
periments should have low molecular weights,
as otherwise the fluorochrome will reduce an-
tibody mobility. Fluorescein isothiocyanate
(FITC) is a small molecule and is commercially
available conjugated to first- and second-step
reagents. FITC has therefore been used exten-
sively for intracellular staining, although its
negative charge leads to an increase in nonspe-
cific binding and its green emission spectrum
is in the same range as cellular autofluores-
cence. Novel dyes that do not have these disad-
vantages and are small include 7-amino-4-
methylcumarin-3-acetic acid (AMCA, avail-
able  f rom Polysciences and Jackson
Immunoresearch) and Cascade blue (Molecu-
lar Probes); however, both dyes require excita-
tion in the UV range, an option that is not
available with most benchtop flow cytometers.

Phycobiliproteins, such as phycoerythrin
(PE), have much higher molecular weights and
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are probably best used for combining cell-sur-
face PE staining with FITC intracellular stain-
ing. Nevertheless, their size is in the same range
as that of intact IgG and they are able to cross
the cell membrane. They may be applicable for
staining experiments where precise quantifica-
tion of the intracellular antigen is less critical.
When cell-surface staining is done with PE-la-
beled antibodies, 7-AAD must be used for
DNA staining because of the extensive emis-
sion overlap between PE and PI (Rabinovitch
et al., 1986; Schmid et al., 1991). When FITC
is used for surface or intracellular staining, PI
is the dye of choice for measuring DNA con-
tent, as it offers lower coefficients of variation
on DNA histograms than 7-AAD and its emis-
sion signal can be easily separated from the
FITC emission on the flow cytometer.

Multicolor staining
For multicolor staining, the order of reagent

addition is determined by the specificities of
the reagents used. If direct and indirect stain-
ings are performed in the same protocol, the
indirect is executed first. If two indirect stains
are to be employed in the same staining proce-
dure, both first antibodies may be added in the
first incubation and the two second antibodies
in the second incubation, as long as each labeled
second antibody (or ligand) is specific for only
one of the first antibodies and there is no inter-
action between the two second antibodies (or
ligands). Alternately, each reagent may be
added separately at different incubation steps.

Often, indirect staining systems may be used
when the first antibodies are raised in different
species. In this case, the second labeled anti-
bodies each are specific for only one of the
species and there is no cross-reaction. Multi-
color staining can be carried out even if one of
the second reagents does bind both of the first
reagents by using a “cold block.”

For example, a staining protocol involving
dual-species antibodies (added in sequential
steps, with incubation and wash steps; see Basic
Protocol 1) might proceed as follows: (1) add
unlabeled rat anti–mouse CD8 (specific for
mouse surface antigen); (2) add FITC-conju-
gated goat anti–rat immunoglobulin; (3) add
purified rat immunoglobulin, incubate 10 min,
then add biotin-conjugated rat anti–mouse
CD4; and (4) add phycoerythrin-conjugated
avidin. The excess rat immunoglobulin added
at the beginning of the third step occupies any
free binding sites on the labeled goat anti–rat
immunoglobulin used in the second step and
prevents it from binding the second rat antibody

used in the third step (the “cold block”). It is
obvious from this sample protocol that the
specificity of one of the reagents dictates the
order of addition of reagents. The FITC-labeled
goat anti–rat immunoglobulin has to be used
before the biotin-conjugated rat anti–mouse
CD4 so that it binds only the desired antibody—
i.e., the rat anti–mouse CD8—and not the bio-
tin-conjugated antibody that is detected with
labeled avidin.

Controls for cell-surface staining
Single-color controls. To test for inappropri-

ate interactions, multicolor staining protocols
should include single-color controls where
cells are stained with each fluorochrome-la-
beled reagent separately, then compared with
an aliquot of the same cell sample stained with
both fluorochrome-labeled reagents in the
same tube. These controls should be performed
for all combinations of direct and indirect stain-
ing methods involving more than one fluoro-
chrome. Single-color controls are also useful
for setting compensation in flow cytometric
analyses when two fluorochromes have over-
lapping emission spectra (UNIT 5.2).

Reagent and cell sample controls. To deter-
mine background from direct staining, proto-
cols often include negative controls with la-
beled irrelevant antibodies (e.g., antibodies that
should not bind the cells used). The labeled
irrelevant antibody can only determine general
nonspecific binding of any labeled reagent to
the cell population under examination. Positive
and negative cell controls (cell samples to
which the reagent should or should not bind)
are used to determine the binding specificity of
the labeled reagent and are especially useful in
determining specificity of allotype- and spe-
cies-specific reagents. An additional control for
specificity in direct staining is the use of excess
unlabeled antibody to show that it can inhibit
binding of the same labeled antibody.

For indirect staining, either an irrelevant first
antibody (usually of the same isotype) or no
first antibody is used to establish background
fluorescence or nonspecific binding contrib-
uted by the labeled second antibody.

Autofluorescence controls. Unstained cells
(i.e., cells without any fluorochrome-conju-
gated reagent) are used to establish levels of
background autofluorescence.

Controls for intracellular staining
Appropriate controls are essential for suc-

cessful intracellular staining experiments be-
cause reagents can often bind nonspecifically
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to cellular components that have been altered
by the fixation and permeabilization procedure.
Cells that express the internal antigen in ques-
tion can serve as positive experimental con-
trols. Cells known to lack the antigen being
studied can control for the specificity of the
antibody; however, appropriate negative con-
trol cells may not always be available. In some
cases, it may be necessary to verify the flow
cytometric results independently by immuno-
blotting or Western blot analysis.

Autofluorescence controls. Cells that have
been fixed and permeabilized but not stained
should be included in every assay to establish
the level of cellular background fluorescence.
This level will be higher in cells that were fixed
and permeabilized compared to untreated cells
and will differ among fixation techniques.

Reagent and cell-sample controls. To deter-
mine the degree of background caused by non-
specific binding of the heavy chain of the anti-
body, cells should be stained with isotypic ir-
relevant antibodies. Because this background
is highly dependent on the protein concentra-
tion, control and relevant antibodies have to be
compared at the same staining concentration.
Unfortunately, manufacturers of commercial
antibodies do not always list the protein con-
centration on antibody data sheets, but all com-
panies should be able to provide this informa-
tion on request.

To control for second-step reagents, cells are
usually stained with the second antibody alone;
however, cells that were incubated with an
isotype-matched, unlabeled antibody that is
nonreactive, followed by the second antibody,
provide a more accurate control for background
staining. Fluorescence measured above back-
ground is then considered to be caused purely
by reactivity of the relevant antibody.

Single-color controls. In multicolor experi-
ments, single-color control tubes containing
cells that are stained with each reagent sepa-
rately are used to equilibrate the flow cytometer
for the amount of electronic color compensa-
tion for dyes with overlapping fluorescence
emission spectra. Then, cells that have been
stained with multiple reagents are analyzed
with identical instrument settings. Single-color
control tubes also allow determination of un-
wanted reagent interactions that can occur
whenever cells are incubated with more than
one antibody or dye. This is especially impor-
tant when one directly labeled reagent is com-
bined with one unlabeled reagent that requires
a second step. In this case, antibodies made in
different species have to be used, blocking steps

are needed, and staining controls are essential
to confirm that there is no cross-reactivity
between the reagents. Although some com-
panies (e.g., Tago and Caltag) now offer highly
purified and specific second-step reagents, di-
rectly labeled antibodies are preferable when-
ever two reagents are to be combined.

Troubleshooting

Cell-surface staining
The goal in immunofluorescence staining is

to attain a high specific signal with minimal
background fluorescence. Background fluores-
cence caused by nonspecific and unreliable
binding is most often due to the use of an
incorrect concentration of reagent. Titration
will quantitate the minimal amount of antibody
needed to achieve saturation.

Another common problem is the lack of
specificity of second antibodies. Often, these
are not monoclonal antibodies but are affinity-
purified from antisera. Isotype- and species-
specific second antibodies from commercial
sources are notoriously unreliable. These re-
agents must be tested to determine specificity
using a panel of monoclonal antibodies of
known isotype and species origin as first re-
agents. Cross-reactions are most often encoun-
tered in multicolor staining systems where two
first antibodies produced in different species
(or different isotypes in the same species) are
detected with species-specific (or isotype-spe-
cific) second antibodies that were labeled with
different fluorochromes. Therefore, each sec-
ond-step reagent should be tested for reactivity
on both first reagents individually to test for
specificity. Adding individual reagents at sepa-
rate incubation steps and using a “cold block”
(see Critical Parameters) to prevent inappropri-
ate binding can reduce cross-reactivity.

A high fluorochrome (or biotin)/protein ra-
tio in the conjugation can improve signal-to-
noise ratios. The use of newer fluorescence
probes, such as phycobiliproteins, offer higher
levels of fluorescence and better emission char-
acteristics and are more hydrophilic (which
reduces nonspecific binding), thereby improv-
ing sensitivity in fluorescence assays.

High backgrounds can be caused by a num-
ber of conditions. Autofluorescence from the

Methods for conjugation with phycobilipro-
teins using sulfhydryl-maleimide linkages are
presented in Support Protocol 4 (Duncan et al.,
1983; Tanimori et al., 1983), although other
linkages can be used (Kitagawa et al., 1981;
Hashida et al., 1984; Blattler et al., 1985).
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cell population often contributes background
fluorescence and cultured cells can be espe-
cially troublesome. Autofluorescence can be
reduced by using cells in an exponential growth
phase, appropriate optical filters, and reagents
that have been conjugated with red fluoro-
chromes. Treatment in vivo or in vitro with
drugs (some of which may fluoresce) or anti-
bodies may increase nonspecific background.
Short incubations of 3 to 4 hr at 37°C may be
helpful for removing in vivo bound antibodies.
Cell suspensions should be treated to remove
dead cells because the latter promote aggrega-
tion and nonspecific absorption of labeled re-
agents, especially when large numbers are pre-
sent. Residual dead cells can be excluded from
the flow cytometric analysis by adding the
propidium iodide solution as indicated in the
basic protocol.

IgG antibodies can bind to Fc receptors
regardless of their antigen specificity. This
problem can be minimized by ultracentrifuga-
tion of antibody preparations to remove aggre-
gates (e.g., using a Beckman Airfuge) 15 min
at 100,000 × g just prior to staining. Binding to
Fc receptors can also be prevented if antibodies
are prepared as Fab or F(ab′)2 fragments (Por-
ter, 1959; Parham, 1983), which removes the
Fc portion of the IgG molecule. Another ap-
proach to reduce nonspecific binding to Fc
receptors is to block the binding sites with
unlabeled antibodies specific for Fc receptors
or with an excess of serum. In this approach,
care must be taken to ensure that labeled second
antibodies do not recognize the blocking anti-
bodies.

