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We have previously reported that human neutrophils can be permeabilized with the
cholesterol-complexing agent digitonin. These permeabilized cells can be induced to
secrete lysosomal constituents when exposed to micromolar levels of free Ca2 � , a
process that is enhanced by certain guanine nucleotides. We examined the kinetics in

this system by employing both direct and indirect measures of secretion. A continuous,
fluorescent assay of elastase permits real-time monitoring of secretion from azurophil
granules. The kinetics of elastase release proved to be rapid, beginning within 3-10 sec
and reaching a maximum at 1-2 mm. Changes in the Ca2�concentration did not affect
the “lag period” for release. A comparison of the Ca2�dose-response curves for release
of the various granule constituents indicated that elastase was being secreted along
with other contents of the azurophil granules. Changes in right angle light scatter (RLS),
which have been shown to correlate closely with secretion, also commenced rapidly
after the addition of Ca2 �; when measured simultaneously, both the Ca2 + dose-response
characteristics for changes in RLS and elastase release were very similar. Changes in
RLS could be halted within 5 sec by excess EGTA and restarted promptly by repletion
with secretory concentrations of Ca2 � In addition, neomycin, a phospholipase C inhib-
itor, profoundly diminished degranulation as monitored by RLS and end-point tech-
niques. A continuous assay employing 9-aminoacnidine self-quenching as a measure of
secretion proved far less satisfactory, but, nonetheless, produced similar kinetics and
dose-response characteristics. These data thus suggest that secretion of granule con-
stituents from permeabilized neutrophils takes place rapidly and that the kinetics are
comparable to those observed with intact cells.
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INTRODUCTION

Studies of stimulus-response coupling, namely those

mechanisms whereby receptor-ligand interactions are

translated into cellular responses, have benefited from

the recent availability of permeabiized cell systems. In

these systems, the intracellular space can be reconstituted

ad libitum and putative second messengers can be di-

recfly applied. We have shown that human neutrophils

can be permeabilized with saponin or digitonin, both

cholesterol-complexing agents, and that the permeabil-

ized cells can be induced to secrete granule constituents

by Ca2 �a1one [1,2]. This process does not require the

presence of cytochalasin B or any other cofactors. We

have also reported that secretion is accompanied by the

incorporation of a granule membrane marker, Mo!, into

the plasma membrane of the permeabilized cell [3,4].

Finally, we have shown that in the absence of receptor-

ligand interactions, secretion from permeabilized neutro-

phils can be enhanced, and Ca2 + requirements reduced,

by the presence of GTP, Gpp(NH)p, and GTP-y-S, im-

plicating the involvement of a G-protein(s) in secretion

[5].
While Ca2 k-induced secretion from permeabilized

neutrophils appeared to be physiologic with respect to

extent and time course (being complete within 5-10 mm),

no data with respect to the short-term kinetics of the

release response were available. This problem can be

addressed by using the continuous spectroscopic assay

for elastase, which permits the first 1-2 mm of secretion

to be examined in detail [6]. Right angle light scatter

(RLS) and 9-aminoacridine self-quenching were also em-
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ployed as indirect measures of azurophil granule secre-

tion [7,8] over the same period. Using these systems, we

examined the kinetics of Ca2 � -induced granule discharge

from permeabilized neutrophils. This secretion was also

compared with release of other granule constituents.

MATERIALS AND METHODS
Reagents

9-Aminoacridine, Mg-ATP, cytochalasin B, neomycin

sulfate, and digitonin were purchased from Sigma Chem-

ical Company, (St. Louis, MO). MeO-Suc-Ala-Ala-Pro-

Val-MCA was purchased from Peninsula Laboratories,

Inc. , (San Carlos, CA). All other materials were reagent

grade.

Preparation of Cell Suspensions

Neutrophils were obtained from fresh human blood by

a modification of the method of Berkow et al [9] and

were prepared for these studies as previously described

[10]. For some studies of right angle light scatter and 9-

aminoacridine self-quenching, Hypaque-Ficoll gradients

[11] were employed as previously described [1-5 ,8]. Be-

fore permeabilization, the cells were washed once and

resuspended in Buffer K (100 mM KC1, 20 mM NaCI, 1

mM EGTA, and 30 mM HEPES, pH 7.0).

