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Besides flow cytometry, fluorescence microscopy
combined with computerized image analysis offers
an alternative tool for assessing phagocyte oxidant
generation at the single-cell level. This technique
provides an opportunity for the direct visualization
of cells and simultaneous measurement of cellular
fluorescence intensity. Thus, we developed a simple
method for the quantitative evaluation of intracellu-
lar superoxide anion and hydrogen peroxide produc-
tion with image cytometry by using hydroethidine
and dihydrorhodamine 123 dyes, respectively. Hu-
man neutrophils stimulated with phorbol dibutyrate
and labeled by these fluorogenic substrates showed
intense, well recognizable red or green fluores-
cence. The intensity of signals from individual granu-
locytes of cytospin preparations were quantitatively
measured in digitized images. There was a great
heterogeneity in response to the stimulus within the
granulocyte population as shown by the integrated
fluorescence intensity values. In agreement with the
results of parallel flow cytometric experiments, this
simple image analysis performed on cells of cyto-
spin preparations was able to detect the defects in
the oxidative metabolism of neutrophils from pa-

tients with cervix carcinoma. We demonstrated that
even minor alterations in superoxide anion/hydro-
gen peroxide generation can be detected by image
cytometry as efficiently as by flow cytometry. This
result validates imaging microscopy as an alterna-
tive to flow cytometry in such experiments. In
addition, the image cytometric technique allows the
observation of the kinetics of free radical production
in individual cell under adherent conditions. There-
fore, we carried out image analysis of the oxidative
burst of neutrophils adherent to uncoated glass and
fibronectin- and type IV collagen-coated surfaces in
response to stimulation with phorbol dibutyrate or
N-formyl-methionyl-leucyl-phenylalanine. We elabo-
rated a calibration technique for the quantitative
measurement of the ethidium bromide generation
mediated by superoxide anion within individual
adherent granulocytes. The ethidium bromide produc-
tion varied between 0.48 and 1.17 amol/cell/min. Cy-
tometry 33:19–31, 1998. r 1998 Wiley-Liss, Inc.
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The reactive oxygen species (ROS) produced by polymor-
phonuclear leukocytes (PMNLs) play an important role in
the host defence against micro-organisms (1). In addition
to infectious diseases, alteration in ROS production can be
regularly observed in association with the progression of
malignant diseases (12,30). Upon stimulation with a vari-
ety of agents, the neutrophil NADPH oxidase can be
activated, and the activation results in the generation of
superoxide anion (O 2

·2), the first product of the respiratory
burst. The initially formed O 2

·2, is subjected to a series of
reactions leading to the formation of hydrogen peroxide
(H2O2), hydroxyl radical, singlet oxygen, and hypochlo-

rous acid (1). The production of ROS is extensively studied
as toxic metabolites of the respiratory burst are crucial
components of the antimicrobial mechanisms of granulo-
cytes.

Conventional methods for the quantitative assay of
respiratory burst activity are based on the extracellular
release of O 2

·2, (2) and H2O2 (21). However, these tech-
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niques measure the average activity of a population of
PMNLs, and they are not appropriate for the detection of
oxidant production in individual cells. A considerable
amount of data indicates that even normal stimulated
PMNLs may respond in a heterogeneous manner, which
suggests to some investigators the existence of function-
ally different subpopulations of circulating neutrophils (3).
Under pathological conditions, especially if they are based
on genetic abnormalities, the demonstration of heterogene-
ity in the oxidative response is of particular importance
(9,34). At present, flow cytometry is the most frequently
and almost exclusively used method to demonstrate the
heterogeneity of ROS generation in neutrophils. Well
characterized and standardized assays are described for
flow cytometric analysis of phagocyte oxidative burst by
using hydroethidine (HE) and dihydrorhodamine 123 (DHR
123) as fluorogenic substrates (23,24). Hydroethidine,
which is structurally identical to dihydroethidium, is a
chemically reduced ethidium derivative. It is a nonfluores-
cent, membrane-permeable dye that can be oxidized
directly to red fluorescent ethidium bromide (EB) by
superoxide anion generated inside the neutrophils after
stimulation with a variety of agonists. The produced EB is
trapped in the nucleus by intercalation into DNA that
results in an increase of cellular red fluorescence (24).
Dihydrorhodamine 123 is the nonfluorescent, chemically
reduced product of rhodamine 123 (R 123), which is a
well known mitochondrion-selective dye. DHR 123 freely
diffuses into most cells, including granulocytes, and during
the respiratory burst, it is oxidized primarily by H2O2 in a
myeloperoxidase-dependent reaction to green fluorescent
rhodamine 123 and causes an enhancement of green
fluorescence (9,22,23). The oxidation of both dyes is
quantitatively related to the oxidative burst of PMNLs
(9,24). The specificity of the dyes was demonstrated by
experiments carried out in the presence of scavengers
(superoxide dismutase and catalase) and inhibitors (so-
dium azide and potassium cyanide) of heme-containing
enzymes such as catalase and myeloperoxidase (13,17,34).

