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A visible-light, dual-laser, flow cytometric method
was developed for the simultaneous analysis of in-
tracellular ionized calcium concentration ([Ca®**],)
and three cell-surface markers (CD4, CD8, and Thy-
1.2 antigens) by using the calcium probe fluo-3
and using R-phycoerythrin (PE), peridinin chloro-
phyll-a protein (PerCP), and allophycocyanin
(APC) conjugated monoclonal antibodies (MoAbs).
This improved method was used in the analysis of
[Ca®*]; mobilization upon in vitro stimulation with
mitogenic lectins [phytohaemagglutinin (PHA) or
concanavalin A (ConA)], anti-CD3 MoAbs, or A23187
calcium ionophore in the heterogeneous lymph
node cell populations from healthy C57BL/Ka mice.
The present results show that the calcium re-
sponses were heterogeneous and dependent on the
cellular immunophenotype, not only on lectins or
anti-CD3 MoAbs stimulation, but also on the recep-
tor-independent A23187 ionophore stimulation.
An in situ fluo-3 calibration method (using A23187
and metabolic poisons in Ca’*/EGTA buffers with
known free calcium concentrations) indicated a
resting [Ca®*]; in lymphocytes of 103 * 23 nM
(mean * S.D.) but with significant differences be-
tween the [Ca®’™"], in B cells and in all of the T-cell
subsets (CD4*Thy-1*, CD4* Thy-1~, and CD8* T
cells). Both the B cells and the T-cell subsets
showed an increase of fluo-3 fluorescence upon in
vitro stimulation with ConA or PHA, but the calcium

mobilization following lectin stimulation was time
delayed in all T-cell subsets. Only the T cells, in-
cluding the CD4*Thy-1~ subset, responded to anti-
CD3 MoAbs. The percentage of responding cells
upon stimulation with ConA was higher in T cells
than in B cells. By contrast, PHA gave a higher re-
sponse in B cells. After stimulation with different
mitogens, [Ca®*]; increased in both CD4* and CD8*
T-cell subsets. However, the percentage of respond-
ing cells was far higher in the CD4*Thy-1" subset
than in the CD4* Thy-1~ or the CD8" T-cell subsets.
The stimulation with A23187 ionophore induced a
higher calcium response in B cells than in T cells.
Interestingly, it also induced greater Ca** mobili-
zation in CD4% than in CD8* T cells. These results
demonstrate the potential use of fluo-3 simulta-
neously with three fluorescein (FITC)-compatible
fluorochromes. This technique may be useful for
investigating the role of the CD4*Thy-1" T cells, a
rare subset that is abnormally expanded in a mu-
rine acquired immunodeficiency syndrome (mu-
rine AIDS). © 1996 Wiley-Liss, Inc.
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Cytoplasmic free calcium ([Ca®™ ;) plays a central role
in the transduction of external stimuli in many cell types
(45), including T lymphocytes (7,8,11,18,19,33). With
the introduction of calcium-sensitive fluorochromes,
measurement of intracellular calcium has become a fas-
cinating new tool for studying the early events of cell
activation in intact cells either by image analysis (8,26,
40,50) or by flow cytometry (23,42,44,50). However,
the first [Ca®* |, indicators, such as quin-2, fura-2, or
indo-1 (12,43,52,53), were not excitable by visible light,

and the requirement for a UV-laser posed a considerable
limitation in most laboratories. Fortunately, the spectral
properties of fluo-3 (25,34), which is the newest of these
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Ca®* dyes, allows the analysis of [Ca by most flow
cytometers that are equipped with the usual 488-nm-line,
argon-ion laser excitation source and fluorescein (FITC)
filter bandwidth (46,54). In addition, the large enhance-
ment of green fluorescence intensity on Ca’* binding
could be measured in two-color flow cytometry with the
simultaneous analysis of cell surface immunolabelling
performed either with R-phycoerythrin (PE; orange flu-
orescence; 31,47), or with PE-Texas red tandem (Red-
613; red fluorescence; 6), or with peridinin chloro-
phyll-a protein complex (PerCP; far red fluorescence;
13) conjugated monoclonal antibodies (MoAbs). The
availability of allophycocyanin (APC)-conjugated MoAbs
theoretically offers the opportunity to perform five-color
flow cytometry by combination with fluo-3, PE, PE-Texas
red tandem, and PerCP. However, APC is only excited by
red light, and a second laser must be focused on the
stream to stimulate the far red fluorescence signal of this
dye. Therefore, the means to perform multicolor exper-
iments in calcium studies among complex immunophe-
notypic cell subsets is now feasible by using fluo-3 in
conjunction with more than one fluorescent MoAb and a
visible excitation laser light, but this has not been de-
scribed previously.

This paper describes an original method that allows
the simultaneous flow cytometry of fluo-3-[Ca** ] in con-
junction with PE-, and PerCP-, and APC-conjugated Mo-
Abs by using lymph node (LN) cells from normal mice.
The method is useful for the analysis of [Ca** ], in a het-
erogeneous LN cell population, including the B cells, the
CD8™" cells, and the CD4* Thy-1* T cells. We also fo-
cused our attention on the peculiar CD4* Thy-1~ T-cell
subset, which has been described in normal spleen, LNs,
lamina propria, peritoneum, and in Peyer’s patches (14).
These CD4*Thy-1" cells accumulate in the peripheral
lymphoid tissues of mice, which develop the retroviral-
induced immunodeficiency syndrome (murine AIDS or
MAIDS), a pathological model that is associated with se-
rious alterations of signal-transduction pathways (3,4,9,
16,17,21,29,31,35,37,38). This phenotypic abnormality
is interesting, because Thy-1 is associated with p597" a
protein tyrosine kinase (PTK) that is involved in signal
transduction in T cells (27,51). We applied our visible-
light flow cytometric method to detect cytoplasmic free
calcium in healthy mice by using time-course analysis in
conjunction with three MoAbs directed against CD4,
CDS8, and Thy-1 antigens.

MATERIALS AND METHODS
Mice and Cell Suspension

One-month-old male C57BlV/Ka (H-2b) mice that were
bred in our facility were sacrificed by CO, asphyxiation.
Inguinal and axillary LN were removed, and single-cell
suspensions were prepared with a fitting glass homoge-
nizer (tolerance of pestle, 15-25 wm), passed through a
nylon cell strainer, washed three times with phosphate
buffered saline (PBS), and counted on a Thomas hema-
cytometer, as described previously (38).

Antibodies and Second-Step Reagent

The following MoAbs were used: PE-conjugated anti-
CD4/L3T4 (CD4-PE; YTS.191.1), APC-conjugated anti-
Thy-1.2/CD90 ( Thy-1-APC; 5a-8; Caltag Laboratories, ITK
Diagnostics, The Netherlands), and biotinylated anti-
CD8/Lyt-2 (53-6.7; Pharmingen, ITK Diagnostics) re-
vealed with PerCP-labelled streptavidin (Becton Dickin-
son, Erembodegem, Belgium; CD8-PerCP). Biotinylated
anti-CD8/Lyt-2 (53-6.7; Pharmingen) revealed with PE-
labelled streptavidin (CD8-PE; Becton Dickinson) and
PE-conjugated anti-CD45R/B220 (RA3-6B2; B220-PE;
Pharmingen) were also used for control experiments.