In some cases, stained samples may be fixed
with dilute solutions of paraformaldehyde
(Lanier and Warner, 1981), but this process can
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Figure 5.3.1 (A) Forward scatter (FSC) versus side scatter (SSC) dot plot of untreated peripheral
blood mononuclear cells (PBMC). For panels B-D, PBMC were first stained for CD3 with a
phycoerythrin (PE)–conjugated antibody. They were then fixed and permeabilized as described in

otocol 2 and stained with either mouse IgG1-FITC control or anti-Bcl-2-FITC monoclonal
 (Dako). (B) FSC versus SSC dot plot with the gate set around lymphocytes. (C) Single-
er histogram of CD3-PE fluorescence of cells within the scatter gate with a gate set on
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Figure 5.3.2 Human leukemic pre-T cells (SUP-T3) cell-surface stained with either mouse
IgG1-FITC control or CD3-FITC monoclonal antibody (panels A-D). 7-AAD was added for dead cell
discrimination, where indicated, at a concentration of 1 µg/ml. (A) FSC versus SSC dot plot. (B)
FSC versus 7-AAD fluorescence dot plot with the gate set around live cells. (C) Mouse IgG1-FITC
(background) fluorescence of cells within the gate. (D) Overlay of CD3-FITC fluorescence and
background fluorescence of cells within the gate. Panels E-H: SUP-T3 cells treated with 7-AAD as
described in Alternate Protocol 2 and fixed and permeabilized as described in Basic Protocol 2.
Cells were stained with either mouse IgG1-FITC control antibody or CD3-FITC. (E) FSC versus
SSC dot plot. (F) FSC versus 7-AAD fluorescence dot plot with the gate set around live cells. (G)
Mouse IgG1-FITC (background) fluorescence of cells within the gate. (H) Overlay of CD3-FITC
fluorescence and background fluorescence of cells within the gate.
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increase the nonspecific background fluores-
cence. Aged solutions of paraformaldehyde can
contribute to background fluorescence, and
propidium iodide cannot be used to exclude
dead cells once samples are fixed. It is prefer-
able to analyze freshly stained live cells when-
ever possible. Obviously, this is not possible
with biohazardous samples (UNIT 7.1).

Intracellular staining
When Basic Protocol 2 is performed with

appropriate reagents and all the experimental
and staining controls, the flow cytometric re-
sults should be reliable and quantitative. If
intracellular staining is inadequate (i.e., no
staining above background or only very dim
staining in cells that are known to express the
internal antigen) or if the localization of stain-
ing as verified by fluorescence microscopy is
not consistent with the known location of the
intracellular antigen, consider modifying the
staining procedure (e.g., increasing the incuba-
tion time or temperature). If this is not success-
ful, try changing the method of fixing and
permeabilizing the cells. Increase the formal-
dehyde concentration to 1%, 2%, or 4%; use
Triton X-100 or saponin as the detergent; use
saponin without fixation; or use alcohol fixa-
tion. One of the many methods available should
prove to be optimal for flow cytometric identi-
fication of cells expressing the intracellular
antigen of interest (Clevenger and Shankey,
1993).

Anticipated Results
Data viewing and analysis will vary accord-

ing to the exact set of parameters measured and
the needs of the investigator. The results shown
in Figures 5.3.1 and 5.3.2 can be considered
fairly standard for detection of intracellular
antigens. As for flow cytometric data analysis
for surface immunophenotyping, cell samples
are usually gated on forward versus side scatter
to exclude debris and clumps and to focus on
the cell type of interest. Alternatively, for ex-
clusion of nonviable cells, a gate is set on
forward scatter versus DNA fluorescence. Two
examples are provided to illustrate analysis of
intracellular antigen expression.

Figure 5.3.1 shows the measurement of ex-
pression of the mitochondrial protein Bcl-2 in
T cells. Although the light scatter in the periph-
eral blood mononuclear cells was altered after
fixation and permeabilization (Fig. 5.3.1B)
compared to that of an untreated sample (Fig.
5.3.1A), it was possible to set a gate on lym-
phocytes. Then CD3+ T cells were identified

on a single-parameter histogram and their
background and Bcl-2 fluorescence were dis-
played (Fig. 5.3.1D). More than 98% of the T
cells expressed Bcl-2, a protooncogene which
has been associated with cell protection from
apoptosis. The presence of Bcl-2 in most
normal T cells and B cells has been demon-
strated previously (Aiello et al., 1992).

Figure 5.3.2 shows the results of an experi-
ment in which a human leukemic pre-T cell line
was first stained for surface expression of CD3.
Cell viability was determined to be <80% by
trypan blue staining. 7-AAD was added to ex-
clude nonviable cells by flow cytometric analy-
sis. Although discrimination of dead cells from
live cells was not distinct on the FSC versus
SSC dot plot (Fig. 5.3.2A), 7-AAD+ dead cells
were clearly separated from 7-AAD− live cells
(Fig. 5.3.2B). These 7-AAD− cells expressed
only low levels of the CD3 antigen on the cell
surface (Fig. 5.3.2D). In contrast, after fixation
and permeabilization, a very high level of CD3
expression was detected in the pre-T cells (Fig.
5.3.2H), a finding consistent with previous re-
ports of intracytoplasmic staining of CD3ε
chains in T cells (Anderson et al., 1989). Again,
a gate was set on 7-AAD− cells, which were
still clearly distinguishable from nonviable 7-
AAD+ cells (Fig. 5.3.2F), despite loss of 7-
AAD fluorescence in dead cells in the perme-
abilized cell preparation compared to unperme-
abilized cells.

Time Considerations
Cell-surface staining. The time to perform

Basic Protocol 1 should be ≤1 hr once a single-
cell suspension is prepared. Multicolor staining
procedures will be variable in length depending
on the direct and indirect staining combinations
(which determine the number of binding and
wash steps).

Intracellular staining. After preparation of
the single-cell suspension, Basic Protocol 2 can
be completed in ∼2 to 3 hr, depending on how
long the cells are kept in the fixing solution (30
min to 1 hr) and whether a direct staining or
indirect staining procedure was performed. The
time needed for adequate fixation (at least 30
min) and permeabilization (15 min) will be
advantageous for processing larger numbers of
samples simultaneously and uniformly. Addi-
tional time is needed for surface staining (∼30
min) prior to intracellular staining and for DNA
staining (∼30 min).
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	Untitled
	UNIT 5.3
	UNIT 5.3
	Preparation of Cells and Reagents forFlow Cytometry
	Flow cytometry is a widely used method for analyzing the expression of cell surface andintracellular molecules (on a per cell basis), characterizing and defining different celltypes in heterogeneous populations, assessing the purity of isolated subpopulations, andanalyzing cell size and volume. This technique is predominantly used to measurefluorescence intensity produced by fluorescent-labeled antibodies or ligands that bind tospecific cell-associated molecules.
	A procedure for direct and indirect staining of single-cell suspensions of lymphoid tissueor peripheral blood lymphocytes (PBL) to detect cell surface membrane antigens ispresented (see Basic Protocol 1). In addition, four support protocols present methods forfluorescence labeling of purified antibodies (see Support Protocols 1 to 4).
	A protocol for flow cytometric analysis of intracellular antigens in single-cell suspensions(e.g., mononuclear cells from human or murine peripheral blood or bone marrow,lymphoid cell suspensions, cells grown in suspension cultures, or dissociated tissues; seeBasic Protocol 2) is also included. The procedure outlined in Basic Protocol 2 involvessuccessive steps of fixation, membrane permeabilization, staining with directly labeledor unlabeled antibody, and washing to exchange solutions and remove excess unb
	Accurate quantitative results on each staining experiment depend on the correct determi-nation of the reactivity of the antibody with the intracellular antigen. This requiresoptimization of antibody staining by titration of the reagents and the use of appropriatestaining controls. The Commentary presents a discussion of these topics (see CriticalParameters).
	BASICPROTOCOL 1
	IMMUNOFLUORESCENCE STAINING OF SINGLE-CELLSUSPENSIONS FOR DETECTION OF SURFACE ANTIGENS
	Immunofluorescence staining for flow cytometric analysis involves making a single-cellsuspension from lymphoid tissues or peripheral blood, successive binding steps in whichcells are incubated in tubes or microtiter plates with unlabeled or fluorescent-labeledantibodies or ligands, and wash steps using excess buffer to remove unbound antibodies.Support protocols describe the preparation of conjugated antibodies, while choice of labelis discussed in Critical Parameters.
	A successful staining procedure is dependent on optimization of experimental conditionsthrough titering of reagents and use of appropriate controls. The Commentary presents athorough discussion of these strategies (see Critical Parameters).
	Materials
	Sample material: lymphoid tissue (UNIT 3.1) or single-cell suspension of humanperipheral blood (UNIT 7.1)
	Staining buffer (see recipe), 4°C
	Labeled or unlabeled antibody (see Support Protocols 1 to 4) diluted to theappropriate concentration as determined by titering (see Critical Parameters)
	Propidium iodide (PI) solution (optional; see recipe)
	Fixation solution (optional; prepare immediately before use; see recipe)
	12 × 15–mm round-bottom test tubes or 96-well round-bottom microtiter plates
	Contributed by Kevin Holmes, Larry M. Lantz, B.J. Fowlkes, Ingrid Schmid, and Janis V. GiorgiCurrent Protocols in Immunology (2001) 5.3.1-5.3.24Copyright © 2001 by John Wiley & Sons, Inc.
	100-µm nylon mesh (optional)
	Sorvall RT-6000B with H-1000B rotor (or equivalent)
	Additional reagents and equipment for trypan blue exclusion (APPENDIX 3B)
	Prepare cells for antibody staining
	1. 
	1. 
	1. 
	Disrupt sample material in a small petri dish containing 5 ml staining buffer, 4C.°
	Tissue may be disrupted by teasing with fine forceps, by mashing between two frostedmicroscope slides, or by mashing with a ground glass stopper.

	2. 
	2. 
	Remove cell clumps and debris by allowing them to settle 2 to 3 min in a 12 × 15–mmround-bottom test tube before transferring the supernatant to a second tube, or bypassing the suspension through 100-µm nylon mesh into a test tube.

	3. 
	3. 
	Centrifuge cell suspension 8 min in a low-speed centrifuge at 300 × g (e.g., 1000 rpmin a H-1000B rotor), 4°C, and discard supernatant. Resuspend cell pellet in 10 mlstaining buffer, 4°C.

	4. 
	4. 
	Determine viable cell count by trypan blue exclusion (APPENDIX 3B).


	Stain cells with antibody
	5. 
	5. 
	5. 
	Centrifuge cell suspension (from step 3) 8 min at 300 × g, 4°C, and discardsupernatant. Resuspend cell pellet to 2 × 107 cells/ml in staining buffer, 4°C.
	If using the biotin-avidin staining system, be certain that the staining medium contains noFBS (0.1% BSA is an appropriate substitute) or biotin.

	6. 
	6. 
	Add 50 µl cell suspension (106 cells) to 12 × 75–mm round-bottom test tubes or thewells of a 96-well round-bottom microtiter plate.

	7. 
	7. 
	Add 10 µl appropriately diluted, labeled antibody to each tube or well containingcells and mix gently. Incubate 20 min in an ice bath.
	The same method is used for staining in microtiter plates as in test tubes, except as notedin step 10. There is less chance of spillover between samples when using test tubes. Differenttimes or temperatures of incubation are sometimes required for antibodies that bind at lowaffinity.


	Wash cells in preparation for flow cytometry
	8. 
	8. 
	8. 
	Wash cells by adding 2 ml staining buffer, 4°C.