Adhesion-dependent events play a pivotal role in the
transendothelial migration of neutrophils. It is well known
that during the acute inflammatory response blood PMNLs
attach to the endothelium, pass through the vessel wall,
and move through tissues toward the site of inflammation
(reviewed in Ref. 11). Extravasation and migration involve
several interactions between granulocytes and compo-
nents of the extracellular matrix such as collagens and
fibronectin (4,27). Increasing experimental evidence indi-
cates that these proteins may also affect adhesion-related
functions of neutrophils, including respiratory burst
(28,35). There are limited possibilities to study the influ-
ence of biological substances on the oxidant production in
vivo; therefore, a technique suitable for the quantification
of ROS generation in single adherent PMNLs would be of
considerable importance. For this purpose, neutrophils
attached to surfaces covered with extracellular matrix
proteins can provide experimental model systems. The
use of flow cytometry does not make it possible to assess
the respiratory burst activity of granulocytes under adher-

ent conditions. In contrast, fluorescence microscopy com-
bined with computerized image analysis can be proposed
as an excellent tool for measuring ROS generation at the
single-cell level in the above mentioned experimental
systems. In addition, this technique allows the observation
of the time course of the free radical production in
individual cells. Fluorogenic substrates used in flow cyto-
metric analysis are also potential probes for image cytomet-
ric studies. The aim of our work was to develop a simple
method for the characterization of the heterogeneity in
phagocyte oxidant production based on image analysis by
using HE and DHR 123 and to compare the results with
those obtained by flow cytometry and superoxide release
measured by the cytochrome c reduction method. Further-
more, we elaborated a calibrated analysis of EB fluores-
cence generation within intact individual neutrophils
attached to uncoated glass and surfaces coated with
fibronectin and collagen type IV. Although digital imaging
fluorescence microscopy (8) and chemiluminescence mi-
croscopy (10) were applied for single-cell analysis of
neutrophils, to our knowledge, similar experiments have
not been performed before to quantify and kinetically
follow the respiratory burst activity of adherent granulo-
cytes.

MATERIALS AND METHODS
Chemicals

Percoll and Ficoll gradient cell separation media were
obtained from Pharmacia Fine Chemicals (Uppsala, Swe-
den). Superoxide dismutase (SOD, from bovine erythro-
cytes, 4200 U/mg protein), catalase (from bovine liver,
25,000 U/mg protein), ferricytochrome c (from beef
heart), sodium azide, phorbol-12,13-dibutyrate (PDBu),
N,N-dimethylformamide (DMF), collagen type IV (from
basement membrane of Engelbreth-Holm-Swarm mouse
sarcoma), fibronectin (from human plasma), N-formyl-
methionyl-leucyl-phenylalanine (FMLP), Dulbecco’s modi-
fied Eagle’s medium (DMEM), ethidium bromide, fetal calf
serum (FCS), and mineral oil were purchased from Sigma
Chemical Co. (St. Louis, MO). HE and DHR 123 were from
Molecular Probes (Eugene, OR). DNA (from calf thymus)
was obtained from Koch-Light Laboratories (Colnbrook,
UK). All other chemicals were of analytical grade.

HE and DHR 123 were dissolved in DMF at a concentra-
tion of 10 mM and stored in 10-µl aliquots at 286°C until
use. Stock solutions of HE and DHR 123 were freshly
diluted before the experiments to concentrations of 1 mM
and 100 µM, respectively.

Separation of Granulocytes

Peripheral blood was collected in EDTA from healthy
volunteers (n 5 12) and from patients with cervix carci-
noma (n 5 9) after obtaining informed consent. Granulo-
cytes were separated as described previously (5,16).
Briefly, blood samples were layered on the top of a Ficoll
solution (1.0772 g/ml), and the supernatant containing the
leukocytes was obtained after sedimentation of erythro-
cytes at 1 3 g for 40–60 min at room temperature. The
leukocyte rich plasma was layered on the top of a
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discontinuous Percoll gradient (1.0948–1.0775 g/ml) and
centrifuged at 350 3 g for 20 min at 20°C. PMNLs
sedimenting at the interphase of the Percoll layers were
washed twice in Hanks’ solution, pH 7.4, at room tempera-
ture. Cell viability checked by the trypan blue exclusion
test was found to be at least 98%. The purity of the
granulocyte suspensions varied between 94% and 98% as
revealed by microscopic examinations. Red blood cells
were not removed by hypotonic lysis as the erythrocyte
contamination in the neutrophil suspensions was negli-
gible.

Measurement of Superoxide Release

Superoxide release was measured by SOD-inhibitable
reduction of ferricytochrome c as described in detail
previously (2,31). In short, granulocytes (3 3 105) were
incubated in Hanks’ buffered salt solution (HBSS), pH 7.4,
with PDBu for 15 min at 37°C. The total assay volume was
0.5 ml. The final concentrations of ferricytochrome c and
PDBu were 50 µM and 100 nM, respectively. The change
in absorbance was measured spectrophotometrically at
550 nm with a double-beam Shimadzu UV-160A spectro-
photometer (Shimadzu Seisakusho, Kyoto, Japan) at 25°C.
The amount of superoxide secreted into the medium was
calculated on the basis of the molar extinction coefficient
of reduced cytochrome c, e 5 2.1 3 104 M21 cm21 (21).

Cell Staining of Flow Cytometric and Cytospin
Samples: Induction of ROS Production

Neutrophil staining was performed by using a standard
protocol described by Rothe and Valet (25,26). Granulo-
cytes (3 3 105) were incubated in 490 µl of Hanks’
solution, pH 7.4, with 5 µl of HE or DHR 123 working
solution in polypropylene test tubes for 5 min at 37°C .
The final concentrations of HE and DHR 123 were 10 µM
and 1 µM, respectively. Then, 5 µl of a 10 µM PDBu
solution was added to each reaction mixture (final concen-
tration, 100 nM), except for controls, which received only
buffer, and the incubation was continued for 15 min at
37°C. Subsequently, all samples were cooled on an ice
bath, and the cells were immediately spun down onto
glass slides (3 3 104 to 4 3 104 cells/slide) using a Cytospin
3 cytocentrifuge (Shandon, Pittsburgh, UK) at 800 rpm for
3 min to obtain preparations for fluorescence microscopy.
The same staining and stimulation procedures were re-
peated for flow cytometric studies.