Preparation of Fluo-3-Loaded Cells

The cells were washed three times in Hanks buffered
saline solution (HBSS) containing 1% heat-inactivated fe-
tal calf serum (FCS); then, they were suspended in RPMI
1640 supplemented with 10% of FCS, 2 mM L-glutamine,
30 U/ml penicillin, 20 pg/ml streptomycin, 5 X 107> M
B-mercaptoethanol, 1 mM sodium pyruvate (Techgen,
Zellick, Belgium), and 1% nonessential amino acids
(043-01140; Life Technologies-Gibco, Gent, Belgium).
Fluo-3 was loaded into the cells as described (54), with
minor modifications. A 2 mM stock solution of fluo-3-
penta-acetoxymethylester (fluo-3/AM; Molecular Probes,
Eugene, OR) was made with dry anhydrous dimethylsulf-
oxide (DMSO). A 20% w/v stock solution of Pluronic
F-127 (Molecular Probes), a nonionic surfactant polyol,
was made separately in DMSO. The cells (107 cells/ml)
were first incubated in HBSS alone (without FCS) con-
taining fluo-3/AM at a final concentration of 2 uM and 3
pl/ml of the Pluronic F-127 stock solution for 20 min at
room temperature. The cells were then diluted 1/5 (2 X
10° cells/ml) with HBSS containing 1% FCS, and then
they were incubated again for 40 min in a 37.5°C £ 0.1°C
water bath. To obtain accurate calcium kinetics, it was
crucial to maintain this temperature slightly above 37°C
throughout the fluo-3 loading procedure.

Triple Immunostaining of Fluo-3-Loaded Cells

Fluo-3-loaded cells were washed three times in HBSS
containing 1% FCS. After the last wash, the supernatant
fluid was discarded, and the cells were resuspended in a
mixture containing the Thy-1-APC, CD4-PE, and bio-
tinylated CD8 MoAbs previously diluted in PBS as in-
dicated by the manufacturers. A first incubation was
performed for 20 min at 4°C. The second reagent strepta-
vidin-PerCP was then added to reveal the biotinylated
MoAb (CD8) and incubated as described above. The cells
were then washed twice and diluted to 10° cells/ml with
10 mM 4-(2-hydroxyethyl)piperazin-1-ethanesulfonic
acid (HEPES )-buffered salt containing NaCl 137 mM, KCl
5 mM, Na,HPO4 1 mM, glucose 5 mM, CaCl, 1 mM,
MgCl, 0.5 mM, BSA 1 g/liter, and HEPES 10 mM, pH 7.4.
The cell suspensions were then placed in a water bath at
37.5°C for 15 min before flow cytometry.
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Flow Cytometry

Analyses were performed by using a FACStar™ flow
cell sorter with the LYSYS II software (Becton Dickin-
son). A blue excitation at 488 nm (25 mW of power
light) from an argon-ion laser (air-to-water-cooled model
Spinnaker 1161; Spectra Physics, Mountain View, CA)
was used for three-color analysis of fluo-3 green, PE or-
ange, and PerCP red fluorescences. The forward- and
right-angle light scatters (FSC and SSC, respectively)
were used to gate the cells. Green fluorescence emission
of fluo-3 was detected at 530 nm (DF 530/30 dichroic
bandpass filter), PE fluorescence was measured at 575
nm (DF 575/26), and PerCP was measured at 670 nm (DF
675/20). Cross over of fluo-3 fluorescence into the PE
detection window and of PE fluorescence into the PerCP
detection window was electronically compensated by an-
alog subtraction at the preamplifier stage. For four-color
analysis of intracellular fluo-3-[Ca**]; and surface-la-
belled PE, PerCP, and APC MoAbs, the conditions were
the same as above, but a spatially separated beam of a
second laser (water-cooled model 164-01 krypton ion
laser; Spectra-Physics) was used for excitation of APC at
647 nm (150 mW of light power). The krypton laser
beam was focused onto the stream about 175 pum below
the argon beam focus intersection. Consequently, the
APC fluorescence signal was time delayed and was de-
tected 20 ws after the detection of the other fluorescence
signals. A half mirror and an iris aperture were adjusted in
front of the APC-dedicated photomultiplier tube to
achieve the separation of the fluorescences excited by
the two lasers. The red fluorescence emission of APC was
detected at 670 nm (DF 670/14). The flow cytometer
input tubing was carefully washed with DMSO and etha-
nol to remove residual material before proceeding to the
next sample.

Analysis of cells labelled with CD8-PerCP and/or with
Thy-1-APC MoAbs demonstrated that the red PerCP flu-
orescence emission did not interfere with the red APC
fluorescence emission, and vice versa. Additional con-
trols for the immunofluorescence were also used. 1)
CD8-PE-labelled LN cells were used for positive detec-
tion of CD8* T cells as a control for subsequent optimi-
zation of the CD8-PerCP fluorescence. 2) Dual-color flow
cytometry of Thy-1-APC- and CD4-PE-labelled LN cells
from mice with murine AIDS induced as described (38)
was performed for accurate gating of the CD4 " Thy-1~
cells that create a visible subset on flow cytometric dot
plots, because they are abnormally expanded in this dis-
ease (4,17,38). This separation between CD4* Thy-1*
and CD4 " Thy-1" corresponded with the position of the
end of the CD4~ Thy-1~ population of healthy mice (38).

FSC and SSC and fluo-3 fluorescence were displayed on
a linear scale, whereas PE, PerCP, and APC fluorescences
were displayed on a four-decade logarithmic scale with a
histogram resolution of 256 channels to conserve mem-
ory. The “time” parameter was activated on a scale of 512
s (500 ms/channel). The cells were analyzed at 37.5°C at
typical rates of 400—600 s. The seven parameters (FSC,

SSC, four-colors, and time) were stored for each mea-
sured cell in a sequential data file (“list mode”). To avoid
saturation of the computer memory due to the consider-
able amount of data per sample, measurements were reg-
istered directly on the hard disk without transitional stor-
ing in the RAM-memory. Final data files were transferred
to a 650 MB, rewritable, magnetooptical disk (EDM-
1DAOs; Sony, Tokyo, Japan) inserted in a dedicated re-
movable cartridge system (Bering 5600 OptiPac; Ocean
Microsystems, Inc., Campbell, CA).