	9. 
	9. 
	Centrifuge cell suspension 6 min at 300  g, 4C. Discard supernatant by aspirationor rapid inversion of the tubes.×°

	10. 
	10. 
	Repeat wash steps 8 and 9 one time.
	If microtiter plates are used for staining, wash cells three to five times with 100 ìl stainingbuffer, 4°C each time. Centrifuge plates 3 min at 500 × g (1500 rpm in H-1000B), 4°C anddiscard supernatants as above.
	For detecting unlabeled primary antibodies with labeled second antibodies, or for use ofthe biotin-avidin system and/or multicolor staining, add each reagent separately and repeatthe incubation and wash steps with the addition of each antibody. For multicolor analyses,and in cases where no antibody interactions are possible, two reagents (i.e., two primaryantibodies) can be added simultaneously (see Critical Parameters).

	11. 
	11. 
	Resuspend stained cell pellets in 400 µl of 4°C staining buffer. Keep cell suspensionon ice until analyzed by flow cytometry.
	The cell suspension can also be treated to detect dead cells by adding 10 ìl propidiumiodide solution to each tube prior to analysis. It is occasionally necessary to fix cells beforeanalysis (see Critical Parameters). Cells can be fixed by resuspending pellet in fixationsolution. Fixed cells can be stored for ≤1 week at 4°C.


	BASICPROTOCOL 2
	IMMUNOFLUORESCENCE STAINING OF FIXED AND PERMEABILIZEDSINGLE-CELL SUSPENSIONS FOR DETECTIONOF INTRACELLULAR ANTIGENS
	This method of preparing cells for intracellular staining retains the scatter characteristicsof cells on the flow cytometer, preserves surface immunofluorescence, and allowsaccurate measurement of cellular DNA content by yielding good coefficients of variationon DNA histograms. It is therefore particularly suited for multiparameter flow cytometricanalysis. The technique can be performed with low cell numbers (i.e., as few as 2.5 × 105cells) because cell loss is minimal.
	In addition, as discussed in the Commentary (see Critical Parameters) the protocol canbe easily modified to facilitate the detection of intracellular antigens which differ in theirsensitivity to denaturation or in the retention of the antigen-antibody complex afterpermeabilization of the cell. The degree of fixation can be varied by increasing theconcentration of paraformaldehyde in the fixation solution. Tween 20 can be replacedwith an alternate detergent if the antigenic protein is more resistant to extra
	For simultaneous analysis of cell-surface and internal antigens, cells that have beenstained for expression of cell-surface antigens can also be stained for expression ofintracellular antigens using this protocol. Fluorochrome selection and appropriate anti-body combinations are discussed in the Commentary (see Critical Parameters). Do notuse peridinin chlorophyll protein (PerCP) –labeled antibodies for cell-surface staining,as PerCP fluorescence is lost after permeabilization.
	Materials
	Cell sample: mononuclear cells derived from human or murine peripheral blood,bone marrow, thymus or spleen; cells grown in suspension cultures; ordissociated tissues (UNIT 3.1)
	PBS (APPENDIX 2A) without Ca2+ and Mg2+, 4°C
	Fixation solution (see recipe), 4°C
	Permeabilization solution (see recipe)
	Fluorochrome-labeled, biotin-labeled, or unlabeled antibody (see SupportProtocols 1 to 4 or use commercial supplier) appropriately diluted in stainingbuffer (see recipe)
	Washing buffer (see recipe)
	Second-step fluorochrome-labeled antibody or avidin/streptavidin
	PBS containing 1 mg/ml propidium iodide (PI) or 7-aminoactinomycin D(7-AAD; optional; see recipes for PI and 7-AAD stocks)
	12 × 15–mm round-bottom test tubes
	Sorvall H-1000B rotor or equivalent
	62-µm nylon mesh (Small Parts; optional)
	1. 
	1. 
	1. 
	Place ∼106 cells into a 12 × 15–mm test tube and add 1 to 2 ml PBS without Ca2+ orMg2+. Centrifuge 5 min at 300 × g (e.g., 1000 rpm in a H-1000B rotor), 4°C.
	The ability to discriminate between dead and live cells by their light-scatter patterns isoften lost in fixed or permeabilized cell preparations; therefore, if considerable numbersof dead cells are present, they should be removed by Ficoll-Hypaque separation prior tofixation and permeabilization. Alternatively, dead cells can be identified by staining witha fluorescent dye and exclusion by flow cytometric analysis (see Alternate Protocol 2).

	2. 
	2. 
	Remove supernatant by aspiration or rapid decanting and discard. Add 875 µl coldPBS to cell pellet and mix gently. Add 125 µl cold fixation solution and mix again.Incubate 1 hr at 4°C.
	A 1-hr incubation gives optimal light-scatter discrimination between different cell types(e.g., between lymphocytes and monocytes) on the flow cytometer. The incubation time maybe shortened to 30 min for cell preparations that contain only one cell type. As discussedin the Commentary (see Critical Parameters and also see Troubleshooting), differentparaformaldehyde fixative concentrations and incubation temperatures may be needed foroptimal retention of a particular intracellular antigen.

	3. 
	3. 
	Centrifuge cell suspension 5 min at 300 × g, 4°C. Remove supernatant by aspirationor rapid decanting and add 1 ml permeabilization solution to the cell pellet. Mix gentlyand incubate 15 min at 37°C.

	4. 
	4. 
	Add 1 ml PBS. Centrifuge cells 5 min at 300 × g, 4°C. Remove supernatant byaspiration or rapid decanting.
	A cell pellet may not be visible after the fixation step because fixed cells aggregate less welland therefore tend to spread out at the bottom of the tube.

	5. 
	5. 
	For unlabeled, fluorochrome-, or biotin-labeled antibodies: Add 100 µl of theappropriate working dilution of antibody in staining buffer to cell pellet. Mix well.Incubate 30 min at 4°C. Add 1 ml washing buffer and centrifuge 5 min at 300 × g,4°C. Remove supernatant and wash pellet again with 1 ml washing buffer. Centrifuge5 min at 300 × g, 4°C.
	If cells have been stained with a fluorochrome-labeled primary antibody, proceed directlyto step 7a or 7b, as needed.
	A blocking step involving preincubating cells 1 min with 50 ìl heat-inactivated human ABserum or normal mouse serum before adding the antibody dilution may reduce nonspecificbinding. Human AB serum cannot be used, however, if simultaneous analysis of cell-surfaceimmunoglobulin chains is to be performed. Longer incubation times and higher stainingtemperatures (e.g., 22° to 25°C or 37°C) may be required for some antibodies, for instancefor IgM antibodies that will cross cell membranes less effectively and wil

	6. 
	6. 
	To stain cells again after unlabeled or biotin-labeled first antibodies have been used:Repeat step 5 using second-step fluorochrome-labeled polyclonal antibody oravidin/streptavidin.
	Labeled avidin/streptavidin or F(ab′)2 fragments are the reagents of choice for intracellularsecond-step staining because they eliminate the possibility of Fc binding.

	7a. 
	7a. 
	If simultaneous analysis of DNA content will not be performed: Resuspend cells at aconcentration of 1–2 × 106 cells/ml in staining buffer. Filter samples through 62-µmnylon mesh to remove clumps, if necessary. Analyze samples on flow cytometerwithin 2 hr of staining. Keep samples at 4°C, protected from light, until flowcytometric analysis.
	Cells that have been fixed and permeabilized will have altered light-scatter propertiescompared to untreated cells—i.e., usually less forward scatter signal on the flow cytometer.For best results, analyze the cells on the flow cytometer as soon as possible. Samples canbe held longer, depending on the cell type and the retention of the antigen-antibodycomplex. For extended storage (e.g., >16 hr) resuspend cells in 1% paraformaldehyde toprevent deterioration.

	7b. 
	7b. 
	If simultaneous measurement of intracellular antibody staining and DNA content isto be performed: Resuspend cells at a concentration of 1–2 × 106 cells/ml in 20 µg/ml7-AAD or 10 µg/ml PI in PBS. Incubate at least 30 min at 4°C. Filter samples throughnylon mesh to remove clumps, if necessary. Analyze samples on flow cytometer
	within 2 hr of staining. Keep samples at 4°C, protected from light, until flowcytometric analysis.
	PI is used in combination with fluorescein isothiocyanate (FITC)–labeled antibodies;7-AAD can be used with FITC-labeled antibodies and must be used with phycoerythrin(PE)–labeled antibodies (see Critical Parameters).


	SUPPORTPROTOCOL 1
	LABELING ANTIBODY WITH FLUORESCEIN ISOTHIOCYANATE (FITC)
	Conjugation of fluorescein isothiocyanate (FITC) to purified antibody is an extremelyvaluable technique for identifying surface molecules using either fluorescence micros-copy or flow cytometry. In the procedure that follows, the amino groups of the antibodymolecule are coupled with fluorescein derivatives. Following removal of unbound FITC,the fluorochrome/antibody ratio is determined and the labeled antibody is used in thebasic (see Basic Protocols 1 and 2) and alternate protocols (see Alternate Protocols
	Materials
	1 to 2 mg/ml purified monoclonal antibody (UNITS 2.4 & 2.5)
	FITC labeling buffer, 4C (see recipe; prepare 2 weeks before use)°≤
	5 mg/ml FITC in anhydrous dimethylsulfoxide (DMSO)
	Dialysis buffer, 4°C (see recipe)
	Sephadex G-25 column (Pharmacia Biotech PD-10; optional)
	Additional reagents and equipment for dialysis (APPENDIX 3H)
	Conjugate FITC and antibody
	1. 
	1. 
	1. 
	Dialyze purified monoclonal antibody against 500 ml FITC labeling buffer at 4°Cwith two to three changes over 2 days (APPENDIX 3H).
	This step removes free NH4 ions and raises the pH to 9.2. Generally, up to 5 ml of 1 to 2mg/ml antibody can be dialyzed against 500 ml buffer.+

	2. 
	2. 
	Determine antibody concentration based upon A280.
	Concentration of antibody (mg/ml) = A280 × 0.74 × dilution factor.

	3. 
	3. 
	Add 20 µl of 5 mg/ml FITC in anhydrous DMSO for each milligram of antibody.Incubate 2 hr at room temperature.
	Both the dye and organic solvent must be anhydrous; prepare FITC/DMSO solutionimmediately before use.

	4. 
	4. 
	Remove unbound FITC by dialysis in 500 ml dialysis buffer at 4°C with two to threechanges over 2 days. Alternatively, filter on a Sephadex G-25 column.


	Determine FITC/antibody ratio
	5. 
	5. 
	5. 
	Dilute FITC-IgG complex with dialysis buffer so that A280 is 2.0.<

	6. 
	6. 
	Determine and record A280 and A492.

	7. 
	7. 
	Calculate protein concentration:
	AApr280−×(()4920.35oteinmg/ml=1.4)
	where 1.4 is the reciprocal of the FITC-conjugated antibody molar coefficient.

	8. 
	8. 
	Calculate moles of protein:
	pr()()oteinmg/mlproteinmoles=1.5×105
	AFITC()moles=4920.69×105
	where 1.5 × 105 = mol. wt. Ig and 0.69 × 105 = mol. wt. FITC.