The effect of extracellular scavengers on the fluores-
cence of PMNLs was investigated by using SOD and
catalase at final concentrations of 100 U/ml and 200 U/ml,
respectively. Sodium azide (final concentration, 5 mM)
was used for the inhibition of catalase and myeloperoxi-
dase. The scavengers or sodium azide were added together
with the dyes in these experiments.

Flow Cytometry

Cell-associated fluorescence of EB and R 123 was
measured by a standard method as detailed previously
(25,26). Briefly, cell loading and activation of the respira-
tory burst were carried out in the same way as described

for image analysis. After incubation, all samples were
cooled on an ice bath and immediately evaluated on a
FACScan flow cytometer (Becton Dickinson, San Jose,
CA). The fluorescence distribution for both resting and
stimulated cells labeled with HE and DHR 123 was
analyzed by using the Lysis II software. Fluorescence
signals of 6000 neutrophils were collected in each experi-
ment.

Fluorescence Microscopy and Digital Image
Analysis of Cytospin Samples

Quantitative fluorescence microscopy on cytospin
samples was done using an Axioplan fluorescence micro-
scope (Zeiss, Oberkochen, Germany) equipped with a
50-W mercury arc lamp, connected to a black and white
intensified charge-coupled device (CCD) camera (IMAC-
CCD, Sony, Japan), an image analysis processor, and a
microcomputer system (ISIS fluorescence imaging system,
Metasystems, Germany). The software package for the
digitization and analysis of fluorescence images was also
from Metasystems. Each fluorescence image was obtained
through a 403, NA 0.75 dry objective and digitized with
768 3 574 pixels spatial and 8-bit intensity resolution (256
gray levels). The microscope was equipped with a multi-
bandpass filter system (Chroma Technology, Brattleboro,
VT) consisting of a triple-bandpass beam splitter and
emission filter and separate excitation filters for the
different fluorochromes. For EB and R 123 fluorescence,
cells were excited at 570 nm (EB) and at 490 nm (R 123).
The images were detected by using a triple-bandpass
emission filter with 440-, 520-, and 580-nm transmission
maxima. Image cytometry was carried out on 200 PMNLs
per slide. The microscopic fields were selected randomly,
and the exposure time was 1 s for each image. Individual
values of integrated fluorescence intensities were grouped
into optionally determined intervals and were plotted as
density histograms using the program Statistica for Win-
dows (StatSoft, Tulsa, OK).

Preparation of Protein-Coated Surfaces

Protein-coated surfaces were produced by pipetting
100-µl volumes of collagen type IV (452 µg/ml in 0.25%
acetic acid) and fibronectin solutions (452 µg/ml in HBSS)
onto round glass microscopic coverslips (Schütt Labortech-
nik, Göttingen, Germany) resulting in 10 µg/cm2 concen-
tration of surface proteins. The proteins were allowed to
bind for 3 hours at room temperature. After a brief rinsing
with distilled water, the coated slides were dried at room
temperature and stored at 4°C. The slides were gently
washed with HBSS before use.

Measurement of Superoxide Anion Production
Under Adherence to Different Surfaces

The kinetics of free radical production via the conse-
quent binding of EB to the nucleus was monitored on a
cell-by-cell basis using an Axiovert 135 inverted micro-
scope (Zeiss) equipped with an Attofluor (Atto Instru-
ments, Rockville, MD) 8-bit, 512 3 512 pixel intensified
CCD camera. The fluorescence of EB was excited at 488
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nm with a 100-W mercury arc lamp, and the emission
through a 580-nm long-pass filter was recorded by the
CCD camera. Images were corrected for uneven illumina-
tion in the same picture (flat field correction). The
intensities from measurements carried out on different
days were normalized by dividing the fluorescence inten-
sity of the cells by the intensity measured from a standard.
For these corrections, the image of a fluorescent uranyl
glass plate was recorded before each kinetic measure-
ment. Images were collected every 10 or 20 s during
granulocyte activation and were analyzed off-line using the
software package provided with the CCD camera. The
program can calculate the average intensity from a rectan-
gular region of interest (ROI); ROIs of fixed 28 3 28 pixel
size were fitted on the cells, and the time dependence of
the intensity was determined for each ROI. It was neces-
sary to adjust the position of the ROIs in a series of images
because of the amoeboid motion of the neutrophils. The
background fluorescence was measured in cell-free areas
and was subtracted from the fluorescence intensities of
the cells. Due to the relatively narrow dynamic range
provided by the 8-bit resolution of the camera, the signal
was saturated in the case of rapidly activated PMNLs.
Therefore, the rate of EB production/cell was determined
from the linear lower intensity section of the kinetic
curves.

