
Allergy 1981, 36, 39-47

Flow-Cytometric Analysis of Human
Basophil Degranulation

L Quantification of Human Basophils and Their Degranulation by
Flow-Cytometry
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Quantification of human basophils and their degranulation were performed using a flow-
cytometric system. It was shown that the number of basophils among total leukocytes, before
and after the effect of degranulating agents, can be obtained rapidly and reproducibly, fol-
lowing alcian blue staining. Dose-response curves of degranulation by anti-IgE and anti-
IgG4 were studied, and it was shown that these antibodies can induce basophil degranulation
in a Ca** dependent manner. It was also shown that degranulation is completed within 10
min.

Values obtained by flow-cytometry and microscopic evaluation, as well as comparison
made between percent basophil degranulation and percent histamine release, agreed well
with each other in our system. Flow-cytometric analysis of human basophil degranulation
provides a new reliable method to assess in vitro the morphological basis of immediate hyper-
sensitivity.
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It has been well established that degranulation Flow-cytometric analysis of cells, which has
of basophils and/or tissue mast cells, followed by been developed recently, enables handling
release of mediators, upon the interactions be- large numbers of cells in a rapid, accurate and
tween cell-bound IgE and a specific antigen, reproducible manner (1, 8, 22). And we have
plays an important role in inducing symptoms shown in a previous study that fiow-cytometry is
of immediate hypersensitivity (9-11). From this also applicable to quantify rat mast cells and
point of view, efforts have accumulated to deter- their degranulation, following metachromatic
mine the degree of alteration of the numbers of staining. This paper also showed that fiow-
basophils after challenging with antigens and cytometry can be substituted for micoscopic eva-
anti-IgE by microscopic observation (2, 7, 14), luation, since values obtained by flow-cytometry
but it may be fair to say that microscopic quanti- and microscopic observation yielded good agree-
fication ofbasophils is rarely employed for clini- ment with each other (17). Consequently, the
cal use, due to the difficulties in obtaining reli- present investigation was carried out using a
able values (5). Instead, the fluorometric deter- flow-cytometric system to quantify human baso-
mination of histamine release from human leu- phils and their response to anti-IgE as the de-
kocytes has been utilized as the major in vitro as- granulating agent.
sessment of immediate hypersensitivity (12, 15, In addition, since recent data indicate the pre-
16), sence of Fc receptors for human IgG on baso-
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phils (13) and the possibility that histamine is to loma proteins to the system. Only IgG4 inhibited
be Unrated from leukocytes upon exposure not the binding of 125 I-anti-IgG4 to paper disc
only to anti-IgG (11, 15) or Protein A, which coated with IgG4. IgGi, IgG2, IgG3, IgAi, IgA2,
combines with the Fc part of IgG (20), but also to IgM, IgD and IgE had no effect (6). Specificity
antibodies against the IgG4 subclass (27), experi- for IgG4 and absence of cross-reacting with the
ments were undertaken to ascertain whether an- remaining three subclasses of IgG was also de-
ti-IgG4 has an effect on basophil degranulation. monstrated by double immunodiffusion (25)
The relationship between basophil degranula- and passive sensitization experiments using
tion and histamine release from leukocytes was IgG2 and IgG4 as described in detail elsewhere
also studied. (18). Clinical dextran (approximate moi. wt.:

234,000) and alcian blue were purchased from

MATERIAL AND METHODS ^ ' ^ ^ Chemical Co., St. Louis, Mo., and Fluka
AG, Buchs AG, Switzerland, respectively.

Instrumentation

• , • J • . . • . • Preparation of cells
1 he ilow<ytometnc technique described m this
paper has been performed on a cytograf Model For each experiment, 10 ml of venous blood was
6300A, manufactured by Bio/Physics Systems drawn from allergic individuals who had sea-
Inc, Mahopac, N.Y. The display oscilloscope sonal rhinitis, insect allergy or drug hypersen-
used was a Type 603, manufactured by Tek- sitivity. In some experiments, blood from nor-
tronix Inc., Portland, OR. Measurement of his- mal donors was also examined. After collecting
tamine was performed using Technicon Auto- the blood in 5-ml siliconized plastic tubes con-
analyzer II, Technicon Instruments Co., Tarry- taining 25 units heparin and 0.1 ml of 0.2 M
town, N.Y. EDTA (Laboratoire des Stallergenes, Paris,