	9. 
	9. 
	Determine fluorochrome/protein (F/P) ratio:
	molesofFITCF/P=molesofprotein
	An F/P ratio of 5 to 6:1 is usually optimal for flow cytometry.


	SUPPORTPROTOCOL 2
	LABELING ANTIBODY USING LONG-ARMED BIOTIN
	Biotin is a naturally occurring vitamin with a molecular weight of 244 Da. It has anextremely strong affinity for avidin (Kd = 10−15 M); thus, biotin-labeled antibodies can bedetected using commercially available avidin coupled to fluorochromes. Because thebinding of biotin or the subsequent binding of avidin may induce changes in proteinstructure, many companies now supply biotin containing a spacer between the protein-binding site and the avidin-binding site (sometimes known as long-armed or spacerbiotin)
	Follow the method for FITC conjugation (see Support Protocol 1), substituting thefollowing reagents and steps as indicated.
	Additional Materials
	 (also see Support Protocol 1)
	Succinimide ester labeling buffer (see recipe)10 mg/ml long-armed biotin (Zymed) in anhydrous dimethylsulfoxide (DMSO)
	1. 
	1. 
	1. 
	Dialyze (APPENDIX 3H) 1 to 2 mg/ml purified antibody as for FITC labeling (see SupportProtocol 1), using succinimide ester labeling buffer instead of FITC labeling buffer.

	2. 
	2. 
	Determine protein concentration based upon A280.
	Concentration of antibody (mg/ml) = A280 × 0.74 × (dilution factor).

	3. 
	3. 
	Add 10 µl of 10 mg/ml long-armed biotin in anhydrous DMSO for each milligramof antibody. Incubate 1 hr at room temperature.
	Both the dye and organic solvent must be anhydrous; prepare biotin/DMSO solutionimmediately before use.

	4. 
	4. 
	Remove unbound biotin by dialysis at 4°C as for FITC labeling (see Support Protocol1, step 4).
	Biotin/protein ratio cannot be determined spectrophotometrically, but titration comparisonof the same antibody labeled with FITC can indicate whether relabeling is necessary.


	SUPPORTPROTOCOL 3
	LABELING ANTIBODY WITH TEXAS RED
	Texas Red, the sulfonylchloride derivative of sulforhodamine 101, has been used for manyyears in dual-laser multiparameter flow cytometry; however, directly labeling antibodieswith this dye can be difficult, depending upon the class of the antibody and host species(Titus et al., 1982), as concentrations required to achieve adequate dye/protein ratios oftenprecipitate the antibody-dye conjugates. The recent development of the modified TexasRed–X succinimidyl ester has greatly improved Texas Red labeling, all
	Materials
	1 to 2 mg/ml purified monoclonal antibody
	°Succinimide ester labeling buffer, 4C (see recipe)
	5 mg/ml Texas Red–X succinimidyl ester (Molecular Probes) inN,N-dimethylformamide (DMF)
	Dialysis buffer, 4°C (see recipe)
	Stabilizing buffer (see recipe)
	Dialysis tubing
	Sephadex G-25 column (Pharmacia Biotech; optional)
	1. 
	1. 
	1. 
	Dialyze purified monoclonal antibody against 500 ml succinimide ester labelingbuffer at 4°C with two or three changes over 2 days (APPENDIX 3H). Allow ≥4 hr betweenbuffer changes.
	For discussion of dialysis and a detailed procedure, see UNIT 2.7.

	2. 
	2. 
	Determine antibody concentration based upon A280 and adjust to 1 to 2 mg/ml.
	Concentration of antibody (mg/ml) = A280 × 0.7 × dilution factor.

	3. 
	3. 
	Add 5 µl of 5 mg/ml Texas Red–X succinimidyl ester for each milligram of antibody.Incubate 1 hr at room temperature.
	Both the dye and organic solvents must be anhydrous; prepare Texas Red–X/DMF solutionimmediately before use.

	4. 
	4. 
	Remove unbound Texas Red–X by dialysis at 4°C as in step 1, but using dialysisbuffer. Alternatively, filter on a Sephadex G-25 column.

	5. 
	5. 
	Remove any precipitated antibody by centrifuging 3 min at 10,000 × g, 4°C.

	6. 
	6. 
	Determine Texas Red/antibody ratio by measuring A596/A280.
	A ratio of 0.5 to 0.7 usually gives the best results and probably represents two to three TexasRed molecules bound per antibody, based upon a molar extinction coefficient for antibodybound to Texas Red of 8.4 × 104 M−1 at 596 nm (Titus et al., 1982).

	7. 
	7. 
	Dilute Texas Red-Ig complex solution 1:1 with stabilizing buffer.


	SUPPORTPROTOCOL 4
	LABELING ANTIBODY WITH PHYCOBILIPROTEINS
	Coupling phycobiliproteins such as phycoerythrin (PE) and allophycocyanin (APC) toantibodies is more difficult than labeling with FITC (see Support Protocol 1) or biotin(see Support Protocol 2). A sulfhydryl-maleimide linkage is used to couple the antibodyto the phycobiliprotein. The unbound antibody and phycobiliprotein are then separatedby size on a gel-filtration column.
	The procedure described here is for PE-antibody coupling. The step for APC coupling isidentical except where noted.
	 Additional Materials
	(also see Support Protocol 1)
	10 to 25 mg/ml phycoerythrin (PE)
	Coupling buffer, pH 5.5 and 7.5 (see recipe)
	Sulfhydryl addition reagent: N-succinimidyl-S-acetylthioacetate (SATA;Calbiochem): store under nitrogen after opening
	Dimethylformamide (DMF)
	Heterobifunctional cross-linker: γ-maleimidobutyric acid N-hydroxysuccinimideester (GMBS, Calbiochem; store under nitrogen after opening)
	Deacetylation buffer (see recipe)
	Tetrahydrofuran (THF)
	Cysteine
	Running buffer, degassed (see recipe)
	AcA 34 column (IBF Biotechnics)
	Prepare the PE-SATA conjugate
	1. 
	1. 
	1. 
	Dialyze PE against 500 ml coupling buffer, pH 7.5 as for FITC labeling (see SupportProtocol 1, step 1 and APPENDIX 3H). Use sufficient PE to give a PE/IgG (w/w) ratioof 3:1.
	The precise concentration of PE must be determined by spectrophotometric measurementsat A596 and the concentration adjusted with coupling buffer to within the indicated range.

	2. 
	2. 
	Dilute N-succinimidyl-S-acetylthioacetate (SATA) to 1 mg/ml in DMF.

	3. 
	3. 
	Add 10 µl diluted SATA solution for each milligram of PE to be labeled. Incubate 30min at room temperature.

	4. 
	4. 
	Dialyze PE-SATA conjugate in 500 ml coupling buffer, pH 7.5 at 4°C with two tothree changes to remove unreacted SATA. Store at 4°C for later use.


	Label the antibody and isolate the conjugate
	5. 
	5. 
	5. 
	Dialyze purified antibody in 500 ml coupling buffer, pH 7.5 as described in step 1 ofFITC-labeling protocol (see Support Protocol 1) to a final IgG concentration of ≥1mg/ml.

	6. 
	6. 
	Dilute γ-maleimidobutyric acid N-hydroxysuccinimde ester (GMBS) to 2 mg/ml(7.14 mM) in THF.

	7. 
	7. 
	Deacetylate PE-SATA conjugate from step 4 by adding 100 µl deacetylation bufferfor each milliliter of PE-SATA. Incubate 1 hr at room temperature.

	8. 
	8. 
	Add 10 µl diluted GMBS solution for each milligram of antibody to be labeled.Incubate 30 min at room temperature.

	9. 
	9. 
	Wash one Sephadex G-25 column for each 2.0 ml IgG-GMBS conjugate solution tobe loaded by adding 10 ml coupling buffer, pH 5.5 (per column). Load 2.0 mlIgG-GMBS solution onto the washed column. Monitor eluate spectrophotometrically
	using a 280-nm filter and collect the portion represented by the first peak. Proceedimmediately to step 10.
	The first peak is the GMBS-labeled antibody. The second peak is free GMBS and shouldbe discarded.


	Couple PE-SATA and IgG-GMBS conjugates
	10. 
	10. 
	10. 
	Mix deacetylated PE-SATA conjugate from step 7 with IgG-GMBS conjugate fromstep 9 immediately after isolating the latter. Incubate 2 hr at room temperature.
	Use a 3:1 ratio of PE to IgG for optimum yield, but use a 2:1 ratio of APC/IgG.

	11. 
	11. 
	Quench residual maleimide groups by adding cysteine to twice the antibody concen-tration.
	For example, add 25 ìl of 0.1 mg/ml cysteine (569.5 ìM) per milligram of IgG.

	12. 
	12. 
	Separate PE-IgG conjugate from unconjugated PE and free IgG using an AcA 34column. Sample volume to be loaded onto column should be between 0.5% and 4%of total bed volume of column. Pour an appropriately sized column using degassedrunning buffer according to manufacturer’s directions.
	Due to slow packing and running rates, it generally requires one night to pack a columnand an additional night to isolate the sample; therefore it is advisable to pack the columnbefore labeling.

	13. 
	13. 
	Load sample onto column and run column at manufacturer’s suggested rates. Severalpeaks will appear on the column printouts. The first peaks are PE-IgG conjugateswith more than one PE-per-IgG. The peak with one PE-per-IgG will appear imme-diately before the unconjugated PE peak. The last peak will be unconjugated IgG.
	Confirm number of PE-per-IgG using flow cytometry techniques or spectrophotometricallyusing A596/A280 ratios. Best results have come from using the one-PE-per-Ig conjugate.


	ALTERNATEPROTOCOL 1
	IMMUNOFLUORESCENCE STAINING OF UNFIXED CELLS FORDETECTION OF INTRACELLULAR ANTIGENS
	This method for preparing cells for intracellular staining is very rapid, preserves immu-nofluorescence, and can also be used for measuring DNA content. It is particularly usefulfor cell preparations where the preservation of light scatter is less critical—e.g., for celllines and for the staining of intracellular antigens that are denatured by cross-linkingfixatives, such as paraformaldehyde.
	For simultaneous analysis of surface and internal antigens, cells that have been stainedfor expression of cell-surface antigens can also be stained for expression of intracellularantigens using this protocol. Fluorochrome selection and appropriate antibody combinationsare discussed in the Commentary (see Critical Parameters). Do not use PerCP-labeledantibodies for cell-surface staining, as PerCP fluorescence is lost after permeabilization.
	Additional Materials 
	(also see Basic Protocol 2)
	0.3% and 0.1% (w/v) saponin (Sigma) in PBS (APPENDIX 2A): store ≤1 month inamber container at 4°C
	0.3% saponin in PBS with 10 µg/ml PI or 20 µg/ml 7-AAD (optional): add PI or7-AAD stock to appropriate concentration (see recipes); prepare fresh beforeuse and protect solution from light
	1. 
	1. 
	1. 
	Place ∼2 × 106 cells into a 12 × 15–mm test tube and add 1 to 2 ml PBS. Centrifuge5 min at 300 × g (e.g., 1000 rpm in Sorvall H-1000B), 4°C. Discard supernatant andwash pellet with another 1 to 2 ml PBS. Centrifuge 5 min at 300 × g, 4°C.
	The light-scatter profiles of the cells on the flow cytometer will change considerably afterpermeabilization. This will also lead to a loss of discrimination between live and deadcells; therefore, whenever considerable numbers of dead cells are present, they should beremoved by Ficoll-Hypaque separation prior to permeabilization or be identified byfluorescent-dye staining and excluded by flow cytometric analysis (see Alternate Protocol2 and also see Critical Parameters for further discussion).