Neutrophil Permeabilization

Permeabilization was performed as previously de-

scribed [2-5] with minor modifications. In essence, stock

solutions of digitonin (1 mg/rn! in buffer K) were pre-

pared daily. Neutrophils (25 x 106/ml) suspended in

Buffer K were preincubated for 10 mm at 37a� Incubation

was at 37 for 25 mm with 15/2g/ml digitonin for elu-

triated cells and l0jig/ml digitonin for cells isolated by

Hypaque-Ficoll; the cell suspension was mixed every 5

mm. These two conditions led to comparable degrees of

permeabilization.

Lysosomal Enzyme Release

Following permeabilization, neutrophils were spun

down and resuspended in Buffer K at a concentration of

5 x 10�/m1 and then incubated with the desired concen-

tration of Ca2 �at 37 for 10 mm; free Ca2 �was deter-

mined for the buffer by using a Ca2 �electrode. Cells

incubated without calcium and unpermeabilized neutro-

phils were employed as routine controls. The cell suspen-

sions were then centrifuged at 750g for 10 mm. Aliquots

of the supernatants were taken for standard determina-

tions of �3-glucuronidase (12; an enzyme found exclu-

sively in azurophil granules), lysozyme (13; an enzyme

found in both specific and azurophil granules), vitamin

Bl2 binding protein (14; a component of specific gran-

ules alone), and LDH (15; a cytosolic enzyme), activities.

Elastase

The procedure of Sklar et al [6] was employed with

minor modifications. Permeabilized neutrophils (2 x 106/

ml) were suspended in the presence of 2 X 105M MeO-

Suc-Ala-Ala-Pro-Val-MCA in Buffer K. The cell suspen-

sion was equilibrated for 5 mm at 37 C prior to the

addition of Ca2 � Fluorescence measurements were per-

formed using an SLM 4800 computer-interfaced spectro-

fluorimeter with continuous data acquisition. The cell

suspension was held in a plastic cuvette placed in a

thermostatted sample chamber equipped with a magnetic

stirrer and direct injection system. The time required for

sample injection and mixing was 1 sec.

Right Angle Light Scatter (RLS)

The procedure of Sklar et al [7] was employed with

minor modifications. Permeabilized neutrophils were

suspended in Buffer K (2 x l06/ml) and equilibrated at

37 C for 5 mm prior to the addition of Ca2 � RLS

measurements were performed using either a Perkin-

Elmer 650-lOS spectrofluorimeter equipped with a ther-

mostatted cuvette holder and magnetic stirring or the

above-mentioned SLM 4800. Continuous measurements

were obtained using excitation and emission wavelengths

Fig. 1. Simultaneous measurements of elastase release and
right angle light scatter in permeabilized human neutrophils.
Elastase release and RLS were monitored simultaneously as
outlined in Materials and Methods. Total cellular elastase con-
tent was determined following disruption with Triton X-100. At
time 0, the indicated concentrations of Ca2�(1, 10, 100, and
1000 jIM) were added. Elastase release Is shown In A while RLS
is shown in B. The results shown are from a single typical
experiment.
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of 460 nm in the Perkin-Elmer system. When simultane-

ous measurements of RLS and elastase release were made

in the SLM 4800, two emission channels were moni-

tored. One was set at 380 nm, the excitation wavelength,

to measure RLS, while the other was set to 490 urn, to

measure elastase activity. The results obtained for RLS

were indistinguishable at these two wavelengths.

9-Aminoacridine Self-Quenching

The procedure of Smolen et al [81 was employed with

the following modifications. Permeabilization was per-

formed in the presence of 9-ammnoacridine (100 jIM) and

1 mM Mg-ATP (to maintain granule pH gradients). The

cells were washed once in Buffer K plus 1 mM Mg-ATP

and the fluorescence was monitored continuously in the

same medium.