Stimulation of Lymphocytes With A23187,
Mitogenic Lectins, or Anti-CD3 MoAb

At indicated times after base-line unstimulated mea-
surements, a stimulus was added to the sample running
on the flow cytometer. The cell flow was briefly (<10 s)
halted at the time of mitogen addition, creating a visible
gap in the data set. A23187, an antibiotic calcium ion
ionophore, was used at 10 pM (Molecular Probes; stock
solution in liquid nitrogen; 10 mM A23187 in DMSO).
PHA was used at 10 pg/ml (PHA M; Difco, Detroit, MI;
stock solution at —20°C; 1 mg/ml PHA in distilled water).
ConA was used at 12.5 pg/ml (Boehringer Mannheim,
Federal Republic of Germany; stock solution at —20°C; 5
mg/ml ConA in distilled water ). A mitogenic murine anti-
CD3 MoAb that was purified in our laboratory from ham-
ster hybridoma 145-2C11 supernatant (30) was used at 5

pg/ml
Calibration of the Fluo-3 Fluorescence Signal

The determination of intracellular calcium concentra-
tion in resting cell subsets identified by three-color im-
munolabelling was made by using a standard curve that
was based on the direct calibration of fluo-3 fluores-
cence intensity with solutions of known calcium concen-
tration made from mixtures of calcium salt and ethylene
glycol bis(2-aminoethyl)ether N, N, N', N'-tetraacetic
acid (EGTA). The intact cells were permeabilized with
calcium ionophore and metabolic poisons according to
Chused et al. (5) with minor modifications. For this pro-
cedure, gradients of protons, membrane potential, and
ion transport across cell and mitochondrial membranes
were collapsed by nigericin, a K" and H" ionophore that
clamps the pH gradient to zero; carbonyl cyanide m-chlo-
rophenylhydrazone (CCCP), an uncoupler of mitochon-
drial oxidative phosphorylation that diminishes ATP pro-
duction and disables ion pumping across cytoplasmic,
mitochondrial, and endoplasmic reticulum membranes;
and A23187, an antibiotic calcium ijonophore that in-
duces Ca®’*-H" exchange. Consequently, it was shown
that intracellular [Ca®™ |; is made equal to the known ex-
tracellular free calcium concentration ([Ca>* ],) (5). The
following method was then used.

Fluo-3-loaded cells were triple immunolabelled with
CD4-PE, CD8-PerCP, and Thy-1.2-APC MoAbs, as de-
scribed above. The cells were washed and resuspended
in 120 mM KCI, 20 mM HEPES, pH 7.2, 1 mM MgSO4, 20
mM NaN3, and 10 mM 2-deoxyglucose without bicarbon-
ate. Aliquots of cells were transferred to a series of 11
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Ca’*/EGTA buffers with 0~10 mM EGTA and free Ca®*
concentrations ranging from 0 to 39.8 wM containing 100
mM KCI, 10 mM MOPS, pH 7.2 (C-3009 calcium calibra-
tion buffer kits II; Molecular Probes Europe, Leiden, The
Netherlands). These buffers were prepared according to
a “pH-metric” method that has been described previously
(52). The following reagents were added: 1) 0.5 wg/ml
nigericin (previously dissolved in ethanol; Sigma-Aldrich,
Bornem, Belgium); 2) 2 uM CCCP (previously dissolved
in acetone; Sigma-Aldrich); and 3) 10 uM A23187 iono-
phore (previously dissolved in DMSO; Molecular Probes).
Cells were incubated at 37.5°C for at least 2 h before flow
cytometry. This time was long enough to obtain a stable
fluo-3 fluorescence signal, which was then recorded on
linear histograms (1,024 channels for best accuracy) for
each cell subset identified by triple immunostaining
(5,000—10,000 cells/subset). The fluo-3 mean channel
fluorescence was calculated and reported as a function of
free calcium concentration of the 11 Ca?*/EGTA buffers
(Fig. 4; 5,36,52). The calibration was carried out at the
end of every experiment.

Statistical Analysis

A one-way analysis of variance (ANOVA) followed by
Newman-Keuls two-tailed tests were performed by using
the Instat® Mac 2.01 software (GraphPad Software, San
Diego, CA).

RESULTS AND DISCUSSION
Four-Color Analysis of [Ca®**], With Fluo-3 and
Triple Immunofluorescences

The presently described method is based on a seven-
parameter (FSC, SSC, four colors, and time) analysis of
heterogeneous cell populations using fluo-3, a visible-
light-excited fluorescent calcium indicator, in conjunc-
tion with PE- and PerCP-conjugated MoAbs excited first
by a blue 488-nm-line argon ion laser; the APC-conju-
gated MoAD is then excited by a red 647-nm-line krypton
ion laser. An example of a four-color flow cytometry
analysis of normal mouse LN cells loaded with fluo-3 and
labelled with CD4-PE, CD8-PerCP, and Thy-1.2-APC Mo-
Abs is illustrated in Figure 1. Up to 200,000 cells were
recorded during this time course. The triple immunophe-
notype is displayed in Figure 1A—C. Changes in fluo-3
over time of the whole cell population activated with
12.5 pg/ml ConA (at t = 80 s) is displayed in Figure 1D.
The gates R1-R4, which were drawn on the basis of con-
trols for the immunofluorescence described in Materials
and Methods, were used throughout this study to analyze
simultaneously these changes in each CD4*Thy-1%,
CD4*Thy-17,and CD8" Thy-1" T-cell subsets and in tri-
ple-negative CD4 CD8 Thy-1~ non-T cells. Subse-
quently, we demonstrated that more than 95% of these
non-T cells were CD45R/B220 " (Fig. 5B) when the anal-
ysis was gated on lymphocytes on the basis of forward
and side scatters. Therefore, they will be considered as B
cells in this report.

The general phenotypic pattern obtained here (Fig. 1)
was similar to that already described with conventional
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Fic. 1. Four-color flow cytometry of healthy mouse lymph node (LN)
cells loaded simultaneously with fluo-3 and labelled with CD4-R-phyco-
erythrin (PE), CD8-peridinin chlorophyll-a protein (PerCP), and Thy-
1.2-allophycocyanin (APC) monoclonal antibodies (MoAbs). A: Dot plot
of Thy-1.2-APC vs. CD4-PE fluorescences. B: Dot plot of Thy-1.2-APC vs.
CD8-PerCP fluorescences. C: Dot plot of CD8-PerCP vs. CD4-PE fluo-
rescences. D: Changes in fluo-3 fluorescence with time of the ungated
population activated during the flow cytometry analysis (at time t = 85
s) with 12.5 ug/ml concanavalin A (ConA). A,C: The gates R1-4 were
used for on-line simultaneous analysis of these changes in each of the
following lymphocytes subsets: R1, CD4*Thy-1~ T cells; R2,
CD4*Thy-1" T cells; R3, CD8" T cells; R4, Thy-1"CD4~CD8" triple-
negative non-T cells (most B cells; see Fig. 5). Controls for immunoflu-
orescence are described in Materials and Methods.