To study the effect of adherence to an uncoated glass
surface on the superoxide anion production, PMNLs (2 3
106/ml) were suspended either in HBSS without FCS or
DMEM containing 10% FCS. For adherence, 50-µl aliquots
(1 3 105 cells) of these suspensions were mixed with 450
µl of HBSS, and the cells were allowed to adhere at 37°C
for 10 min in a special microscopic chamber in which the
uncoated glass slide was inserted. After incubation, the
sample holder was placed on the thermostatted (37°C)
stage of an inverted microscope and the objective (403 oil
immersion) was focused on a randomly selected micro-
scopic field containing 20–25 adherent neutrophils. Then,
10 µl of HE (1 mM) mixed with 490 µl of HBSS was added
to the cells, and the intracellular oxidation of nonfluores-
cent HE to red fluorescent EB was monitored by capturing
images every 10 s.

To investigate the effect of collagen type IV- and
fibronectin-coated surfaces on the respiratory burst, granu-
locytes were suspended in DMEM containing 10% FCS.
The cells were prepared for adherence and fluorescence
microscopy as detailed above, except the uncoated glass
surface was replaced by coated surfaces. After the addition
of 10 µl of HE (1 mM) mixed with 390 µl of HBSS, images
were captured every 20 s for 3 min. Subsequently, the
adherent PMNLs were stimulated either with 100 µl of
PDBu (1026 M; final concentration 100 nM) or 100 µl of
FMLP (1025 M; final concentration 1 µM), and the cellular
fluorescence of EB was further monitored at 20-s intervals
for 7 min. All listed adherence conditions were tested on
granulocytes separated from three healthy controls and
three patients with cervical cancer. The time course of
superoxide-anion-mediated EB production by PMNLs from

the same healthy donor and patient are illustrated in
Figures 5, 6, and 7.

Quantitative Calibration of the Attofluor Image
Cytometric Technique

The calibration of EB fluorescence was based on the
following considerations: 1) Neutrophils, like other eukary-
otic cells, contain a constant amount of 5 pg of DNA/cell
(7). 2) The average volume of a single PMNL was assumed
to be 300 µm3 (3 3 10210 ml) (32). 3) According to these
data, the concentration of DNA within an intact neutrophil
was calculated to be <16.7 mg/ml. 4) The average
diameter of adherent granulocytes was measured and
accepted to be 20 µm. 5) The fluorescence intensity of the
labeled cells depends linearly on the concentration of
bound EB. 6) The 5 mg/ml DNA concentration used for the
calibration is sufficient to bind practically 100% of the EB
molecules because the Kd of EB is on the order of 1026 M
(18) or Kd 5 4.5 3 1025 M (19).

Aliquots of 50 µl from different solutions of EB were
mixed with an equal volume of 10 mg/ml DNA resulting in
a final DNA concentration of 5 mg/ml and EB concentra-
tions of 5, 10, 20, 40, and 80 µM. The mixtures were
incubated at 37°C for 1 h and then at 4°C overnight. An
aliquot from each mixture was pipetted into a microcapil-
lary formed by a vertical pipette puller (David Kopf
Instruments, Tujunga, CA). The filled capillaries were
inserted in a micromanipulator (Zeiss), and under micro-
scopic control, cell-sized drops were injected with a
microinjector (Eppendorf, Hamburg, Germany) into 1 µl
of mineral oil that was dropped on the surface of a glass
slide before injection. The injected DNA-EB droplets
adhered to the glass surface. The slides were placed on the
thermostatted (37°C) stage of the inverted microscope
used for the experiments with granulocytes, and the
fluorescence intensities of the DNA-EB microdrops were
measured by using the same optical and imaging systems
described above. The fluorescence intensities of the micro-
drops with 20 µm in diameter were averaged and plotted
as a function of the EB concentration to obtain a calibra-
tion curve of fluorescence intensity versus EB concentra-
tion. The fluorescence per cell was obtained from the
time-dependence graphs of neutrophil activation.

Statistical Analysis

The Student’s t-test was used for statistical calculations.
Values of P , 0.05 were considered as statistically signifi-
cant. Linear regression was used to study the correlation
between the fluorescence intensity and EB concentration
of the microdrops.

RESULTS
To quantify the respiratory burst activity of individual

neutrophils, cells were stimulated with PDBu, and the
production of O 2

·2, and H2O2 by PMNLs from the same
donor was evaluated by both image analysis and flow
cytometry. The digitized images of microscopic fields
containing PDBu-treated PMNLs are shown in Figure 1.
Granulocytes labeled with HE (Fig. 1A) and DHR 123 (Fig.
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1B) showed a marked fluorescence; thus, the intensity of
the fluorescence signal from a single cell could be mea-
sured by quantitative image analysis. (When the slides
were protected from light, the intensity of fluorescence
signals was stable for a few days.) Not all PMNLs in the
population responded to the same extent to the stimulus
as evidenced by the wide heterogeneity of fluorescence
signals from different cells. The distribution of intracellular
EB and R 123 fluorescence intensities determined by
image microscopy are illustrated in Figure 2A,B. The
histograms show representative results obtained from six
experiments in which the ROS production by granulo-
cytes of healthy donors was investigated. The autofluores-
cence of dye-loaded but not phorbol-ester-stimulated cells
(resting cells) was below 10 units/pixel, which was
between 5% and 10% of the fluorescence of stimulated
cells (data not shown). The flow cytometric histograms
belonging to the same healthy donor are depicted in
Figure 2C,D.