RESULTS

In some of these studies, neutrophils were prepared by

elutriation, designed to dispense with the potentially dis-

ruptive hypotonic lysis step usually employed for the

elimmnatmon of erythrocytes. These cells were more resis-

tant to permeabilization than those prepared by Hypaque-

Ficoll centrifugation, Dextran sedimentation, and hypo-

tonic lysis. Consequently, the concentration of digitonin

was increased from 10 to 15 j�g/ml to obtain efficient

permeabilization.

Ca2 � Induces Efficient Degranulation From
Permeabilized Neutrophils

Figure 1A shows a representative experiment in which

permeabilized neutrophils were exposed to various con-

centrations of Ca2 � and the release of elastase was

continuously monitored. There was also a close correla-

tion between the kinetics of secretion and changes in RLS

(Fig. lB). These two responses could be measured si-

multaneously in the SLM 4800 spectrofluorimeter. As

can be seen, both measures of secretion were saturated

at high concentrations (> lOOj.�M) of Ca2 �; low concen-

trations of Ca2 �(l �M) were inactive. A threshold con-

centration (10 /2M) produced similar intermediate

responses that, unlike those seen at > lOO/LM, did not

reach completion after 2 mm. These data show that

elastase release and changes in RLS were initiated after

a lag period of only 3-10 sec; maximal responses were

obtained after 1-2 mm. Neither the “lag period” nor the

time at which maximal release was obtained were mark-

edly dependent upon the concentration of Ca2 �employed.

The presence of cytochalasin B (5 jLg/ml) had no effect

upon these responses (data not shown; see also ref. [2]).

While the threshold concentration of Ca2 �at which

elastase secretion was first observed varied from day to

day, the dose-response curve was always very steep.

Figure 2 shows the compiled results from five separate

experiments in which elastase release was monmtored. As

can be seen, the dose-response curve was very steep,

with secretion commencing at 20 �M Ca2 +and becoming

maximal at 4O�zM.

We compared secretion of elastase with the release of

a number of other cellular constituents. As can be seen

in Figure 3 , increasing concentrations of Ca2 � reduced

the amount of the cytoplasmic enzyme LDH released

during the course of the experiment; this is apparently

due to partial resealing of the cells by Ca2 � , which we

have previously reported [16]. The azurophil granule

enzyme, f3-glucuronidase, like elastase, was released by

20-40 ptM Ca2 � Lysozyme, an enzyme found in both

the specific and azurophil granules, was secreted at sim-

ilar or slightly lower concentratmons. In contrast, vitamin

Bl2 binding protein, a constituent of specific granules,

was released at substantially lower concentrations, as low

as 3 /LM Ca2t

Reversibility of Initiation of Degranulatlon

Right angle light scatter (RLS) was also used as a

convenient way to monitor reversibility of degranulation.

As can be seen in Figure 4A, prompt decreases in RLS

Fig. 2. The effects of free Ca2 � on elastase release from pen-
meabillzed human neutrophlls. Human neutrophlls were per-
meabilized and elastase release was measured as outlined
in Materials and Methods and the legend to FIgure 1. Maxi-

mal elastase release Is shown as a function of free Ca2 +

concentration. The data are a compilation of five separate ex-
periments (n = 2-9, for each point) and solid symbols Indicate
those points that are significantly greater than baseline (p<
0.05; paired Student’s t-test).
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Co2�(p.M)

8-GLUCURONOASE were observed following the addition of secretory con-
centrations of Ca2 � These changes commenced within
seconds, as rapidly as could be measured. When saturat-

ing Ca2�was added at the end of the experiment, a
further drop in RLS occurred that was inversely propor-

tional to the initial stimulus concentration; indeed, the

total changes in RLS at the end of the 4-mm runs were
constant for all conditions. The bottom curve in Figure
4A shows that changes in RLS could be stopped within 5

sec by the addition of EGTA and restarted promptly by
the addition of excess Ca2 � These data thus show that

EGTA and/or Ca2 �have free access to the permeabilized
neutrophils under all conditions.