one-laser, dual-color flow cytometry using FITC- and PE-
conjugated MoAbs (14,38). Accurate analysis was
achieved with deliberately suboptimal detection of the
red fluorescence emission of APC at 670 nm (DF 670/14
band pass filter) and not at the more optimal 660 nm
region, because the standard 660/20 DF filter, as indi-
cated by its 20 nm pass band, did not block the scattered
647 nm excitation laser light. The blue argon laser beam
was set deliberately at the lowest possible power of 25
mW in order to avoid the photobleaching of the PerCP
molecules (Fig. 2; 48). Specifically, we decreased the
power beam four- to tenfold below that generally used
with a flow-in-air cytometer. In addition, the voltage or
gain of all the photomultiplier tubes (PMTs) and/or of the
photodiode was increased consequently to ensure the
optimal detection of all signals. Particularly, similar red
APC and PerCP fluorescence emissions were separated
spatially by the dual-laser stations and were well discrim-
inated by time-delayed fluorescence signals. Spectral
overlaps occurred only with the induced fluorescence of
the first laser, and conventional electronic compensa-
tions between fluo-3 and PE and with PE over PerCP, but
not with PerCP over PE, were used. It should be noted
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Fic. 2. PerCP photobleaching. An aliquot of cells was labeled with
biotinylated CD8 MoAb revealed with PerCP-streptavidin. The cells were
analyzed with the FACStar* flow cytometer in the range of 25—200 mW
of laser power. It is demonstrated clearly that the CD8-PerCP high- and
low-positive cells were only discriminated at the lowest laser power (25
mW). By increasing the laser power, CD8'° cells and a major portion of
CD8"#" cells were lost from the data, as indicated by the decrease in
percentage of positively detected cells and by the shift to lower fluores-
cence channels of the positive part of the histogram.

that, with the very bright modulated signal of fluo-3,
there may be a problem with ensuring constant optimal
compensations during the time course when fluo-3 is
used at doses higher than 2 uM: a solution to optimize the
spectral overlaps is to modulate the compensations dur-
ing the time course (data not shown). However, under
our experimental conditions, an increase of the fluo-3
signal following the stimulation assay affected neither the
percentage of positive cells nor the fluorescence inten-
sity distribution of the three cell-surface markers that
were maintained constant throughout the time course
(Fig. 3), as previously obtained by dual-color flow cytom-
etry (47).

Multiparametric flow cytometric analysis of calcium
fluxes in cells gated by their immunofluorescence char-
acteristics have been described previously (28,43 ). These
authors used the UV light calcium probe indo-1 and FITC-
and PE-conjugated MoAbs analyzed with a dual UV/blue
laser station. Recently, a six-color flow cytometry of cal-
cium response was described in human peripheral blood
lymphocytes by using indo-1 (two-color violet/blue ratio)
and FITC-, PE-, Texas red-, and APC-conjugated MoAbs
(39). However, in these powerful experiments, two colors
were used for ratiometric quantitation of calcium ions
with indo-1, and three lasers were necessary to allow the
determination of [Ca®* |, in complex immunophenotypic
subsets, including a UV laser, a blue argon laser, and a red
helium-neon laser.

Fluo-3 extends the potential application field of flow
cytometers with visible light lasers to calcium studies of
lymphocytes (54). Because the emission characteristics
of fluo-3 are virtually identical to those of FITC (25,34),
fluo-3 can be combined with almost all of the dyes nor-
mally used with multicolor analysis with FITC (42,46,
54). In the domain of calcium measurements that use
immunolabelled lymphocyte subsets, this analysis has

7
Thy.1-APC

Fic. 3. Simultaneous evolution with time of the fluo-3 signal and of
the three-color immunofluorescence distributions of the whole ungated
LN lymphocyte populations. The great increase of the fluo-3 signal fol-
lowing the stimulation assay (A; ConA; 12.5 pg/ml at time t) affected
neither the percentage of positive cells nor the fluorescence distribution
of the simultaneously analyzed cell surface markers, Thy-1-APC (B),
CD8-PerCP (C), and CD4-PE (D), whose pattern remained unchanged
throughout the time course.

never been described with more than one immunofluo-
rescence. Fluo-3 was measured generally in two-color
flow cytometry with the simultaneous analysis of single
cell-surface immunofluorescence performed either with
PE-labelled (31,47), or with PE-Texas red tandem-la-
belled (6), or with PerCP-labelled (13) MoAbs. A more
precise ratiometric evaluation of [Ca®" ], similar to that
obtained with indo-1 was described. By combining fluo-3
and the visible light-excited calcium probe fura-red,
which exhibits decreased fluorescence intensity upon
calcium binding, ratiometrically determined Ca®" fluxes
were obtained. Three-color flow cytometry of fluo-3,
fura-red, and PE-conjugated MoAb, therefore, can be used
to measure [Ca®" |, accurately in one-color immunola-
belled cell subsets (41,42).

Our results (Figs. 1, 3) demonstrate the practical use of
fluo-3 in combination with PE-, PerCP-, and APC-labelled
MoAbs. This method was improved, as described below,
by analysis of calcium flux among resting or stimulated
LN lymphocyte subsets from normal mice.

In Situ Four-Color Flow Cytometric Calibration of
Fluo-3 Fluorescence

The fluorescence signal recorded from loaded cells
reflects not only [Ca®™ |; but also many other factors in-
volving the effective affinity of the calcium dye for Ca®*
within the cells at a given pH, ionic strength, free Mg**
concentration, the real concentration of fluo-3 within the
cells, and the configuration of the flow cytometer (fil-
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ters, photomultipliers tubes, optical pathway) along with
less obvious factors, including viscosity, protein concen-
tration, presence of other ions, and photobleaching of the
dye (5,12,36,50,52). To avoid these uncertainties, a four-
color flow cytometric calibration of fluo-3 signal was
made at the end of each experiment with triple-immuno-
labelled and fluo-3-loaded cells that were incubated with
A23187 calcium ionophore and metabolic poisons in a
series of graded Ca’*/EGTA buffers with known free
Ca®" content. Chused et al. (5) have previously shown
that, if cells are first “poisoned” by exposure to metabolic
poisons (see Materials and Methods), then the normal
membrane gradients collapse, resulting in equal extracel-
lular ([Ca®*],) and intracellular ([Ca®*],) calcium con-
centrations after calcium ionophore treatment. A typical
logistic curve was obtained with graded Ca® " /EGTA buff-
ers whose free calcium concentration ranged from 0 to
39.8 uM (Fig. 4). The fluo-3 fluorescence of intact cells
gated on the basis of their immunophenotype (Fig. 1)
was then a function of the known free calcium concen-
tration of the Ca?>*/EGTA buffer and was not cell-subset
dependent (Fig. 4B,C). The highest Ca*>* concentration
(39.8 uM) was enough to saturate the fluo-3 dye, and an
apparent maximal fluorescence (F,,,) was obtained.
This Ca*" free concentration is also high enough to sat-
urate the available Ca®™* indicators fura-2, indo-1, calcium
green, calcium orange, and calcium crimson (36). F, ..
was statistically the same in all subsets (n = 4 experi-
ments). In particular, mean fluo-3 fluorescence differ-
ences were not significant between cell subsets at low
levels of Ca®>* (50—200 nM). An apparent minimal fluo-
rescence (F_;,) was obtained with the zero calcium free
buffer.