Previous flow cytometric studies indicated that the
inhibition of heme-containing enzymes such as catalase
and myeloperoxidase caused an increase (3,20,34) in
cellular fluorescence, whereas it was decreased (3,12) or
not affected (17,20) by extracellular scavengers. There-
fore, we examined whether these changes could be
detected by image analysis. Typical results from three
independent experiments are shown in Figure 3. In the
presence of sodium azide (5 mM), the mean EB fluores-
cence (MEF) of the PDBu-stimulated neutrophils was
further increased, and there was a slight decrease in MEF
after the addition of 100 U/ml SOD (Fig. 3A; Table 1). In a
parallel experiment, the mean R 123 fluorescence (MRF)
was also elevated, and it was not significantly decreased in
the presence of 200 U/ml catalase (Fig. 3B; Table 1.). The
autofluorescence of resting cells was not affected. Similar
alterations in intracellular fluorescence were obtained by
flow cytometry (Fig. 3C,D; Table 1.).

In addition, we investigated whether previously ob-
served defects in oxidative metabolism of PMNLs from
cancer patients (12,14,15,33) and functional alterations of

the cells can also be demonstrated by image analysis; thus,
we determined both the superoxide secretion and the
intracellular O2/H2O2 production by neutrophils from
women with cervix carcinoma and compared them with
similar results from healthy donors. Superoxide release in
response to PDBu was significantly reduced in patients
with cervical cancer (Table 2). The ROS generation by
PMNLs from patients was further evaluated by image
analysis and flow cytometry. Typical histograms obtained
from these experiments are demonstrated in Figure 4.
There was a significant decrease (P , 0.001) in the MEF
(patient, 150; healthy donor, 430) and MRF values (pa-
tient, 380; healthy donor, 880) compared with the control
values measured by image analysis (Fig. 4A,B). Further-
more, the ratio of the cells with lower fluorescence
intensity increased considerably in the population of
patient granulocytes. A similar decrease in the MEF (pa-
tient, 30; control, 70.0) and MRF (patient, 120; control,
500) was measured by flow cytometry (Fig. 4C,D). The
absolute values of fluorescence intensity obtained by flow
cytometry and image microscopy are not directly compa-
rable because the units have different meanings. However,
the relative decrease of the fluorescence intensity of
patients as compared with that of healthy controls was
very similar when determined by either technique. The
results from these investigations are summarized in Table
2, in which each value represents the average (6S.D.)
obtained from six patients and six controls.

Figure 5 shows the kinetics of intracellular superoxide-
anion-mediated EB production by individual neutrophils
attached to an uncoated glass surface. PMNLs were strongly
stimulated under this condition in the absence of exog-
enous protein, presumably in response to the glass itself.
After the addition of HE, the measured fluorescence signal
increased very rapidly, reaching a plateau set forth by the
dynamic range of the CCD camera within a few minutes.
The response of granulocytes from the patient (Fig. 5B)
was significantly slower than that of the control (Fig. 5A).
As it was impossible to study the action of triggering
agents on adherent neutrophils under these circum-

FIG. 1. Digitized images of mi-
croscopic fields containing PDBu-
treated PMNLs. A: Image of adher-
ent granulocytes with nuclei
stained by EB. The image was
captured using the Attofluor imag-
ing system (3100, NA 1.3, oil
immersion) 10 minutes after stimu-
lating the HE-loaded cells with
PDBu. See Materials and Methods
for details. Scale bar, 10 µm. B:
Image of the cytospin preparation
of R-123-labeled granulocytes 15
min after stimulation with PDBu
taken by the ISIS imaging system
(3100, NA 1.3, oil immersion).
See Materials and Methods for de-
tails. Scale bar, 10 µm.
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stances, it was necessary to find a way that would prevent
the stimulation by the glass surface. When granulocytes
were allowed to adhere in the presence of 1% FCS, the
glass-induced respiratory burst was not detected for the
vast majority of the cells. The fluorescence remained at the
baseline level for 3 min and started to increase only in
response to PDBu (Fig. 5C,D) or FMLP (Fig. 5E,F) after a lag
period ranging from 20–60 s. The increase tended to be
linear between 300 and 500 s. The cells responded in a
heterogeneous manner to the stimuli as seen in these
figures where each line shows the oxidant production by a
single adherent neutrophil. Occasionally, a few PMNLs in
the population were activated by the glass surface even in
the presence of 1% FCS. However, the number of such
cells was no more than 10% in a randomly selected
microscopic field.

The time course of the oxidation of HE to EB in
neutrophils adherent to fibronectin-coated surface is illus-
trated in Figure 6. Starting at 20 s after the addition of HE, a
fast increase in EB fluorescence was recorded in a PMNL
subpopulation, which was approximately 50% of the cells
in a randomly selected microscopic field. The fluorescence
of the remaining granulocytes was not significantly changed

for 3 min, and it began to increase after exposure of such
cells to PDBu (Fig. 6A,B) or FMLP (Fig. 6C,D). These
findings indicated that the contact of neutrophils with the
fibronectin-coated surface triggered intracellular superox-
ide anion production in a subpopulation of adherent
PMNLs. The cellular responses induced by fibronectin and
the other two stimulating agents showed a great heteroge-
neity, similar to those obtained on the uncoated glass
surface.

Figure 7 shows the kinetics of superoxide-anion-
mediated production of EB by granulocytes adherent to
surfaces covered with collagen type IV. In contrast to
fibronectin, the increase in EB fluorescence was not
detected before stimuli, indicating that the attachment to
type IV collagen failed to trigger the respiratory burst. As
in the case of uncoated glass, there was an increase in the
fluorescence when the cells were exposed to PDBu (Fig.
7A,B) or FMLP (Fig. 7C,D).