	2. 
	2. 
	Dilute fluorochrome-labeled antibody in 0.3% saponin/PBS to an appropriate work-ing dilution.

	3. 
	3. 
	Remove supernatant by aspiration or rapid decanting and add 100 µl fluorochrome-labeled antibody in saponin to cell pellet. Mix gently without vortexing. Incubate 30min at 4°C.
	Saponin needs to be present during each antibody incubation and during each washingstep to maintain membrane permeability. Blocking with human AB serum or normal mouseserum, before the addition of the antibody dilution, can reduce nonspecific staining. Longerincubation times and higher staining temperatures, e.g., 22° to 25°C or 37°C, may berequired for some antibodies. For further discussion see Critical Parameters and also seeTroubleshooting.

	4. 
	4. 
	Add 2 ml PBS and centrifuge 5 min at 300 × g, 4°C. Discard supernatant and washpellet with 1 ml of 0.1% saponin/PBS. Centrifuge 5 min at 300 × g, 4°C.
	If cells have been stained with a fluorochrome-labeled primary antibody, proceed directlyto step 6a or 6b, as needed.

	5. 
	5. 
	To stain cells again after unlabeled or biotin-labeled first antibodies have been used,repeat steps 3 and 4 using second-step fluorochrome-labeled polyclonal antibody oravidin/streptavidin.
	Labeled avidin/streptavidin or F(ab′)2 fragments are the reagents of choice for intracellularsecond-step staining because they eliminate the possibility of Fc binding.

	6a. 
	6a. 
	If simultaneous analysis of DNA content will not be performed: Resuspend cells at aconcentration of 1–2 × 106/ml in staining buffer in PBS (do not use 0.3%saponin/PBS). Filter cells through nylon mesh to remove clumps if necessary. Keepsamples at 4°C, protected from light, until flow cytometric analysis.
	Because cells were not treated with a fixative, samples should be analyzed on the flowcytometer as soon as possible.

	6b. 
	6b. 
	If a simultaneous analysis of DNA content will be performed: Resuspend cells at aconcentration of 1–2 × 106/ml in 0.3% saponin with 10 µg/ml PI or 20 µg/ml 7-AAD.If antibody is labeled with PE (see Support Protocol 4), use 0.3% saponin with 20µg/ml 7-AAD. Incubate 10 min at 4°C. Keep samples at 4°C protected from lightuntil flow cytometric analysis. Filter through nylon mesh to remove clumps ifnecessary. Because samples are not fixed, analyze on the flow cytometer as soon aspossible.


	ALTERNATEPROTOCOL 2
	STAINING OF NONVIABLE CELLS WITH 7-AMINOACTINOMYCIN D FORDEAD-CELL DISCRIMINATION
	This protocol describes the use of 7-aminoactinomycin D (7-AAD) for the fluorescentdetection of nonviable (i.e., dead) cells that have lost membrane integrity in fixed orpermeabilized cell preparations. DNA binding of fluorescent 7-AAD, which can leak outof stained cells into unstained cells after fixation or permeabilization, is blocked byincluding nonfluorescent actinomycin D (AD) in the fixation, permeabilization, staining,washing, and resuspension solutions.
	Additional Materials 
	(also see Basic Protocol 2)
	1 mg/ml 7-aminoactinomycin D (7-AAD) stock solution (see recipe)
	Fixation solution containing 80 µg/ml actinomycin D (AD; see recipe), 4°C
	0.2% and 0.1% (v/v) Tween 20 in PBS containing 10 µg/ml AD
	Staining buffer (see recipe) containing 10 µg/ml AD
	Fluorochrome-labeled antibody in 0.3% (w/v) saponin/PBS containing10 µg/ml AD
	0.1% saponin in PBS containing 10 µg/ml AD
	1. 
	1. 
	1. 
	Place ∼106 to 2 × 106 cells in a 12 × 15–mm test tube and add 1 to 2 ml PBS. Centrifuge5 min at 300 × g (e.g., 1000 rpm in Sorvall H-1000B), 4°C. Discard supernatant andresuspend cells in 1 ml staining buffer. Add 1 µl of 1 mg/ml 7-AAD stock solutionfor a final concentration of 1 µg/ml. Mix well and incubate 20 min in the dark.

	2. 
	2. 
	Centrifuge 5 min at 300 × g, 4°C, and remove supernatant by aspiration or rapiddecanting. Resuspend pellet in 3 ml PBS and centrifuge 5 min at 300 × g, 4°C.


	To stain fixed and permeabilized single-cell suspension:
	3a. 
	3a. 
	3a. 
	Remove supernatant by aspiration or rapid decanting and add 875 µl cold PBS to cellpellet. Mix gently.

	4a. 
	4a. 
	Add 125 µl cold fixation solution containing 80 µg/ml AD and mix gently. Incubate1 hr at 4°C.
	Final concentration of AD in the 0.25% paraformaldehyde solution will be 10 ìg/ml.
	Complete removal of unbound 7-AAD is critical because residual 7-AAD will bind to theDNA of unstained live cells immediately when cells are permeabilized.

	5a. 
	5a. 
	Treat cells with Tween 20 and stain for immunofluorescent detection of intracellularantigens in fixed and permeabilized single-cell suspensions as described (see BasicProtocol 2, steps 3 to 6), except use 0.2% and 0.1% Tween 20/PBS and stainingsolutions containing 10 µg/ml AD.


	To stain unfixed cells permeabilized with saponin:
	3b. 
	3b. 
	3b. 
	Remove supernatant by aspiration or rapid decanting. Add 100 µl of the appropriateworking dilution of fluorochrome-labeled antibody in 0.3% saponin/PBS containing10 µg/ml AD. Mix gently without vortexing. Incubate 30 min at 4°C.

	4b. 
	4b. 
	Add 2 ml staining buffer containing 10 µg/ml AD. Centrifuge 5 min at 300 × g, 4°C.Discard supernatant and repeat wash with 1 ml of 0.1% saponin/PBS/AD. Centrifuge5 min at 300  g, 4C.×°
	Complete removal of unbound 7-AAD is critical, particularly when permeabilizing cellswith saponin, because residual 7-AAD will bind to the DNA of unstained live cellsimmediately when cells are permeabilized.

	5b. 
	5b. 
	Stain cells for immunofluorescent detection of intracellular antigens in unfixed cells(see Alternate Protocol 1, steps 3 to 6), except use saponin and staining solutionscontaining 10 µg/ml AD.