By plotting the data of Figure 4B as a double-logarith-
mic plot (see Fig. 4C), the calculated apparent fluo-3
dissociation constant (K ) for binding Ca** (36) was 447
nM at 37°C. This agrees with the original description of
fluo-3, which quotes a K, of 400 nM for binding Ca*™* at
22°C (34). However, the binding of fluo-3 to Ca®*™ is
temperature dependant, and a fluo-3 K, value of 864 nM
has been reported by spectrofluorometry of neutrophils
and platelets at 37°C (32). The reason for this discrep-
ancy is not clear. However, the effective K, is definitely
sensitive to temperature in addition to ionic strength, free
Mg?**, and pH value (12,52). Therefore, it is necessary to
determine the true K, value in each experimental system.
In our system, the cells were fluo-3 loaded at room tem-
perature, incubated in 37°C, then analyzed in a flow cy-
tometer with an uncontrolled flow-chamber tempera-
ture. Consequently, the mean temperature was below
37°C, and the apparent K, was 447 nM, which is in the
range of 400—860 nM. Finally, the K, values of 400—450
nM were used by most authors working with fluo-3 at
37°C (6,13,47,54).

A more commonly used, simple flow cytometric
method to measure the level of free calcium in intact
cells is to calibrate the fluorescence intensity scale for
the calcium probe by transporting in saturating Ca*™*
with calcium ionophore to obtain a maximal signal (F
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Fic. 4. Calibration of fluo-3. A: Distribution of fluo-3 fluorescence of
resting LN cells exposed for 2 h at 37°C to a mixture of the metabolic
poisons negericin, carbonyl cyanide m-chlorophenylhydrazone (CCCP),
and ionophore A23187 in graded Ca®*/EGTA buffers with 100 mM KClI,
10 mM MOPS, pH 7.2. Eleven buffers were used, ranging from 0 to 39.8
uM free Ca®*; only four buffers were selected for the clarity of the
figure. The mean fluorescence intensity increased as a function of free
Ca?* molarity. B: Four-color calibration of fluo-3 in intact cells. The
mean fluo-3 fluorescence channel of “poisoned” cells incubated in
graded Ca®*/EGTA buffers (A) was measured in the whole LN lympho-
cyte population (solid circles) and in cell subsets (open symbols) de-
tected with triple immunofluorescence and gated as defined (Fig. 1).
There was no statistical differences between cell subsets (t tests; n = 4
experiments). A typical sigmoid curve is fitted (r> = 0.998) to mean
fluo-3 fluorescence of ungated cells (data from A). C: Four-color cali-
bration of fluo-3 derived from B as a double log plot of the molar calcium
concentration vs. the ratio (F — F W(F_.. — F). F .., F,,, and F,
respectively, were the mean fluo-3 channel of cells incubated in zero
free calcium, in 39.8 uM Ca**, and in nine intermediate free calcium
concentrations. The x-intercept at null ratio (—6.35) is equal to the
apparent log K, indicator (36) and corresponds to an apparent fluo-3-
[Ca®*] K, of 447 nM. Regression line,y = 1.202X + 7.667;1* = 0.993.

and then adding MnCl, to obtain a minimum signal (F,,;,),
as was described first for quin-2 (12) and then for fluo-3
(54). The calibration equation for a dye using fluores-
cence intensity values at one wavelength is then:

[Ca®" ) = Ky (F = Fopo (P — F) (1)
(15,25,50,52), where [Ca®*]; is intracellular jonized cal-
cium concentration, K, is the dye-dissociation constant
for binding Ca**, and F is the fluorescence of any un-
known Ca®’* concentration. The applicability of this
equation depends on the assumption that fluo-3 binds
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Table 1
Calculated Free Calcium Concentrations ([Ca’ " ],) in Resting Normal
Lymphb Node Cells Loaded With Fluo-3 and Labelled Simultaneously With
CD4-PE, CD8-PerCP, and Thy-1.2-APC Monoclonal Antibodies Then
Analyzed by Four-Color Flow Cytometry*

T cells B cells
All cells  CD4*Thy-1~ CD4*Thy-1* CD8*Thy-1* CD4 8 Thy-1~
103 + 23 96 = 13 100 + 8 80 + 12** 135 + 16*

*The fluo-3 mean fluorescence base line of unstimulated fluo-3-loaded cells,
which were §ated as indicated by their immunophenotype, was converted into
absolute [Ca®* ], values by using a direct calibration of fluo-3 fluorescence (Fig.
4). Results are expressed as the mean nanomolar concentration (* standard
deviation) of free calcium per cell. PE, R-phycoerythrin; PerCP, peridinin chlo-
rophyll-a protein; APC allophycocyanin.

*Very significantly higher value in B cells compared to each T-cell subset
value (P < 0.001).

**Lower value in CD8™" T cells with respect to all CD4" T or B cells (P <
0.05; ANOVA, then Newman-Keuls tests; n = 12; four experiments and three
mice/group; 50,000 total cells/sample).
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Ca’* with stoichiometry 1:1. The slope of the plot in
Figure 4C is around 1.0 (1.12 =+ 0.15), which reflects this
1:1 binding of each dye molecule with a single Ca** ion
(36).

However, Equation 1 depends also on the assumption
that the dye behaves in intact cells as it does in calibra-
tion media used in spectrofluorometric measurements
with lysed cells. Such a calibration method using intact
cells does not compensate for dye loss due to bleaching
or leakage during the main recording period. Therefore,
the F,,,, value is not accurate, because its value is based
on results from intact cells exposed to ionophore without
metabolic poisons: The cells defend their intracellular
calcium concentration to various degrees, causing a gra-
dient between intra- and extracellular calcium after ion-
ophore treatment.

To verify that the dose of Ca?* ionophore is sufficient
to increase [Ca** |, to F,,, the in situ calibration has to
be checked with the lysis method (52). However, in
some cell types, such as the insulinoma cell line
RINmS5F, it is not possible to reach a true F,_,  value,
because ionophore treatment does not approach F, ., as
measured by lysis, unless the ionophore concentration is
high enough to cause lysis by itself (52). In addition, F,,,,
is determined by adding Mn>*, which quenches all dye
fluorescence, leaving only autofluorescence. This is true
with quin-2 or fura-2, whereas, with fluo-3, the Mn?*-
bound dye has an intermediate fluorescence, making this
approach more complicated (15,50). Unfortunately, it
has been reported that this method does not work for
fluo-3 with lysed cells (50).