A quantitative calibration of the intracellular superoxide-
anion-mediated EB production was also performed. First
we investigated how the fluorescence intensity depended
on the size of the DNA-EB microdrops attached to the glass
surface. As shown in Figure 8A, at constant EB concentra-

FIG. 2. EB and R 123 fluorescence intensity distribution of PMNLs.
Histograms were obtained by image analysis on EB-labeled (A) and
R-123-labeled (B) preparations and by flow cytometry on EB-labeled (C)
and R-123-labeled (D) cells. R, fluorescence of resting cells; S, fluores-
cence of stimulated cells. Granulocytes (3 3 105) from the same healthy
donor were loaded with HE (10 µM) and DHR 123 (1 µM) for 5 min at
37°C. Then the cells were stimulated with PDBu (100 nM) for 15 min at
37°C. Subsequently, all samples were cooled in an ice bath, and the

intracellular fluorescence of neutrophils was immediately evaluated by
flow cytometry as well as by image analysis on cytospin preparations. The
intensity of fluorescence signals from 200 PMNLs was measured by image
analysis. The autofluorescence of dye-loaded but not phorbol-ester-
stimulated cells (resting cells) was below 10 units/pixel, which was
between 5% and 10% of the fluorescence of the stimulated cells (data not
shown). A representative result from repeated experiments (n 5 6) giving
similar results is shown.
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tion, the fluorescence is approximately proportional to the
area (expressed in pixels) of the ROI containing the
microdrop. The increase in the fluorescence was consid-
ered to be linear in a restricted interval of 400–1200 pixels,

indicating that the variation of the thickness of the
microdrops with the size of the drop is negligible in this
range. The fluorescence of 28 3 28 pixel sized microdrops
(the size of a granulocyte) was linearly related (R 5 0.948)
to the concentration of EB as indicated in Figure 8B. Using
this calibration curve of EB fluorescence versus EB concen-
tration, the intracellular concentration of produced EB/
cell at any time point can be calculated as follows: [EB]
(µM) 5 fluorescence intensity/9.63.

We found that the rate of of the change of intracellular
EB concentration in the PDBu-stimulated normal neutro-
phils adherent to an uncoated glass surface varied between
1.6 µM/min and 3.9 µM/min (Fig. 5C, chosen cells indicated by
arrows). This corresponds to an EB production of 0.48
amol/cell/min and 1.17 amol/cell/min.

DISCUSSION
Recent studies have evidenced that, even within a

homogeneous PMNL population, the individual cells re-

FIG. 3. Effects of sodium azide and extracellular scavengers on the
fluorescence intensity of EB and R 123 measured in PMNLs. Histograms
were obtained by image analysis on EB-stained (A) and R-123-stained (B)
preparations. White columns, fluorescence of stimulated cells in the
presence of SOD (A) or catalase (B); gray columns, fluorescence of
stimulated cells; black columns, fluorescence of stimulated cells in the
presence of sodium azide. Histograms were obtained by flow cytometry
on EB-labeled (C) and R-123-labeled (D) cells. Curve R, fluorescence of
resting cells; curve 1, fluorescence of stimulated cells in the presence of
SOD (C) or catalase (D); curve 2, fluorescence of stimulated cells; curve 3,
fluorescence of stimulated cells in the presence of sodium azide. Neutro-
phils (3 3 105) from the same healthy subject were loaded with HE (10

µM) and DHR 123 (1 µM) for 5 min at 37°C in the presence of sodium azide
(5 mM), SOD (100 U/ml), and catalase (200 U/ml). The cells were then
incubated with PDBu (100 nM) for 15 min at 37°C. Subsequently, all
samples were cooled in an ice bath, and the intracellular fluorescence of
PMNLs was immediately evaluated on a FACScan flow cytometer as well as
by imaging microscopy on cytospin preparations. The intensity of
fluorescence signals from 200 granulocytes was determined by image
analysis. The autofluorescence of dye-loaded but not phorbol-ester-
stimulated cells (resting cells) was 10 units/pixel, which was between 5%
and 10% of the fluorescence of the stimulated cells (data not shown). A
representative result from repeated examinations (n 5 3) with similar
results is illustrated.

Table 1
Effect of Sodium Azide, Superoxide Dismutase, and Catalase
on the Intracellular Fluorescence of EB and R 123 Measured

by Image Analysis as Well as Flow Cytometry on PDBu-
Treated Cells*

Image analysis
Flow

cytometry

MEF MRF MEF MRF

PDBu alone 250 870 80 480
PDBu 1 5 mM sodium azide 410 1270 180 1450
PDBu 1 100 U/ml SOD 210 ND 60 ND
PDBu 1 200 U/ml catalase ND 840 ND 300

*The data were obtained from the histograms presented in
Figure 3A–D. See text at the same place. ND, not determined.
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spond to different stimuli in a heterogeneous manner, and
the peripheral blood contains a mixture of normal, primed,
activated, and spent neutrophils (reviewed in Ref. 29). The
existence of these subpopulations has also been sup-
ported by the fact that there is a functional heterogeneity
in single granulocytes undergoing oxidative burst (10).
Flow cytometry has been used for years to measure the
ROS generation by individual PMNLs, but to our knowl-
edge, apart from the works of Demaurex et al. (8) and

Fritzsche et al. (10), no quantitative experiments have
been performed before by image analysis. To examine the
actual alterations in the functional state of neutrophils
within a population, we developed a simple single-cell
assay for the quantification of intracellular ROS production
by human granulocytes using a computerized fluores-
cence imaging microscopic technique as an alternative. In
flow cytometry, HE and DHR 123 have been widely used
for the determination of superoxide anion and hydrogen

Table 2
Alterations in the Intracellular Oxidant Production by PMNLs From Patients With Cervix Carcinoma Measured by Image Analysis

and Flow Cytometry†

Superoxide release
(nmol/min/3 3 105 cells)

Image analysis Flow cytometry

MEF MRF MEF MRF

Controls (n 5 6) 1.62 6 0.13 340 6 140 670 6 150 70 6 10 340 6 80
Patients (n 5 6) 1.14 6 0.50* 190 6 45* 430 6 200* 40 6 15* 240 6 30*
Patient/control ratio 0.70 0.56 0.64 0.57 0.71

†The parameters presented in this table were measured as described in Materials and Methods. Each value represents the mean (6S.D.)
obtained from six controls and six patients.