France), blood was transfered to another tube.
Material mixed with 5 ml of a 6% clinical dextran in iso-

tonic saline, and was allowed to sediment at
The Tris buffer contained 0.025 M Tris, 0.12 M room temperature for 45-60 min. The plasma
NaCl, 0.005 M KCl, and 0.03% human serum supernatant containing leukocytes was centri-
albumin (Fluka AG, Buchs SG, Switzerland), ad- fuged at 900 r.p.m. (llOg) for 8 min at 4°C. The
justed to pH 7.6, and was designated Tris-A; cells at the bottom of the tube were then re-
Tris-ACM was Tris-A supplemented with 0.6 suspended in Tris-NH4C1 buffer for complete
mM CaCh and 1 mM MgCh; Tris-EDTA was erythrolysis. After washing once with Tris-A,
Tris-A containing 0.01 M EDTA. The Tris- the cells were resuspended in 6-7 ml of Tris-
NH4CI buffer contained 0.015 M Tris and ACM in a concentration of approximately
0.747% NH4CI. Goat anti-human IgE, Fc speci- 5 x 10* leukocytes/ml.
fie, was purchased from Nordic Immunological In some experiments designed to assess the
Laboratories, Tilburg, The Netherlands. Sheep reliability of flow-cytometric counting of baso-
anti-human IgG4 (gamma globulin fraction) phils, basophils were further enriched by differ-
and purified sheep and swine anti-human IgG4 ential centrifugation on FicoU-Hypaque (Phar-
(purified by adsorption on a IgG4 immunosor- macia, Uppsala, Sweden, and Winthrop Labora-
bent, followed by elution through Sephadex tories. New York, N. Y., respectively: density of
G-200 column to remove eventual complexes the mixture was 1.077) layer according to the
and aggregates) were kindly donated by Dr. F. method described by Ishizaka et al. (11). Baso-
Skvaril, Bern, Switzerland, and Dr. D. C. Hei- phil-enriched leukocyte populations contained
ner, Torrance, CA. 2-3% basophils (Fig. 2).

Specificity of the anti-IgG4 preparations was
demonstrated by radioimmunoassays, with and
without the addition of 100 ng of purified mye-



FLOW-CYTOMETRY OF BASOPHIL DEGRANULATION 41

LIGHT LOSS LIGHT LOSS
Fig. 1. Differential counting of basophils. Pictures are taken from the cathode ray tube of a cell sample without (A) or with (B)
alcian blue staining. Each dot represents one cell characterized by two measurements: light scatter and axial light loss. Cells fall-
ing in the selected 'electronic window', outlined by white lines, appear after alcian blue staining only and are presumed to be ba-
sophils.

Degranulation of basophils

Degranulation of basophils was carried out in a
volume of 0.5 ml, consisting of 0.45 ml cell sus-
pension and 0.05 ml of an appropriate dilution
of degranulating agents in Tris-ACM, or of 0.05
ml buffer alone as control. Unless specified, the
cells were incubated at 37°C for 20-30 min. The
cells were then washed twice with Tris-EDTA,
resuspended in 0.2 ml of the same buffer, and
kept on ice until counting. Basophil counts re-
mained stable at least for 6 h under these condi-
tions. In the kinetic experiments, degranulation
was terminated at the various time points by put-
ting on ice, followed by adding 0.5 ml Tris-
EDTA.

Histamine release

In some experiments, histamine measurement
was simultaneously performed. After incuba-
tion with degranulating agents at 37°C for
45-60 min, the supernatants were obtained by
centrifugation at 1,600 r.p.m. (450g )̂ for 15 min
at 4°C. The amount of histamine released into
the supernatant was measured by automated
fluorometric histamine analysis as described by
Siraganian (24). The spontaneous histamine re-
lease was approx. 10%, and these values were
subtracted from the total histamine, when per-
cent histamine release was calculated.

Staining and counting of basophils

Basophils were stained by adding 0.9 ml of
0.15% alcian blue solution, pH 3.5 (composed of
39 ml saline, 1 ml glacial acetic acid, 10 ml 40%
formaldehyde and 50 ml ethanol) to 0.1 ml of
the cell suspension. The staining solution was
filtered through millipore filter (pore size,
0.22 fi) before use.