Finally, the F, F_ ., F...,, and K, values must be deter-
mined at the same instrumental sensitivity, optical path
length, and effective total concentration of dye. These
requirements are hard to satisfy when observing cells in
a flow cytometer and particularly with a modular, daily-
variable, jet-in-air cell sorter. They can be met strictly
only in a spectrofluorimeter (12,43).

For all of these reasons, it appears that the use of Equa-

tion 1 in flow cytometric experiments is very hazardous
unless careful determination of effective Ky, F, .., and
Fo.in Values are performed with the correct temperature
and ionic background for each system. Calibration by the
use of carefully prepared buffers of known Ca*>* content
and permeabilization of cells with ionophore and meta-
bolic poisons (5) constitute the most attractive alterna-
tive for the accurate determination of absolute calcium
concentration in intact cells using a flow cytometer (41).

Absolute Calcium Concentration in Resting Cells

The nanomolar calcium concentration in resting B
cells and T-cell subsets was determined by four-color
flow cytometry of healthy mouse LN cells loaded simul-
taneously with fluo-3 and labelled with CD4-PE, CDS8-
PerCP, and Thy-1.2-APC MoAbs using a direct calibration
of fluo-3, as described above. In healthy mice, we ob-
tained mean [Ca®* ], values per cell in the ranges between
80 * 12 (15% ) and 135 * 16 nM (12% ); [mean * S.D.
(CV% ); n = 12 mice], with specific variations among LN
lymphocyte subsets (Table 1). The [Ca®** ], of B cells was
clearly higher (P < 0.001) with regard to the [Ca®*]
value of each other T-cell subset.

The reported [Ca®" |, values in resting T lymphocytes
were 107 + 18 nM (17% ) with fluo-3 (54) and, in T-cell
lines, in the range between 72 and 136 nM with quin-2
(15,28,53) and between 130—180 nM with indo-1 (43).
A value of 100 nM was also reported in splenic mouse
lymphocytes with indo-1 (5). Our data are in concor-
dance with the literature. Absolute values, therefore,
should be interpreted with some caution, because the
true K, value and other experimental parameters (for
example, the slow time-dependent decline in cellular dye
content; 54) may be changed during the time-course ex-
periment. However, based on the relative comparisons
resulting from a direct calibrated fluo-3 curve without
reference to any formula, our conclusions remain un-
changed.

Nevertheless, some objections can be raised against the
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calcium concentration difference observed between B
and T cells. B cells, because they are large cells, are
loaded with more fluo-3 than small cells, such as most T
cells. The resulting cell-size-dependent fluorescence sig-
nal was not corrected for in most fluo-3 experiments.
Under some conditions, fluo-3 may be incompletely hy-
drolyzed and may become compartmentalized within or-
ganelles. To minimize this problem, we used Pluronic
F-127 and loaded the cells at room temperature, as sug-
gested by Sei and Arora (47). The flow cytometric anal-
ysis, however, should be performed at 37°C (or slightly
above), because mitogenic stimulation of lymphocytes is
a physiological process.

Because the differences we observed between the
base-levels of resting cell subsets identified in a four-
color experiment (Table 1) could be the result of the
naked status of the B cells and of the antibodies bearing T
cells, a reciprocal labeling strategy was used (Fig. 5). To
measure the calcium base level in naked B and T cells,
these subsets were identified with negative selection by
staining only one of these cell types with B220-PE MoAb
(B cells) and a mixture of CD4-PE and CDS8-PE (T cells)
MoAbs. Results clearly show that the presence or absence
of MoAbs at the cell surface did not affect the measured
fluo-3 base levels. Naked B cells (Fig. 5A) or B220-la-
beled B cells (Fig. 5B) exhibited the same highest cal-
cium base level. The base level of the CD4 cells is higher
than in CD8 T cells. This difference was observed using
the positive (Fig. 5A) or the negative (Fig. 5B) selection
of the T-cell subsets and had the same amplitude in the
two conditions. Therefore, this reciprocal observation is
not an artifact resulting from fluorescence compensations
but reflects a true difference between the calcium base
levels of resting B cells and all T-cell subsets that was not
due to membrane cross linking. Further experiments are
needed to clarify this problem: A means to cancel cell
size variation would be to use ratioing between fluo-3
and fura-red signals, as has been described (41,42).

Ca®* Response to A23187 Ionophore Is Different
in B Cells and T-Cell Subsets

The time course for calcium mobilization was analyzed
with the four-color technique simultaneously among B
cells and CD8*, CD4*Thy-1", and CD4* Thy-1~ T-cell
subsets after in vitro stimulation with A23187 calcium
ionophore. Figure 6 shows that the calcium response of
A23187 ionophore-stimulated lymphocytes was hetero-
geneous among the cell subsets. Both the intensity and
the shape of the fluo-3 signal response plotted against
time were different between B cells and T cells and be-
tween the CD4 and CD8 T-cell subsets. The fluo-3 in the
B cells reached the highest fluorescence intensity about
3.5 min after the ionophore-stimulation time; the fluores-
cence level slowly decreased afterward, to reach the base
line about 6.6 min after the beginning of the stimulation
time. This bell-shaped curvature of the fluo-3 vs. time
function obtained with A23187 stimulation was a repro-
ducible feature of B cells. By contrast, the response of T
cells was characterized by a plateau level of fluo-3 fluo-
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Fic. 5. Dual-color analysis of fluo-3-[Ca®* ], base-level and reciprocal
PE-immunolabeling of T and B resting cells. A: The two major T-cell
subsets were positively detected with a mixture of CD4-PE MoAb and
biotinylated CD8 MoAb revealed with streptavidin-PE molecules and on
the basis of a one-log decade difference observed between the PE-fluo-
rescence intensity of CD4" and CD8* T cells. The base-line fluo-3
signal is different in all cell subsets and is higher in negatively detected
B cells than in positively detected T cells. The base line is also higher in
CD4™" T cells than in CD8* T cells. B: Non-T cells were positively
detected with B220-PE MoAb, which is a B-cell marker. The base-line
fluo-3 signal is different in all cell subsets and is higher in positively
detected B cells than in CD4 or CD8 negatively detected T cells. The
base-level of CD4™ T cell is higher than in CD8" T cells. These two
T-cell populations are overlapped in the negative cloud, but they were
identified as indicated by subsequent analysis after cell sorting experi-
ments (not shown).

rescence reached as soon as 1 min after stimulation. This
constant level of the T-cell response was maintained up
to 8 min, whereas the fluorescence base level of the B
cells was already restored. The response of the CD4™ T
cells was far more intense than the low response of the
CD8™" T cells (Fig. 6B,C). In the CD4 " T-cell population,
there was no significant difference whether these cells
expressed Thy-1.2 antigen or not (Fig. 6C,D).