*P , 0.05 compared with paired controls.

FIG. 4. EB and R 123 fluorescence intensity histograms of PMNLs from a
patient with cervix carcinoma and from a healthy donor. Histograms were
obtained by image analysis of EB-stained (A) and R-123-stained (B)
preparations. Black and white columns show the fluorescence of stimu-
lated neutrophils of a control and that of a patient, respectively. Histo-
grams were obtained by flow cytometry on EB-labeled (C) and R-123-
labeled (D) cells; curves 1 and 2 show the fluorescence of stimulated
neutrophils of a control and of a patient, respectively. Granulocytes (3 3
105) from controls and patients with cervix carcinoma were labeled with

HE (10 µM) and DHR 123 (1 µM) for 5 min at 37°C. Cells were then
incubated with PDBu (100 nM) for 15 min at 37°C. Subsequently, all
samples were cooled in an ice bath, and the intracellular fluorescence of
EB and R 123 were immediately evaluated on flow cytometer as well as on
cytospin preparations made for imaging fluorescence microscopy. The
intensity of fluorescence signals from PMNLs was measured by image
analysis and flow cytometry. A representative result from repeated
investigations (n 5 6) with similar findings is depicted.
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peroxide generation, respectively. Our experiments proved
that both dyes could also be successfully applied to
evaluate the respiratory burst with digitized image analy-
sis. Neutrophils labeled with HE and DHR 123 showed a

well recognizable red (EB) and green (R 123) fluorescence
on cytospin preparations. In addition to direct visualiza-
tion of intracellular oxidant production, the intensity of
fluorescence signals from a single cell could be measured

FIG. 5. Kinetics of the superoxide anion-mediated EB production by
individual neutrophils adherent to uncoated glass surface in the absence
(A and B) and presence of 1% FCS (C to F). The increase in the EB
fluorescence intensity was monitored as described in Materials and
Methods. The arrows indicate when HE and PDBu or FMLP were added.
The final concentrations of HE, PDBu, and FMLP were 10 µM, 100 nM, and
1 µM, respectively. The curves are from a representative experiment
performed with PMNLs obtained from the same control (A, C, and E) and
patient (B, D, and F). A and B display the activation of granulocytes by
adherence to the glass surface in the absence of FCS. Thick lines show the

average fluorescence intensities of the cells. C to F depict the activation of
PMNLs by PDBu or FMLP. During these experiments, 1% FCS was present
in the medium, which effectively hindered the stimulation of the cells by
the glass surface; glass-induced superoxide anion production occurred
only occasionally (C and E). In these cases, the thick lines show the
average fluorescence intensities separately: one for cells stimulated by the
glass surface and the other for granulocytes stimulated by the agent. The
fluorescence intensity values higher than 150 show artifactual saturation
because of the limited 8-bit resolution of the CCD camera.
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and numerically evaluated with image analysis. The distri-
bution of intracellular fluorescence within the population
revealed that there was a great heterogeneity in superox-
ide anion and hydrogen peroxide production even at
normal conditions. In image cytometric histograms, the
intervals of distinct intensity ranges could be optionally
determined, enabling the fine resolution and identification
of different PMNL subpopulations according to individual
values of cellular fluorescence. Furthermore, the main
advantage of image analysis is that this technique makes it
possible to measure and kinetically follow the oxidant
production within intact individual neutrophils under
adherence to different surfaces. In our experimental sys-
tems, the time course of the superoxide anion generation
was investigated when the PMNLs were attached to
uncoated glass and fibronectin- and type IV collagen-
coated surfaces. The adherent neutrophils responded in a
heterogeneous manner to the stimuli under all three
conditions, and the kinetics obtained on uncoated glass (in
the presence of 1% FCS) and collagen-coated surfaces
were very similar. However, when the cells were attached
to fibronectin-coated glass, we were able to identify a

PMNL subpopulation (approximately 50% of the cells in a
microscopic field) that converted a significant amount of
HE to EB before adding the stimulating agents. This finding
suggests that fibronectin can induce intracellular superox-
ide anion generation in a subpopulation of adherent
neutrophils. Although the ROS production by fibronectin-
attached granulocytes has been investigated previously
(6), its stimulating effect has not been reported. Former
studies have indicated that fibronectin primes neutrophils
for respiratory burst induced by tumor-necrosis factor-a
(6). The same effect of fibronectin was also observed in
PMNL suspension when the cells were stimulated by FMLP
and platelet-activating factor (28). However, the respira-
tory burst was evaluated in these investigations by the
conventional methods that measure the average response
of the cell population. Consequently, a PMNL subpopula-
tion, which can be stimulated exclusively by fibronectin,
has not been detectable with the previous techniques. In
contrast, the fibronectin- induced superoxide anion genera-
tion was clearly demonstrated in our experiments in a
subpopulation of adherent PMNLs with image analysis.