After a 10-min incubation at room tempera-
ture, the samples were applied to the cytograf
which automatically yielded the percentage of
stained cells among the total cell population by
electronic discrimination. The principles of
flow-cytometry are described elsewhere (1, 8,
22). In brief, cells in liquid suspension are car-
ried in single file through a glass capillary where
they interact with a focused laser beam. Infor-
mation derived from these interactions (light
scatter and axial light loss) are then electronical-
ly displayed as a scatter diagram on a cathode
ray tube. The 'electronic window' used for
counting basophils was set to fill the space indi-
cated in Fig. 1. For each determination, usually
triplicate countings of 100,000 leukocytes were
performed. One ml sample with a normal baso-
phil concentration (approximately 2 X lOVsam-
ple) enabled to count triplicates of percent baso-
phils per 100,000 cells as well as the total num-
ber of cells per 0.1 ml volume. The coefficient of
variation calculated for each determination was
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usually less than 7.5%. Reproducibility of the
duplicate or triplicate determinations on the
same cell sample was determined to be ± 1-5%,
when mean values were compared. The time
needed to run one sample in triplicate is about 4
min. Including previous manipulations and leu-
kocyte preparations in the described form, ap-
proximately 50-60 samples can be handled on 1
day by a single person. In experiments dealing
with basophil degranulation, the percent values
of degranulation were calculated according to
the formula:

Basophil (%) control " Basophil (%)

Basophil (%) control
-X 100

Throughout the experiments described here,
spontaneous degranulation, measured in samp-
les without degranulating agents and serum,
was occasionally as high as 10%. Throughout
the whole procedure, including preparation
and handling of cells, plastic materials were uti-
lized.

For comparison, microscopic quantification
of the percent values of basophils among total
leukocytes, following alcian blue staining, was
also performed on 40 samples with a 40 x 10
magnification. More than 1,000 leukocytes were
counted for each determination. Reproducibi-
lity of microscopic counting by the same ob-
server on the same cell preparation was deter-
mined to be ± 20%.

Statistical analysis

The correlation coefficient, coefficient of varia-
tion, and the linear regression line were calcu-
lated by routine methods.

RESULTS

In flow-cytometric analysis of human basophils,
our first purpose was to quantify the percentage
of basophils among total leukocytes. After stain-
ing with alcian blue, the cell suspensions were
applied to the cytograf. As shown in Fig. 1, the
cytogram clearly demonstrated a demarcation
of stained cells from other leukocytes, with the
percentage of stained cells obtained simulta-

7o BASOPHILS (MICROSCOPE)

Fig. 2. Correlation between flow-cytometric and microscopic
quantifications of basophil counting. Forty samples of washed
leukocytes were evaluated. The linear regression line was cal-
culated by the least square method (Y = mX + b) where the
slope of the line was m = 0.817 and the Y-axis intercept b =
0.088. The linear correlation coefficient was r = 0.94.
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Fig. 3. Dose-response curves of basophil degranulation in-
duced by anti-IgE (•, • ) , anti-IgG4 (O. D). a"d by normal
sheep serum (A). Washed leukocytes obtained from two do-
nors (—, —) were studied. Anti-IgE and anti-IgG4 were di-
luted with Tris-ACM, and 0.05 ml of these agents was added
to 0.45 ml of the leukocyte suspension, followed by incubation
at 37°C for 20 min. Final concentration of antibodies is indi-
cated in the figure. Each symbol represents mean of percent
degranulation ± s.d. calculated from triplicate counting of
100,000 leukocytes.
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Fig. 4. Time-course of basophil degranulation induced by anti-IgE (A) and by anti-lgG4 (B). Leukocytes from the same donor
were challenged by either anti-IgE or anti-IgG4. Final concentrations ofthe agents were 1:100 in each experiment. Each symbol
represents mean of percent degranulation ± s.d., calculated from triplicate countings of 100,000 leukocytes.
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Fig. 5. Influence of Ca"̂ * ions on basophil degranulation. Dose-response curves of degranulation induced by anti-IgE (right
panel) and by anti-IgG4 (left panel), in buffers containing 0.6 m M Ca++ (—), 0.06 m M Ca++ (—) or 0.06 m M Ca++ + 0.01 M
EDTA ( ) are shown. Leukocytes from the same donor were studied. Each symbol represents mean of percent degranula-
tion i s.d., calculated from triplicate countings of 100,000 leukocytes.
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Fig. 6. Dose-response curves of basophil degranulation (open symbols) and histamine release (closed symbols). Leukocytes
from the same donor were challenged by either anti-IgE (O, • ) or anti-IgG4 (lH, • ) . After incubation at 37''C for 60 min, super-
natants were analyzed for histamine content, while the remaining cells were studied for basophil counting.