	REAGENTS AND SOLUTIONS
	Use deionized, distilled water in all recipes and protocol steps. For common stock solutions, seeAPPENDIX 2; for suppliers, see APPENDIX 5.
	Actinomycin D (AD) stock solution, 1 mg/ml
	1 mg actinomycin D (actinomycin C1; Boehringer Mannheim)
	50 µl absolute ethanol, −20°C
	Mix well
	Add 950 µl cold PBS (APPENDIX 2A)
	Sonicate solution 10 min at 4°C or let sit a minimum of 24 hr at 4°C before use.
	Store ≤1 month at 4°C.
	AD does not dissolve readily, but it is most soluble at low temperatures.
	7-aminoactinomycin D (7-AAD) stock solution, 1 mg/ml
	1 mg 7-AAD (Calbiochem or Sigma)
	50 µl absolute methanol
	Mix well
	Add 950 µl PBS (APPENDIX 2A)
	Mix again
	Store protected from light ≤1 month at 4°C
	Working solutions (prepared immediately before use) contain 20 ìg/ml 7-AAD. They shouldalso be protected from light.
	Coupling buffer, pH 5.5 or 7.5
	0.1 M Na2PO4⋅7H2O
	0.1 M NaCl (APPENDIX 2A)
	1 mM EDTA (APPENDIX 2A)
	Adjust pH to 5.5 or 7.5 with concentrated HCl
	Store ≤1 week at room temperature
	Deacetylation buffer
	Dissolve 3.47 g hydroxylamine (mono HCl; 0.5 M final) and 0.73 g EDTA (anhy-drous free acid; 0.025 M final) in ∼50 ml H2O and adjust to pH 7.5 with solidanhydrous disodium hydrogen phosphate. Add H2O to 100 ml final volume.
	Dialysis buffer
	0.1 M Tris⋅Cl, pH 7.4 (APPENDIX 2A)
	0.1% (w/v) NaN3
	0.2 M NaCl (APPENDIX 2A)
	Adjust pH to 7.4 with concentrated NaOH
	Store ≤1 week at room temperature
	FITC labeling buffer
	0.05 M boric acid
	0.2 M NaCl (APPENDIX 2A)
	Adjust pH to 9.2 with concentrated NaOH
	Store ≤1 week at room temperature
	Fixation solution
	2 g paraformaldehyde (electron microscopy–grade, Polysciences)
	100 ml PBS (APPENDIX 2A)
	Adjust pH to 7.2 with 0.1 M NaOH or 0.1 M HCl
	Store protected from light ≤1 month at 4°C
	To dissolve paraformaldehyde, heat solution to 70°C in a fume hood for ∼1 hr. Coolto room temperature before adjusting pH. Check pH periodically.
	Do not heat the solution above 70°C. For best results, use only very pure preparations ofparaformaldehyde (i.e., electron microscopy–grade from Polysciences). For intracellularantigens that are very sensitive to acid denaturation, use only freshly prepared fixationsolutions as discussed in Critical Parameters.
	Permeabilization solution: 0.2% (v/v) Tween 20
	Mix 200 µl Tween 20 (Sigma) with 100 ml PBS. Store ≤1 month in amber containerat 4°C. Warm to room temperature before use.
	Propidium iodide solution
	50 µg/ml propidium iodide
	0.1% (w/v) sodium citrate
	Store protected from light ≤1 year at 4°C.
	Propidium iodide (PI) stock solution, 1 mg/ml
	1 mg/ml propidium iodide in PBS (APPENDIX 2A)
	1 mg/ml ribonuclease A (Sigma)
	Store protected from light ≤1 month at 4°C.
	Working solutions (prepared immediately before use) contain 10 ìg/ml PI. They should alsobe protected from light.
	Running buffer
	81.82 g NaCl
	4 ml glycerol
	Dissolve in 3.8 liters PBS (APPENDIX 2A)
	Adjust pH to 7.5 with concentrated HCl
	Add PBS (APPENDIX 2A) to 4 liters
	To degas buffer, place room temperature buffer in an Erlenmeyer flask equipped with aone-hole stopper and tubing (alternatively, a sidearm vacuum flask and stopper may beused). Apply vacuum through the tubing (or sidearm) while stirring buffer vigorously. Sampleis degassed when no more bubbles rise out of solution.
	Store at room temperature ≤1 week.
	Stabilizing buffer
	Hanks’ balanced salt solution (APPENDIX 2A) without phenol red, containing:
	0.1% (w/v) NaN3
	5.0% (w/v) BSA, fraction V
	Store ≤1 year at 4°C.
	Staining buffer
	Hanks balanced salt solution (APPENDIX 2A) without phenol red, containing:
	0.1% (w/v) NaN3
	1.0% (w/v) bovine serum albumin (BSA; fraction V)
	Store at 4°C ≤1 year.
	Succinimide ester labeling buffer
	0.1 M NaHCO3
	0.1 M NaCl
	Adjust pH to 8.4 with concentrated HCl
	Store ≤1 week at room temperature
	Washing buffer: 0.1% (v/v) Tween 20
	Mix 100 µl Tween 20 with 100 ml PBS. Store ≤1 month in amber container at 4°C.
	COMMENTARY
	Background Information
	In direct immunofluorescence staining,cells are treated with an antibody that has beenconjugated to a fluorochrome (e.g., FITC; seeBasic Protocols 1 and 2 and Support Protocol 1).In indirect staining (sometimes referred to as asandwich technique), the primary reagent is notlabeled but is detected by a second fluoro-chrome-labeled reagent. This second reagentmay be an antibody with specificity for the firstantibody. Alternatively, the avidin-biotin sys-tem can be used (see Support Protocol 2),whereby an anti
	Indirect immunofluorescence offers severaladvantages over direct immunofluorescence.For instance, biotinylated antibodies can bedetected with avidin conjugated to any numberof different fluorochromes that are inexpensive,of high quality, and widely available from anumber of commercial sources. In immuno-fluorescence using two antibodies, the secondspecific for the first, detection of a first antibodythat is unpurified and unlabeled can be achievedusing a second purified, labeled antibody. Inaddition, indire
	Coordinate expression of more than oneantigen or surface molecule on a given cell canbe analyzed using multicolor staining. Multi-color staining usually combines direct and in-direct immunofluorescence in a single proto-col. This maintains specificity within a multi-color labeling system without sacrificing itsversatility.
	Staining of intracellular antigens for flowcytometry depends on techniques that fix orpermeabilize the membranes of cells in solutionto allow access of antibodies to internal cellularcomponents. Most of the methods that havebeen developed use formaldehyde in combina-tion with a detergent or alcohol (ethanol ormethanol) to prepare cells for intracellularstaining (for reviews see Jacobberger, 1989,and Clevenger and Shankey, 1993). Somemethods use detergents without prior fixationof cells (Schroff et al., 1984
	Alcohols coagulate cellular proteins and solu-bilize lipids. Thus, they simultaneously fix andpermeabilize the cells. Formaldehyde cross-links proteins (Puchtler and Meloan, 1985) andwhen used alone, it does not provide adequatepermeabilization; therefore, detergents areneeded to solubilize membranes after formal-dehyde fixation (Clevenger et al., 1985).
	Alcohols create cellular debris which leadsto clumping and subsequent cell loss. They alsodramatically change the light-scatter profile ofcells on the flow cytometer, which can makethe identification of the cell populations ofinterest difficult. In contrast, fixation with for-maldehyde maintains the light-scatter proper-ties of cells and preserves surface immunofluo-rescence (Lanier and Warner, 1981); therefore,although it requires an extra step for permeabi-lization, formaldehyde fixation is the preferredm
	Basic Protocol 2 describes fixation using alow concentration of paraformaldehyde incombination with a mild detergent (Tween 20).It is particularly suited for simultaneous meas-urement of intracellular and surface staining aswell as DNA content (Schmid et al., 1991).Furthermore, the procedure may be modifiedto permit detection of a diverse array of intra-cellular proteins (Clevenger and Shankey,1993). By changing the formaldehyde concen-tration or the type of detergent used, the proce-dure can be used to det
	Critical Parameters
	Preparation and storage of reagents
	Although the protocols for labeling antibod-ies with fluorochromes and biotin are simple,optimal results are highly dependent upon thereagents used. The organic solvents (DMF,DMSO, and acetonitrile) and the dye powdersused must be anhydrous. For this reason it isrecommended that dyes be purchased in smallamounts and stored in a desiccator. Organicsolvents can be purchased packed under nitro-gen in syringe vials. Solutions of FITC, Texas
	Red, and biotin should be made just prior touse. It is recommended that the FITC labelingbuffer and coupling buffer be made not morethan 1 week before use. Texas Red labeling ismore difficult than labeling with FITC or bio-tin, as it is more dependent upon the class andspecies of antibody to be labeled (Titus et al.,1982).
	Immunofluorescence staining is simple toperform, but several factors can influence theintensity levels achieved and specificity ofbinding. It is important to keep the stainingvessels partially submerged in an ice bath andto include sodium azide in the staining buffer.Modulation and internalization of surface anti-gens can occur as a result of antibody cross-linking (Taylor et al., 1971; Loor et al., 1972),which can produce a loss of fluorescence inten-sity. Low temperature and the presence of so-dium azide 
	The preferred reagent for formaldehydefixation of cells for intracellular staining is abuffered solution made from paraformalde-hyde, the solid polymer of formaldehyde. Com-mercially available formalin solutions can con-tain formic acid, which may be generated fromformaldehyde by exposure to excess heat andlight or produced during the manufacturingprocesses. In addition, commercially availableformalin that is not buffered contains methanolas a stabilizing agent. Both formic acid andmethanol can have detrime
	The permeabilization solution, which con-tains either Tween 20 (see Basic Protocol 2) orsaponin (see Alternate Protocol 1), is stable at
	least 1 month when stored at 4°C and protectedfrom light. Again, use only pure preparationsbecause contaminating substances may affectthe antigenic properties of intracellular pro-teins.
	Intracellular staining
	To stain intracellular proteins, antibodieshave to cross cellular membranes. An anti-body’s coupling with an intracellular antigendepends on its affinity for the antigen and howeasily it can access the appropriate epitopesinside the cell. Using polyclonal antisera cantherefore improve the staining of intracellularantigens because they represent mixtures ofantibodies of different affinities that are di-rected against a variety of epitopes. Further-more, antibodies of different isotype (IgG ver-sus IgM) have 
	Antibodies purchased from various com-mercial sources can differ dramatically in theirreactivity with a given intracellular antigen. Itis advisable to buy only reagents that have beendeveloped and tested for flow cytometry, espe-cially ones known to be useful for intracellularstaining. Ideally, several antibodies directedagainst the intracellular antigen of interestshould be tested to determine which one givesthe best separation between specific stainingand background. Antibodies used for detectingproteins 
	Nonspecific binding of antibodies is a con-siderable problem in intracellular staining be-cause there are many more components towhich an antibody can attach itself inside thecell than there are on the cell surface. For thisreason, monoclonal antibodies often giveclearer results for intracellular staining thanpolyclonal antisera, which tend to show highbackground staining. Also, directly labeled an-tibodies are preferable for intracellular stain-
	ing, because with second-step reagents, thenonspecific binding of the first and the secondantibody have to be considered. When indirectstaining must be done, avidin/streptavidin orF(ab′)2 fragments of antisera are the reagentsof choice because of reduced Fc binding. Ad-dition of serum (e.g., 50% heat-inactivated hu-man serum or 20% normal mouse serum) to thestaining buffer can decrease the level of non-specific staining. Multiple washing steps withbuffers that contain low concentrations of de-tergent can fu
	Careful titration of all staining reagents ismandatory to find the optimal antibody concen-tration. The optimal concentration may differfrom the amount recommended for cell-surfacestaining. When an indirect staining system isused, both the first- and second-step reagentshave to be titrated. This is usually done with astaining matrix to determine the antibody con-centrations that give the best separation ofstaining above background and autofluores-cence, which are higher in fixed than in unfixedcells. For st
	Basic Protocol 2, first described in Schmidet al. (1991), is well suited for combining cell-surface staining with intracellular staining. Sur-face staining is performed according to stand-ard protocols. The cells are then fixed andpermeabilized and the intracellular antigen isstained. There will be some loss of fluorescenceintensity of cell-surface antigen staining afterthe fixation and permeabilization step; how-ever, with FITC, PE, and Tricolor staining, evendimly expressed antigens are preserved suffi-ci
	Again, directly labeled antibodies are prefer-able, because a second-step reagent will alsobind to the surface antibody, unless a biotiny-lated antibody or an antibody made in a differ-ent species is used intracellularly.