FIG. 6. Kinetics of the superoxide anion-mediated EB production by
individual neutrophils adherent to fibronectin-coated surface. The curves
are from a representative experiment performed with PMNLs obtained
from the same control (A and C) and patient (B and D). The increase in the
EB fluorescence intensity was monitored as described in Materials and
Methods. The arrows indicate when HE and PDBu or FMLP were added.
The final concentrations of HE, PDBu, and FMLP were 10 µM, 100 nM, and

1 µM, respectively. As in Figure 5C and E, thick lines show the average
fluorescence intensities for two PMNL populations separately: one for
cells stimulated by adherence to the fibronectin-coated surface before
addition of PDBu or FMLP and the other for granulocytes activated only by
the agent. The fluorescence intensity values higher than 150 show
artifactual saturation because of the limited 8-bit resolution of the CCD
camera.
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The calibration method we developed provided a quan-
titative assay to monitor the intracellular EB concentration/
PMNL and to determine the superoxide-anion-mediated
production of EB/PMNL/min by image cytometric single-
cell analysis. The EB fluorescence intensity was in a good
correlation (R 5 0.948) with the concentration of EB in
the DNA-EB microdrops. Assuming a cell volume of 300
µm3, the calculated values of EB production by the
PDBu-stimulated normal granulocytes varied between 0.48
and 1.17 amol/cell/min. According to our knowledge, no
similar calibration of EB fluorescence has been performed
before; thus, we could not compare directly these values
with the results of previous studies. However, Bass and
co-workers (3) made a calibration of the intracellular oxi-
dation of 28,78-dichlorofluorescein (DCFH) to 28,78-dichloro-
fluorescein (DCF) by H2O2 using a combination of flow
cytometry and spectrofluorimetry. They found the DCF
production to be 10.67 amol/cell/min (160 amol/cell in 15
min), which is approximately 10 times higher than our
data for EB production/cell/min. This may be due to the
completely different experimental systems (different fluo-

rogenic substrates, flow cytometry rather than image
analysis, and non-adherent PMNLs). In addition, the effi-
ciency of the appropriate fluorogenic substrates and the
efficiency of the oxidized products to reach and bind to
their targets may also differ. It should be noted that our
data rely on the assumption that a PMNL and an EB-DNA
microdrop having equal diameters also have equal vol-
umes. In fact, the volumes of a droplet and a granulocyte
of equal diameter may differ. However, the error arising
from this possible difference is probably not more than
twofold, and the calibration gives at least the right order of
magnitude for the intracellular EB concentration.

The specificity of dyes in our experimental conditions
was also examined. Sodium azide caused an increase,
whereas the addition of extracellular scavengers to the
PDBu-stimulated granulocytes resulted in a slight decrease
in the MEF and MRF detected by both methods. This is in
good agreement with the findings of previous studies
(13,20,34). By inhibiting heme-containing and H2O2-
catabolizig enzymes such as catalase and myeloperoxi-
dase, sodium azide prevents the intracellular breakdown

FIG. 7. Kinetics of the superoxide anion-mediated EB production by
individual neutrophils adherent to type IV collagen-coated surface. The
increase in the EB fluorescence intensity was monitored as described in
Materials and Methods. The arrows indicate when HE and PDBu or FMLP
were added. The final concentrations of HE, PDBu, and FMLP were 10 µM,
100 nM, and 1 µM, respectively. The curves are from a representative
experiment performed with PMNLs obtained from the same control (A
and C) and patient (B and D). Thick lines show the mean fluorescence

intensity of the cells. Similar to the results presented in Figure 5,
occasionally a few PMNLs were activated before the addition of stimulat-
ing agents: one cell in B and D and two in A. In A, thick lines indicate the
average fluorescence intensities separately: one for cells activated before
addition of PDBu and the other for granulocytes activated only by the
agent. The fluorescence intensity values higher than 150 show artifactual
saturation because of the limited 8-bit resolution of the CCD camera.
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of the ROS, which are accumulated in the cells leading to
increased oxidation of the fluorochromes (20,34). The
diffusion of H2O2 results in enhanced formation of R 123 in
other cells, which can be blocked by catalase (13).

We investigated the utility of image analysis in the
detection of defective oxidative burst under pathological
conditions. Recently, a defect in neutrophil oxidative
metabolism has been described in patients with chronic
neutrophilic leukemia and oral and lung cancers

(12,14,15,33). Furthermore, decreased O 2
·2, generation by

PMNLs was found in a rat model during tumor progression
(30). Therefore, we tested whether the image analysis
could be appropriate for the demonstration of the men-
tioned granulocyte malfunctions in patients with cervix
carcinoma. Our experiments indicated that the extracellu-
lar superoxide release was significantly reduced in the
patients’ neutrophils, and this was accompanied by de-
creased intracellular oxidant production measured by
image analysis and flow cytometry. In addition, single-cell
assessment showed that, within the granulocyte popula-
tion of patients with cervical cancer, a considerable
increase in the ratio of cells with lower respiratory burst
activity could be detected. These results indicate that even
minor alterations in O 2

·2, and H2O2 formation can be
properly demonstrated by image cytometry as well.

In conclusion, fluorescence microscopy combined with
computerized image analysis could be a reliable single-cell
assay in the quantification of granulocyte respiratory burst
activity. This technique permits the evaluation of oxidative
metabolism of neutrophils both at cell population and
individual cell levels.
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