% HISTAMINE RELEASE

Fig. 7. Correlation between maximum percent basophil de-
granulation and maximum piercent histamine release. Values
were obtained from 10 experiments involving 20 determina-
tions. The linear regression line was calculated by the least
square methwl (Y = mX + b) where the slope ofthe line was m
= 0.840 and the Y-axis intercept was b = 7.000. The linear
correlation coefficient was r = 0.86.

neously. Experiments carried out to compare
flow-cytometric and microscopic quantification
of basophil counting showed that these two
methods yielded a correlation coefficient of 0.94
(Fig. 2).

In order to assess basophil degranulation by
flow-cytometry, dose-response curves of de-
granulation by anti-IgE and anti-IgG4 were stu-
died. Representative results of experiments on
two donors out of 50 performed are shown in
Fig. 3. It is clear from this figure that significant
basophil degranulation can be induced by these
antibodies against IgE and IgG4. As described in
detail elsewhere (18), there is a marked correla-
tion in most donors in the degree of degranula-
tion achieved by anti-IgE and anti-IgG4. The ef-
fect of purified sheep and swine anti-IgG4 pre-
parations, devoid of aggregates and possible
antigen-antibody complexes by passage
through Sephadex G-200 column, was also exa-
mined on the same cell preparations; the effi-
cacy of these purified materials was comparable
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to that of the crude gamma^obulin fraction. ciblemanner(l, 8, 22). The data presented here
Values for maximum percent degranulation by confirm that flow-cytometry can be applied to
these purified anti-IgG4 antibodies were 61.5 quantify human basophils, following alcian blue
and 20.6, corresponding closely to the values ob- staining. Microscopically, it was observed that
tained with the crude materials in these two only basophils are stained a greenish blue color,
experiments. The sample exposed to normal which is suitable to differentiate stained cells
sheep serum, in order to obtain 'background va- from unstained cells on the cytograf (1), while
lues', showed less than 2.5% degranulation. In other leukocytes are not stained at all. Compari-
addition, dose-response curves also indicate son made between flow-cytometric and micro-
that degranulation decreased when excess scopic countings of basophils showed good
amounts of antibodies were added, and that the agreement with each other (Fig. 2), implying
optimal concentration of antibodies to induce that flow-cytometry can be substituted for mi-
maximum degranulation differed from one croscopic evaluation. These results also indicate
donor to another. that the flow-cytometric procedure does not in-

Subsequently, experiments were performed fluence basophil counting. Gilbert et al. (5) also
on three donors each to study the influence of reported that the alcian blue staining method is
time and Ca"̂ * ions on degranulation. As the re- suitable both for chamber basophil counting
presentative experiment in Fig. 4 shows, dealing and automated sampling and electro-optical de-
with time course of basophil degranulation, this tection. They also reported that good agree-
reaction is almost complete within 10 min, both ment was found between these two methods,
after induction by anti-IgE (Fig. 4A) and by As shown here for the first time, flow-cytome-
anti-IgG4 (Fig. 4B). try can also be applied to quantify basophil de-

The process of degranulation is Ca*^ depen- granulation. Microscopically, 'degranulation' of
dent (Fig. 5). When suboptimal concentration of basophils is observed as a decrease in the total
Ca++ (0.06 mM) was employed in the degranula- number of basophils. As exposure of basophils
tion process, only a low percent of basophils to degranulating agents results in prompt and
were degranulated by anti-IgE. The addition of explosive discharge of granules (4, 23), it was
0.01M EDTA completely inhibited the reaction, reasonable to expect that degranulated baso-
Similar findings were also obtained upon expo- phils would lose their stainability by alcian blue,
sure to anti-IgG4. However, numerous experiments not reported