	The current method is also applicable tocombining surface and intracellular stainingwith DNA staining (Schmid et al., 1991; Storeket al., 1992). Formaldehyde fixation is the pre-ferred method for preserving cell-surface im-munofluorescence for flow cytometry (Lanierand Warner, 1981); however, formaldehydealso rapidly cross-links nuclear histones, whichwill impair access of the dye (e.g., PI or 7-AAD) to DNA. A low concentration of para-formaldehyde (0.25%) is therefore used in Ba-sic Protocol 2 to reduce th
	Fixation and permeabilization
	Basic Protocol 2 is simple to perform andwill produce cell preparations with little debris.Cell loss is minimal and the cell populationsare distinctly visible on the flow cytometer;however, this protocol may not be suitable forall cells and all intracellular antigens. Becausethe exact effects of fixation and detergent treat-ment on cellular membranes and antigens arenot yet completely understood, the most criticalparameter is the selection of an appropriatefixation and permeabilization procedure for aprevio
	However, because of the inverse relationshipbetween the permeability of cells for probes andthe retention of intracellular structures, the op-timal detergent and its concentration have to bematched to the fixative and the antigen. Forinstance, Tween 20, which is used in BasicProtocol 2 for permeabilization after fixation,is a very mild detergent that is able to preservethe discrimination between cell clusters evenwhen cell preparations are fixed in low concen-
	trations of paraformaldehyde. Altering the con-centration of Tween 20 or replacing it withanother detergent (e.g., Triton X-100) can alterthe light-scatter properties of cells considerablyand affect the discrimination of cell clusters onthe flow cytometer or cause extraction of cel-lular components.
	Finally, to detect antigens that are denaturedby cross-linking fixatives like formaldehyde,the optimal technique may be to treat cells withvarious concentrations of ethanol or methanol(Bauer and Jacobberger, 1994) or to use a pro-tocol in which unfixed cells are permeabilizedby saponin (Jacob et al., 1991).
	The best way to determine whether a fixa-tion protocol is suitable for staining a givenantigen is to use cells that express the intracel-lular antigen of interest as a positive experimen-tal control. In addition, the success of an indi-vidual staining experiment for a new intracel-lular antigen should always be verified byfluorescence microscopy, because flow cyto-metry cannot offer information on the physicallocation of the fluorescence in the cell. Local-ization of staining—e.g., nuclear versus cyto-plasm
	Discrimination of nonviable cells
	Nonviable (i.e., dead) cells can bind to anti-bodies nonspecifically and therefore have to beexcluded from flow cytometric analysis. Fre-quently, nonviable cells can be discriminatedfrom live cells on the basis of light scatter. Thisdiscrimination, however, is often lost in fixedor permeabilized cell preparations; therefore,whenever there are considerable numbers ofdead cells present, it is advisable to removedead cells and clumps from the cell preparationby Ficoll-Hypaque separation. However, thiscan lead 
	Alternatively and preferably, dead cells canbe distinguished from live cells by their uptakeof fluorescent DNA dyes due to loss of mem-brane integrity. PI, which is commonly used fordead-cell discrimination, cannot be used be-cause it will leak out of the stained dead cellsand into the unstained cells after fixation andpermeabilization. 7-AAD has also been usedfor dead-cell discrimination, and is particularlyuseful for combined staining with PE becauseits far-red emission can be effectively separated
	from the orange emission of PE (Schmid et al.,1992). Staining of live cells by 7-AAD, whichleaks out of dead cells after permeabilization,can be prevented by adding nonfluorescentactinomycin D (AD) to the fixing or per-meabilization solution (Fetterhoff et al., 1993).This technique is described in Alternate Proto-col 2 and its application is discussed below (seeAnticipated Results).
	Another method involves covalent bindingof ethidium monoazide by UV exposure to theDNA of nonviable cells (Riedy et al., 1991).Recently, the use of the dye Tricolor (Caltag)for dead-cell discrimination in fixed or perme-abilized cell preparations has been described(Levelt and Eichmann, 1994).
	Choice of label
	Fluorescein-conjugated antibodies are mostcommonly used for single-color flow cytometryanalysis. Other conjugation methods are usedfor second-, third-, and fourth-color analysis ofmultiple parameters. Choice of label is largelydependent upon the flow cytometer availableand the corresponding laser and optical filtercombination. The number of parameters and thedensity of molecules per cell also dictate thenumber and type of fluorochromes used. Addi-tional factors to consider include the ability ofspecific ant
	Fluorochrome selection for intracellularstaining
	Fluorochromes for intracellular staining ex-periments should have low molecular weights,as otherwise the fluorochrome will reduce an-tibody mobility. Fluorescein isothiocyanate(FITC) is a small molecule and is commerciallyavailable conjugated to first- and second-stepreagents. FITC has therefore been used exten-sively for intracellular staining, although itsnegative charge leads to an increase in nonspe-cific binding and its green emission spectrumis in the same range as cellular autofluores-cence. Novel dy
	Phycobiliproteins, such as phycoerythrin(PE), have much higher molecular weights and
	are probably best used for combining cell-sur-face PE staining with FITC intracellular stain-ing. Nevertheless, their size is in the same rangeas that of intact IgG and they are able to crossthe cell membrane. They may be applicable forstaining experiments where precise quantifica-tion of the intracellular antigen is less critical.When cell-surface staining is done with PE-la-beled antibodies, 7-AAD must be used forDNA staining because of the extensive emis-sion overlap between PE and PI (Rabinovitchet al.,
	Multicolor staining
	For multicolor staining, the order of reagentaddition is determined by the specificities ofthe reagents used. If direct and indirect stain-ings are performed in the same protocol, theindirect is executed first. If two indirect stainsare to be employed in the same staining proce-dure, both first antibodies may be added in thefirst incubation and the two second antibodiesin the second incubation, as long as each labeledsecond antibody (or ligand) is specific for onlyone of the first antibodies and there is no
	Often, indirect staining systems may be usedwhen the first antibodies are raised in differentspecies. In this case, the second labeled anti-bodies each are specific for only one of thespecies and there is no cross-reaction. Multi-color staining can be carried out even if one ofthe second reagents does bind both of the firstreagents by using a “cold block.”
	For example, a staining protocol involvingdual-species antibodies (added in sequentialsteps, with incubation and wash steps; see BasicProtocol 1) might proceed as follows: (1) addunlabeled rat anti–mouse CD8 (specific formouse surface antigen); (2) add FITC-conju-gated goat anti–rat immunoglobulin; (3) addpurified rat immunoglobulin, incubate 10 min,then add biotin-conjugated rat anti–mouseCD4; and (4) add phycoerythrin-conjugatedavidin. The excess rat immunoglobulin addedat the beginning of the third step 
	used in the third step (the “cold block”). It isobvious from this sample protocol that thespecificity of one of the reagents dictates theorder of addition of reagents. The FITC-labeledgoat anti–rat immunoglobulin has to be usedbefore the biotin-conjugated rat anti–mouseCD4 so that it binds only the desired antibody—i.e., the rat anti–mouse CD8—and not the bio-tin-conjugated antibody that is detected withlabeled avidin.
	Controls for cell-surface staining
	Single-color controls. To test for inappropri-ate interactions, multicolor staining protocolsshould include single-color controls wherecells are stained with each fluorochrome-la-beled reagent separately, then compared withan aliquot of the same cell sample stained withboth fluorochrome-labeled reagents in thesame tube. These controls should be performedfor all combinations of direct and indirect stain-ing methods involving more than one fluoro-chrome. Single-color controls are also usefulfor setting compen
	Reagent and cell sample controls. To deter-mine background from direct staining, proto-cols often include negative controls with la-beled irrelevant antibodies (e.g., antibodies thatshould not bind the cells used). The labeledirrelevant antibody can only determine generalnonspecific binding of any labeled reagent tothe cell population under examination. Positiveand negative cell controls (cell samples towhich the reagent should or should not bind)are used to determine the binding specificity ofthe labeled r
	For indirect staining, either an irrelevant firstantibody (usually of the same isotype) or nofirst antibody is used to establish backgroundfluorescence or nonspecific binding contrib-uted by the labeled second antibody.
	Autofluorescence controls. Unstained cells(i.e., cells without any fluorochrome-conju-gated reagent) are used to establish levels ofbackground autofluorescence.
	Controls for intracellular staining
	Appropriate controls are essential for suc-cessful intracellular staining experiments be-cause reagents can often bind nonspecifically
	to cellular components that have been alteredby the fixation and permeabilization procedure.Cells that express the internal antigen in ques-tion can serve as positive experimental con-trols. Cells known to lack the antigen beingstudied can control for the specificity of theantibody; however, appropriate negative con-trol cells may not always be available. In somecases, it may be necessary to verify the flowcytometric results independently by immuno-blotting or Western blot analysis.
	Autofluorescence controls. Cells that havebeen fixed and permeabilized but not stainedshould be included in every assay to establishthe level of cellular background fluorescence.This level will be higher in cells that were fixedand permeabilized compared to untreated cellsand will differ among fixation techniques.
	Reagent and cell-sample controls. To deter-mine the degree of background caused by non-specific binding of the heavy chain of the anti-body, cells should be stained with isotypic ir-relevant antibodies. Because this backgroundis highly dependent on the protein concentra-tion, control and relevant antibodies have to becompared at the same staining concentration.Unfortunately, manufacturers of commercialantibodies do not always list the protein con-centration on antibody data sheets, but all com-panies should
	To control for second-step reagents, cells areusually stained with the second antibody alone;however, cells that were incubated with anisotype-matched, unlabeled antibody that isnonreactive, followed by the second antibody,provide a more accurate control for backgroundstaining. Fluorescence measured above back-ground is then considered to be caused purelyby reactivity of the relevant antibody.
	Single-color controls. In multicolor experi-ments, single-color control tubes containingcells that are stained with each reagent sepa-rately are used to equilibrate the flow cytometerfor the amount of electronic color compensa-tion for dyes with overlapping fluorescenceemission spectra. Then, cells that have beenstained with multiple reagents are analyzedwith identical instrument settings. Single-colorcontrol tubes also allow determination of un-wanted reagent interactions that can occurwhenever cells are i
	are needed, and staining controls are essentialto confirm that there is no cross-reactivitybetween the reagents. Although some com-panies (e.g., Tago and Caltag) now offer highlypurified and specific second-step reagents, di-rectly labeled antibodies are preferable when-ever two reagents are to be combined.
	Troubleshooting
	Cell-surface staining
	The goal in immunofluorescence staining isto attain a high specific signal with minimalbackground fluorescence. Background fluores-cence caused by nonspecific and unreliablebinding is most often due to the use of anincorrect concentration of reagent. Titrationwill quantitate the minimal amount of antibodyneeded to achieve saturation.
	Another common problem is the lack ofspecificity of second antibodies. Often, theseare not monoclonal antibodies but are affinity-purified from antisera. Isotype- and species-specific second antibodies from commercialsources are notoriously unreliable. These re-agents must be tested to determine specificityusing a panel of monoclonal antibodies ofknown isotype and species origin as first re-agents. Cross-reactions are most often encoun-tered in multicolor staining systems where twofirst antibodies produced 