A trivial explanation for the difference between T- and
B-cell ionophore responses would be differential uptake
of the ionophore by the two cell types. However, this
hypothesis is certainly not true, because A23187 uptake
is not different between the B and T cells in the spleen of
BALB/c mice (20). B-cell *Ca efflux increased in the
presence of ionomycin, whereas T-cell efflux did not,
leading to a maintained [Ca®" |; level in T cells but not in
B cells. This observation suggests that the B- cell calcium
pump is intrinsically more active than the T-cell pump at
elevated [Ca®*"], a phenomenon that is related to the
depolarized potential membrane of B cells and the hyper-
polarized state of T cells produced by opening K* chan-
nels (20). The heterogeneity of lymphocyte calcium me-
tabolism is caused by T-cell-specific, calcium-sensitive,
potassium channel response to [Ca®* ], and by the sensi-
tivity of the calcium ATPase pump to membrane poten-
tial. Our observation of a short time response of B cells
and a long-time sustained response of T cells to A23187
ionophore is in agreement with these views.

The heterogeneity in calcium response to ionophore
A23187 between B cells and CD4" and CD8" T cells
strengthens the impression of profound differences be-
tween these cell populations. These differences between
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Fic. 6. Heterogeneous responses in fluo-3 over time observed simul-
taneously in different normal LN lymphocyte subsets after stimulation
with the A23187 calcium ionophore (10 pM) at time t = 30 s. A: B cells.
B: CD8™ T cells. C: CD4* Thy-1" T cells. D: CD4*Thy-1" T cells. The
dashed lines illustrate the evolution with time of the mean fluo-3 fluo-
rescence intensity. Contour plots (log scale of cell number), 200,000
total events.

CD4" and CD8* T-cell subsets, which are described
here for the first time, are due neither to surface antigen
expression nor (probably) to protein kinase (PTK) asso-
ciated to these molecules, because the site of action of
A23187 is receptor independent and also may be inde-
pendent of phosphoinositide hydrolysis. However, it has
been shown that mitogenic concentrations of A23187
cause an increase in the net phosphorylation of phos-
phatidylinositol PI to PI(4,5)P2 in mouse thymocytes
(49). Others have shown that, in LN T cells, the propor-
tion of p56"* (a PTK that is associated physically with
CD4 and CD8 molecules and that participates in signal
transduction), which is associated with CD4 molecules, is
10- to 20-fold higher than that associated with CD8 mol-
ecules (22). This difference may explain not only the
response heterogeneity between these subsets to A23187
but also the response to lectins (see below).

The calcium ionophore A23187 was also found to in-
duce a heterogeneous proliferation responsive of the mu-
rine CD4* T-cell subset (24). Interestingly, neither
CD8™ T cells nor B cells responded to the calcium iono-
phore by proliferation (10,24). The inability of CD8* T
cells to proliferate after A23187-ionophore stimulation
was probably due to insufficient production of autocrine
growth factors (IL2), inasmuch as the addition of exog-
enous IL-2 completely restores the CD8" T-cell respon-
siveness (23). These differences in the proliferative re-
sponse of T-cell subsets after A23187 stimulation are
corroborated by the differences we observed in calcium
fluxes among lymphocyte subsets.

Calcium Mobilization Following a Lectin
Stimulation Is Time Delayed in CD4* and CD8"* T
Cells, but Not in B Cells

A time course for Ca** mobilization induced by ConA
in B cells and in CD4* and CD8* T-cell subsets from LN
of a normal mouse is illustrated in Figure 7. The different
cell subsets have a different response to the stimulus. The
response of B cells to ConA increased rapidly in less than
25 s and reached the highest calcium mobilization level
in the first min following the stimulation at time t (Fig.
7A). The response of all T-cell subsets was time delayed
by 80 s (Fig. 7B,C); then, an increase of the fluo-3 signal
was observed clearly, but with a higher intensity among
CD4* T cells (Fig. 7B) than among CD8™ T cells (Fig.
7C). There was no significant difference between the
response of CD4™ T cells lacking or bearing the Thy-1
antigen (data not shown), and their kinetics were iden-
tical to the data shown in Figure 7B for the whole CD4 ™"
population. The rapid and strong mobilization of [Ca®* ];
in LN B cells after stimulation with ConA (Fig. 7A) was a
systematically reproducible observation, which has been
described in spleen cells (2,47). Similarly, we observed a
time-delayed response of the T-cell subsets but not of the
B cells upon PHA stimulation (Fig. 8). In contrast, cal-
cium mobilization in T cells with anti-CD3 MoAb stimu-
lation was induced rapidly without a detectable time de-
lay (Fig. 9). The reasons for the differential time effects of
these stimuli are unknown. However, the fact that a time
delay may exist in response to lectin stimuli but not to
anti-CD3 MoAb stimulation suggests that a membrane re-
ceptor-dependent mechanism is involved rather than a
postreceptor effect.

Percentage of Responding Cells Among B- and
T-Lymphocyte Subsets on In Vitro Stimulation
With Different Mitogens

With the simultaneous use of fluo-3 and three MoAbs
against CD4, CD8, and Thy-1 antigens (PE-, PerCP-, and
APC-conjugated MoAbs, respectively), it was possible to
determine accurately the frequency of cells showing an
increased [Ca®* ], in response to stimulation with ConA,
PHA, or anti-CD3 MoAbs among the gated B cells and
among the CD8 and CD4 (bearing or lacking the Thy-1
antigen, respectively) T-cell subsets (' Table 2).

Comparison of B- and T-cell populations. Both the
T- and B-cell subsets showed an increase of fluo-3 fluo-
rescence upon in vitro stimulation with ConA (Fig. 7) or
with PHA (Fig. 8), but only the T cells responded to
anti-CD3 MoAbs (Fig. 9; Table 2). This is in agreement
with other results (2,47). The percentage of responding
cells upon stimulation with ConA was higher in T cells
than in B cells. In contrast, PHA resulted in a higher
response in B cells (Table 2). The reason for this differ-
ence is unknown. However, the qualitative difference in
lectin-binding antigen between the two subsets may con-
tribute to explaining this heterogeneity: The lectin binds
to the TCR/CD3 antigen-receptor complex on human T
cells and to IgM and IgD and both class I and class II
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Fic. 7. Changes in fluo-3 fluorescence intensity as a function of time
analyzed simultaneously in LN lymphocyte subsets detected with triple
immunofluorescence and gated as defined (Fig. 1). The cells were acti-
vated at time t = 30 s with 12.5 pg/ml ConA. Each cell subset displays
a unique response to the stimulus. A marked time-delay of 80 s (d) was
clearly observed in the response of both the CD4* (B) and the CD8™*
(C) T cells. A: B cells. B: Whole CD4™* T cells. C: CD8 ™ T cells. Left, dot
plot (80,000 total events); right: contour plot (log scale of cell number).

major histocompatibility complex antigens on murine B
cells (2).