Finally, experiments were undertaken to de- here indicated that the methods previously re-
termine whether there exists a relationship be- ported for counting basophils in whole blood by
tween basophil degranulation and histamine re- fiow-cytometry (5, 22) are not applicable, if de-
lease. A representative experiment among 10 is granulation is carried out in whole blood. Para-
shown in Fig. 6. The dose-response curves of doxically, apparent increase in electronic counts
percent degranulation paralleled those of per- following the application of degranulating
cent histamine release. Comparison made be- agents is probably due to secondary pheno-
tween maximum percent basophil degranula- mena such as cell or platelet aggregation or in-
tion and maximum percent histamine release in gestion of granules by accessory cells,
these 10 experiments involving 20 determina- Our data clearly reconfirmed the previous
tions showed a linear relationship with a corre- findings by Ishizaka et al. (14) that anti-IgE can
lation coefficient of 0.86 (Fig. 7). degranulate basophils. As is the case in hista-

mine release from leukocytes upon exposure to
anti-IgE (12), the dose-response curves of de-
granulation by anti-IgE demonstrated that ex-

The flow-cytometric technique described in this cess amounts of antibodies rather suppress the
paper offers several advantages: simplicity in reaction, the optimal concentration for maxi-
the procedure and the handling of large num- mum degranulation differs from one case to
bers of cells in a rapid, accurate and reprodu- another (Fig. 3), and that the degranulation pro-
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cess is Ca-*̂+ dependent (Fig. 5). Basophil de-
granulation is almost completed within 10 min
(Fig. 4), which has been also found by micro-
scopy (4).

Moreover, our data supported the evidence
that anti-IgG4 can degranulate basophils in the
same manner as anti-IgE. Many investigators
have recendy identified this IgG4 subclass as a
new kind of reaginic antibody (3,19,26,27). For
example, inhibition of* reagin-mediated PCA
reactions by IgG4 in monkeys (27) and in ba-
boons (26) and significant histamine release
from human leukocytes by anti-IgC4 (27) were
observed. In our experiments, anti-IgG4 can in-
duce basophil degranulation (Figs. 3-6) and his-
tamine release (Fig. 6) in â dose-dependent
manner. Degranulation by anti-IgG4 is also
Ca++ dependent, and the supraoptimal concen-
tration of antibodies decreases the reaction.
These results also indicate that IgG4 are bound
to basophils, as well as IgE. Furthermore, ex-
periments dealing with passive sensitization of
basophils with IgG4 myeloma protein, followed
by exposure to anti-IgG4, exhibited that IgG4
can passively sensitize basophils. The fact that
preincubation of basophils with IgG4 myeloma
considerably increases degranulation by anti-
IgG4 but not by anti-IgE, aside from the absence
of cross-reactivity detectable by radioimmu-
noassay between the anti-IgG4 and anti-IgE
used, confirms that degranulation observed
with anti-IgG4 is not due to cross reaction with
Fab from IgE. These findings, which are report-
ed in detail elsewhere (18), suggest that the hu-
man IgG4 subclass also plays some role in imme-
diate hypersensitivity.

Finally, our experiments indicated that the
degree of basophil degranulation correlates well
with that of histamine release (Figs. 6, 7). This
correlation between human basophil degranu-
lation and histamine release might suggest that
there is an 'all-or-none' response in regard to
histamine release from the degranulated hu-
man basophils. A similar linear correlation be-
tween basophil degranulation and histamine re-
lease by antigen and ionophore was also report-
ed recehdy by Pruzansky et al. (21). It should be
noted, however, that comparative studies with
histamine release showed that the degree of de-

granulation by antibodies determined in our ex-
periments includes the 'spontaneous degranula-
tion', which could be assessed by measuring the
spontaneous histamine release. The degree of
spontaneous degranulation was approx. 10%.
In any event, values obtained by flow<ytometry
and microscopic evaluation, and comparison
made between percent degranulation and per-
cent histamine release, both yielded good agree-
ment with each other in our system; flow-
cytometric analysis of human basophil degranu-
lation provides a new reliable method to assess
in vitro the morphological basis of immediate
hypersensitivity. Investigations applying this
method to quantify allergen-induced basophil
degranulation in hay fever and bee venom aller-
gic patients are currently under way.
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