	A high fluorochrome (or biotin)/protein ra-tio in the conjugation can improve signal-to-noise ratios. The use of newer fluorescenceprobes, such as phycobiliproteins, offer higherlevels of fluorescence and better emission char-acteristics and are more hydrophilic (whichreduces nonspecific binding), thereby improv-ing sensitivity in fluorescence assays.
	Methods for conjugation with phycobilipro-teins using sulfhydryl-maleimide linkages arepresented in Support Protocol 4 (Duncan et al.,1983; Tanimori et al., 1983), although otherlinkages can be used (Kitagawa et al., 1981;Hashida et al., 1984; Blattler et al., 1985).
	High backgrounds can be caused by a num-ber of conditions. Autofluorescence from the
	cell population often contributes backgroundfluorescence and cultured cells can be espe-cially troublesome. Autofluorescence can bereduced by using cells in an exponential growthphase, appropriate optical filters, and reagentsthat have been conjugated with red fluoro-chromes. Treatment in vivo or in vitro withdrugs (some of which may fluoresce) or anti-bodies may increase nonspecific background.Short incubations of 3 to 4 hr at 37°C may behelpful for removing in vivo bound antibodies.Cell suspensions should
	IgG antibodies can bind to Fc receptorsregardless of their antigen specificity. Thisproblem can be minimized by ultracentrifuga-tion of antibody preparations to remove aggre-gates (e.g., using a Beckman Airfuge) 15 minat 100,000 × g just prior to staining. Binding toFc receptors can also be prevented if antibodiesare prepared as Fab or F(ab′)2 fragments (Por-ter, 1959; Parham, 1983), which removes theFc portion of the IgG molecule. Another ap-proach to reduce nonspecific binding to Fcreceptors is to block t
	In some cases, stained samples may be fixedwith dilute solutions of paraformaldehyde(Lanier and Warner, 1981), but this process can
	Figure 5.3.1 (A) Forward scatter (FSC) versus side scatter (SSC) dot plot of untreated peripheralblood mononuclear cells (PBMC). For panels B-D, PBMC were first stained for CD3 with aphycoerythrin (PE)–conjugated antibody. They were then fixed and permeabilized as described inotocol 2 and stained with either mouse IgG1-FITC control or anti-Bcl-2-FITC monoclonal (Dako). (B) FSC versus SSC dot plot with the gate set around lymphocytes. (C) Single-er histogram of CD3-PE fluorescence of cells within the scatter
	Figure 5.3.2 Human leukemic pre-T cells (SUP-T3) cell-surface stained with either mouseIgG1-FITC control or CD3-FITC monoclonal antibody (panels A-D). 7-AAD was added for dead celldiscrimination, where indicated, at a concentration of 1 µg/ml. (A) FSC versus SSC dot plot. (B)FSC versus 7-AAD fluorescence dot plot with the gate set around live cells. (C) Mouse IgG1-FITC(background) fluorescence of cells within the gate. (D) Overlay of CD3-FITC fluorescence andbackground fluorescence of cells within the gate.
	increase the nonspecific background fluores-cence. Aged solutions of paraformaldehyde cancontribute to background fluorescence, andpropidium iodide cannot be used to excludedead cells once samples are fixed. It is prefer-able to analyze freshly stained live cells when-ever possible. Obviously, this is not possiblewith biohazardous samples (UNIT 7.1).
	Intracellular staining
	When Basic Protocol 2 is performed withappropriate reagents and all the experimentaland staining controls, the flow cytometric re-sults should be reliable and quantitative. Ifintracellular staining is inadequate (i.e., nostaining above background or only very dimstaining in cells that are known to express theinternal antigen) or if the localization of stain-ing as verified by fluorescence microscopy isnot consistent with the known location of theintracellular antigen, consider modifying thestaining procedur
	Anticipated Results
	Data viewing and analysis will vary accord-ing to the exact set of parameters measured andthe needs of the investigator. The results shownin Figures 5.3.1 and 5.3.2 can be consideredfairly standard for detection of intracellularantigens. As for flow cytometric data analysisfor surface immunophenotyping, cell samplesare usually gated on forward versus side scatterto exclude debris and clumps and to focus onthe cell type of interest. Alternatively, for ex-clusion of nonviable cells, a gate is set onforward sc
	Figure 5.3.1 shows the measurement of ex-pression of the mitochondrial protein Bcl-2 inT cells. Although the light scatter in the periph-eral blood mononuclear cells was altered afterfixation and permeabilization (Fig. 5.3.1B)compared to that of an untreated sample (Fig.5.3.1A), it was possible to set a gate on lym-phocytes. Then CD3+ T cells were identified
	on a single-parameter histogram and theirbackground and Bcl-2 fluorescence were dis-played (Fig. 5.3.1D). More than 98% of the Tcells expressed Bcl-2, a protooncogene whichhas been associated with cell protection fromapoptosis. The presence of Bcl-2 in mostnormal T cells and B cells has been demon-strated previously (Aiello et al., 1992).
	Figure 5.3.2 shows the results of an experi-ment in which a human leukemic pre-T cell linewas first stained for surface expression of CD3.Cell viability was determined to be <80% bytrypan blue staining. 7-AAD was added to ex-clude nonviable cells by flow cytometric analy-sis. Although discrimination of dead cells fromlive cells was not distinct on the FSC versusSSC dot plot (Fig. 5.3.2A), 7-AAD+ dead cellswere clearly separated from 7-AAD− live cells(Fig. 5.3.2B). These 7-AAD− cells expressedonly low levels
	Time Considerations
	Cell-surface staining. The time to performBasic Protocol 1 should be ≤1 hr once a single-cell suspension is prepared. Multicolor stainingprocedures will be variable in length dependingon the direct and indirect staining combinations(which determine the number of binding andwash steps).
	Intracellular staining. After preparation ofthe single-cell suspension, Basic Protocol 2 canbe completed in ∼2 to 3 hr, depending on howlong the cells are kept in the fixing solution (30min to 1 hr) and whether a direct staining orindirect staining procedure was performed. Thetime needed for adequate fixation (at least 30min) and permeabilization (15 min) will beadvantageous for processing larger numbers ofsamples simultaneously and uniformly. Addi-tional time is needed for surface staining (∼30min) prior t
	Literature Cited
	Aiello, A., Delia, D., Borrello, M.G., Biassoni, D.,Giardini, R., Fontanella, E., Pezzella, F., Pulford,K., Pierotti, M., and Porta, G.D. 1992. Flowcytometric detection of the mitochondrial bcl-2protein in normal and neoplastic human lym-phoid cells. Cytometry 13:502-509.
	Anderson, P., Blue, M.L., O’Brian, C., and Schloss-man, S.F. 1989. Monoclonal antibodies reactivewith the T cell receptor ζ chain: Production andcharacterization using a new method. J. Immu-nol. 143:1899-1904.
	Bauer, K.D. and Jacobberger, J.W. 1994. Analysisof intracellular proteins. Methods Cell Biol.41:352-376.
	Blattler, W.A., Kuenzi, B.S., Lambert, J.M., andSenter, P.D. 1985. New heterobifunctional pro-tein cross-linking reagent that forms an acid-labile link. Biochemistry 24:1517-1524.
	Clevenger, C.V. and Shankey, T.V. 1993. Cytochem-istry II: Immunofluorescence measurements ofintracellular antigens. In Clinical Flow Cy-tometry (K.D. Bauer, R.E. Duque, and T.V.Shankey, eds.) pp. 157-175. Williams andWilkins, Baltimore.
	Clevenger, C.V., Bauer, K.D., and Epstein, A.L.1985. A method for simultaneous nuclear immu-nofluorescence and DNA content quantitationusing monoclonal antibodies and flow cy-tometry. Cytometry 6:208-214.
	Duncan, R.J.S., Weston, P.D., and Wrigglesworth,R. 1983. A new reagent which may be used tointroduce sulfhydryl groups into proteins, and itsuse in the preparation of conjugates for immu-noassay. Anal. Biochem. 132:68-73.
	Fetterhoff, T.J., Holland, S.P., and Wile, K.J. 1993.Fluorescent detection of nonviable cells in fixedcell preparations. Cytometry 14:27.
	Franek, K.J., Wolcot, F.R., and Chervenak, R. 1994.Reliable method for the simultaneous detectionof cytoplasmic and surface CD3ε expression bymurine lymphoid cells. Cytometry 17:224-236.
	Hashida, S., Imagawa, M., Inoue, S., Ruan, K.-H.,and Ishikawa, E. 1984. More useful maleimidecompounds for the conjugation of Fab′ to horse-radish peroxidase through thiol groups in thehinge. J. Appl. Biochem. 6:56-63.
	Jacob, M.C., Favre, M., and Bensa, J.-C. 1991.Membrane cell permeabilization with saponinand multiparametric analysis by flow cytometry.Cytometry 12:550-558.
	Jacobberger, J.W. 1989. Cell cycle expression ofnuclear proteins. In Flow Cytometry: AdvancedResearch and Clinical Applications, Vol. 1 (A.Yen, ed.) pp. 305-326. CRC Press, Boca Raton,Fla.
	Kitagawa, T., Shimozono, T., Aikawa, T., Yoshida,T., and Nishimura, H. 1981. Preparation andcharacterization of hetero-bifunctional cross-linking reagents for protein modification. Chem.Pharm. Bull. 29:1130-1135.
	Lanier, L.L. and Warner, N.L. 1981. Paraformalde-hyde fixation of hematopoietic cells for quanti-tative flow cytometry (FACS) analysis. J. Immu-nol. Methods 47:15-30.
	Levelt, C.N. and Eichmann, K. 1994. Streptavidin-Tricolor is a reliable marker for nonviable cellssubjected to permeabilization or fixation. Cy-tometry 15:84-86.
	Loor, F., Forni, L., and Pernis, B. 1972. The dynamicstate of the lymphocyte membrane. Factors af-fecting the distribution and turnover of surfaceimmunoglobulin. Eur. J. Immunol. 2:203-212.
	Mann, G.L., Dyne, M., and Musgrave, E.A. 1987.Immunofluorescence quantification of ribonucl-ease reductase M1 subunit and correlation withDNA content by flow cytometry. Cytometry8:509-517.
	Mishell, B.B. and Shiigi, S.M. 1980. Modificationand use of antibodies to label cell surface anti-gens. In Selected Methods in Cellular Immunol-ogy, pp. 287-304. W.H. Freeman, New York.
	Parham, P. 1983. On the fragmentation of mono-clonal IgG1, IgG2a, IgG2b from BALB/c mice.J. Immunol. 131:2895-2902.
	Porter, R.R. 1959. The hydrolysis of rabbit γ-globu-lin and antibodies with crystalline papain. Bio-chem. J. 73:119-126.
	Puchtler, H. and Meloan, S.N. 1985. On the chem-istry of formaldehyde fixation and its effect onimmunohistochemical reactions. Histochemistry82:201-204.
	Rabinovitch, P.S., Torres, R.M., and Engel, D. 1986.Simultaneous cell cycle analysis and two-colorimmunofluorescence using 7-amino-actinomy-cin D and single laser excitation: Applications tostudy of cell activation and the cell cycle ofmurine Ly-1 B cells. J. Immunol. 136:2769-2775.
	Riedy, M.C., Muirhead, K.A., Jensen, C.P., andStewart, C.C. 1991. Use of a photolabeling tech-nique to identify nonviable cells in fixed homolo-gous or heterologous cell populations. Cy-tometry 12:133-139.
	Sander, B., Andersson, J., and Andersson, U. 1991.Assessment of cytokines by immunofluores-cence and the paraformaldehyde-saponin proce-dure. Immunol. Rev. 119:65-93.
	Schmid, I., Uittenbogaart, C.H., and Giorgi, J.V.1991. A gentle fixation and permeabilizationmethod with combined cell surface and intracel-lular staining with improved precision in DNAquantification. Cytometry 12:279-285.
	Schmid, I., Krall, W.J., Uittenbogaart, C.H., Braun,J., and Giorgi, J.V. 1992. Dead cell discrimina-tion with 7-aminoactinomycin D in combinationwith dual color immunofluorescence in singlelaser flow cytometry. Cytometry 13:204-208.
	Schroff, R.W., Bucana, C.D., Klein, R.A., Farell,M.M., and Morgan, A.C. 1984. Detection ofintracytoplasmic antigens by flow cytometry. J.Immunol. Methods 70:167-177.
	Storek, J., Schmid, I., Ferrara, S., and Saxon, A.1992. A novel B cell stimulation/proliferationassay using simultaneous flow cytometric detec-tion of cell surface markers and DNA content. J.Immunol. Methods 151:261-267.
	Tanimori, H., Ishikawa, F., and Kitagawa, T. 1983.A sandwich enzyme immunoassay of rabbit im-munoglobulin G with an enzyme labelingmethod and a new solid support. J. Immunol.Methods 62:123-131.
	Taylor, R.B., Duffus, W.P.H., Raff, M.C., and dePetris, S. 1971. Redistribution and pinocytosis oflymphocyte surface immunoglobulin moleculesinduced by anti-immunoglobulin antibody. Na-ture New Biol. 233:225-229.
	Titus, J.A., Haugland, R., Sharrow, S.O., and Segal,D.M. 1982. Texas Red, a hydrophilic, red-emit-ting fluorophore for use with fluorescein in dualparameter flow microfluorometric and fluores-cence microscopic studies. J. Immunol. Methods50:193-204.
	Key References
	Clevenger and Shankey, 1993. See above.
	In-depth discussion of background information andexcellent review of intracellular staining methodsfor flow cytometry and their application.
	Jacob et al., 1991. See above.
	Describes Alternate Protocol 1 and shows examplesof its application.
	Schmid et al., 1991. See above.
	Describes Basic Protocol 2 and provides examplesof its application.
	Contributed by Kevin Holmes, Larry M. Lantz, and B.J. FowlkesNational Institute of Allergy and Infectious DiseasesBethesda, Maryland
	Ingrid Schmid and Janis V. Giorgi (Intracellular Staining)UCLA School of MedicineLos Angeles, California