Comparison of CD4* and CD8* T cells. After stim-
ulation with different mitogens, [Ca** |, increased in both
CD4 " and CD8" T-cell subsets (Figs. 7—9). However, the
percentage of responding cells was highest in the CD4 ™"
subset ( Table 2). Our results with PHA or anti-CD3 MoAb
are in agreement with other studies on human lympho-
cytes (43). However, our results conflict with those re-
ported in the mouse spleen by Sei and Arora (47) show-
ing that the CD8™" T cells responded more strongly to
ConA than the CD4 ™ T cells. This discordance is unclear,
but these authors used ConA at a concentration of 1 ug/
ml, compared to our 12.5 wg/ml. It has been discussed
above that, in primary LN T cells, 75-95% of cellular
protein tyrosine kinase p56"* is associated physically
with CD4, but only 5-10% is associated with CD8 mol-
ecules (22). In other hands, mouse CD4 ™" splenic T cells
(but not CD8™" T cells) increased [Ca®™ ), after CD28
cross linking, indicating a distinct signal transduction in
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Fic. 8. Changes in fluo-3 fluorescence intensity as a function of time
analyzed simultaneously in LN lymphocyte subsets detected with triple
immunofluorescence and gated as defined (Fig. 1). The cells were acti-
vated at time t = 30 s with 10 pg/ml PHA. Each cell subset displays a
unique response to the stimulus. The response of the CD4 " Thy-1* T
cells was far more robust than the response of the CD4* Thy-1~ or the
CD8™* T cells (Table 2). A: B cells. B: CD8" T cells. C: CD4*Thy-1~ T
cells. D: CD4*Thy-1" T cells. Left, dot plot (80,000 total events); right,
contour plot (log scale of cell number).

the two subsets after CD28 receptor ligation (1). All of
these differences can explain the response heterogeneity
between these subsets to the receptor-dependant stimuli
and, particularly, the highest response to lectins and anti-
CD3 MoAb we observed with mouse CD4* LN T cells.
Comparison of CD4*Thy-1" and CD4*Thy-1~ T
cells. Comparison of CD4™" cells bearing or lacking the
Thy-1 antigen showed that the percentage of responding
cells in the CD4 ' Thy-1"* subset was higher than in the
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Fi6. 9. Changes in fluo-3 fluorescence intensity as a function of time
analyzed simultaneously in LN lymphocyte subsets detected with triple
immunofluorescence and gated as defined (Fig. 1). The cells were acti-
vated at time t = 30 s with 5 pg/ml anti-CD3 MoAb (145-2C11). The
response of T cells, but not of B cells, was characterized by an increase
of the fluo-3 fluorescence signal. The response of the CD4* Thy-1* T
cells was far more robust than the response of the CD4* Thy-1"~ or the
CD8™ T cells (Table 2). A: B cells. B: CD8* T cells. C: CD4* Thy-1~ T
cells. D: CD4 " Thy-1* T cells. Left, dot plot (80,000 total events); right,
contour plot (log scale of cell number).

CD4 " Thy-1" T-cell subset upon stimulation with ConA,
PHA, or anti-CD3 MoAbs (‘Table 2). Because the Thy-1
molecule is associated with intracytoplasmic protein ty-
rosine kinase p59”™ (51), this molecule could participate
in signal transduction. However, stimulation with unla-
belled anti-Thy-1 MoAbs did not induce calcium mobili-
zation in Thy-1" lymphocytes (data not shown). It has
been demonstrated in humans that antibodies binding to

Table 2
Percentage of Responding B- and T-Cell Subsets From
Normal Mouse Lymphb Nodes With In Vitro Stimulation With
Different Mitogens Using a Single-Tube, Four-Color Assay”

Cell subsets ConA PHA Anti-CD3

Lymph node cells

B 335+ 6.0 42.7=*109 0.0

T (all)* 47.7 £13.0 235+ 89 52855

T cells

CD8** 275199 162+ 26**** 450 % 7.0****

CD4 (all)** 430+ 124 31.7+9.1 61.6+28
Thy-1"*** 42,5+ 125 19.5 = 6.7**** 46.0 = 8.6****
Thy-1"*** 53.3 + 13.6 30.4*+99 64.0 = 3.6

*Numbers indicate the percentages (mean = S.D.; n = 20
mice) of responding cells showing increased [Ca** ], (increased
fluo-3 fluorescence intensity) detected at maximal calcium mo-
bilization following a stimulation with either concanavalin A
(ConA; 12.5 pg/ml), phytohaemagglutinin (PHA; 10 pg/ml), or
anti-CD3 monoclonal antibodies (MoAbs; 5 pg/ml; clone 145-
2C11). Measurements were performed by using single-tube,
four-color assays labelled simultaneously with fluo-3, CD4-PE,
CD8-PerCP, and Thy-1.2-APC MoAbs. Background was deduced,
defined as the percentage of fluo-3-positive cells detected be-
fore the stimulation above 95% of maximal fluo-3 intensity de-
termined at baseline.

*Significant difference (P < 0.05) between the whole T-cell
population and the B cells for the three conditions.

**Significant difference (P < 0.05) between the whole CD4
T-cell population and the CD8 T cells for the three conditions.

***Very significant difference (P < 0.01) between the
CD4*Thy-1" and the CD4 " Thy1~ T-cell subsets for the three
conditions.

****No significant difference between the CD4* Thy-1~ and
the CD8 T-cell subsets stimulated either with PHA or anti-CD3
MoAbs (ANOVA, then Newman-Keuls tests).

a large subset of T-cell differentiation antigens, including
CD2, CD4, CD5, CDG6, CD7, CD8, Tp44, and CDw18,
cause an increase in the cytoplasmic calcium concentra-
tion after the antigens are cross linked on the cell surface
(28). In the mouse, prior to cross linking with a second-
step antibody, none of the anti-Thy-1, anti-CD4 (L3T4),
or anti-CD8 (Lyt-2) MoAbs caused a change in [Ca®*],
except for anti-CD3 (28). In the present study, we exclu-
sively used direct fluorochrome-conjugated primary an-
tibodies that did not induce a detectable variation in the
[Ca®™ |; of resting cells (data not shown). Therefore, the
binding of anti-Thy-1 MoAbs to the surface of Thy-1-bear-
ing T cells could not explain the higher calcium response
of the CD4* Thy-1* T cells with respect to their Thy-1~
counterparts.

Therefore, the signal provided by the Thy-1 molecule
seems to be important, but it is insufficient for calcium
mobilization and T-cell activation. Interestingly, the cal-
cium response of the minor CD4 " Thy-1~ T-cell subpop-
ulation (<4% of the whole cell population) was similar
to the cell response of the CD8* T cells with PHA stim-
ulation (20% of responding cells) or with anti-CD3 MoAb
stimulation (45% of responding cells), but it showed a
higher response to ConA stimulation ( Table 2).

In conclusion, this work demonstrates the practical fea-
sibility of using fluo-3 simultaneously with up to three
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FITC-compatible fluorochromes. This method offers the
opportunity to analyze, in one step in the same sample,
the calcium flux in complex immunophenotypic subsets
with visible excitation-light flow cytometers.
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