Fig. 3. The effects of free Ca2 + on release of cellular constit-
uents from permeabilized human neutrophils. Human neutro-
phils were permeabilized and the release of cellular constituents
was measured as outlined in Materials and Methods. Release
is shown as a function of free Ca2 + concentration for LDH,�3-
glucuronidase, lysozyme, and vitamin B12 binding protein. The
data are from five experiments (three for fl-glucuronidase), and
solid symbols indicate those points that are significantly greater
than baseline (p < 0.05; paired Student’s I-test).
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Fig. 4. Changes in right angle light scatter and 9-aminoacni-
dine fluorescence induced by Ca2 + in permeabilized neutro-
phils. Human neutrophils were loaded with 9-aminoacnidine
during permeabilization; RLS and 9-aminoacridine fluores-
cence were separately monitored as outlined in Materials and
Methods. At the time indicated by the arrow on the left, mi-
cromolar concentrations of Ca2 + (designated on the left mar-
gin) were added. Saturating Ca2�(1 mM) was added later in
each run, as indicated by the arrow on the right. The results
were obtained from a representative experiment, of which four
were performed.

9-Aminoacridine Fluorescence as a Measure of
Degranulation

We have previously reported the use of 9-aminoacri-
dine self-quenching as an indirect probe of azurophil

granule secretion [8]. These acidic granules incorporate

9-aminoacridine to such an extent that self-quenching of

the probe occurs; release of 9-aminoacridine as a result

of secretion results in an increase in fluorescence. In

order to attempt to maintain the pH gradient required for
this technique, Mg-ATP was present at all times. As

shown in Figure 4B, the addition of Ca2�to permeabil-

ized neutrophils loaded with 9-aminoacridine produced

two distinct responses. The first was a very rapid incre-

ment in fluorescence that was obtained even with submi-
cromolar concentrations of Ca2 �and was thus not related
to secretion of either azurophil or specific granules. Im-

mediately following this increment, the fluorescence in-

creased in a Ca2 +..dependent manner; this rise in slope

seemed to commence within seconds. However, this

technique is clearly not satisfactory with permeabilized

cells. The signal was very weak and easily obscured by

both the prompt increment and rising baselines. Saturat-

ing concentrations of Ca2 �added at the end of the exper-

iment resulted in an additional rise in fluorescence. As

with RLS, the total rise in signal following the prompt

increment was approximately constant under all con-

ditions.

In view of the apparent importance of phospholipase C

in stimulus-response coupling, we examined an inhibitor
of this enzyme, neomycin, for its effects on secretion.
As can be seen in Figure 5, concentrations of neomycin

from 0.3 to 1.0 mM virtually abolished Ca2�-induced

changes in RLS. Similar inhibition of secretion was also

found when the endpoint assays were employed (data not

shown).

DISCUSSION

These data provide the first report of the kinetics of
granule discharge from permeabilized neutrophils using
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Fig. 5. Effect of neomycin on the RLS response of permeabil-
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sec. Thirty to forty percent of the total cellular elastase
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meabilized neutrophils, which may be somewhat longer

than that observed with intact cells. Nonetheless, the

kinetics were comparable and suggest that Ca2 +..induced

secretion in the permeabilized cell represents a normal

physiologic response to stimulation (Fig. 1).

The dose-response data shown in Figure 3 strongly

suggest that elastase and changes in RLS are associated

at least with azurophil granules. Both of these measures
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ronidase and, to a lesser extent, lysozyme; both of these

latter enzymes are known to be localized in azurophil

granules. The specific granule constituent vitamin B12
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what lower Ca2 +concentrations than required for elastase

release or RLS changes. These data thus provide addi-

tional support for an azurophil granule localization for

elastase and for differential secretion of the two granule

types [1-5,17-19], even in the absence of cytochalasin B.

Differential secretion is also observed with the two per-

meabilization systems used in these laboratories, since

release of 13-glucuronidase can be obtained if the cells are

permeabilized with digitonin [2], but not with saponin

[1].

In contrast to these results, experiments employing 9-

aminoacridine were disappointing. This technique is

based upon the maintenance of a pH gradient across the

granule membrane, the disruption of which is likely dur-

ing permeabilization; . This factor may account for the

very weak signal that was observed, in spite of the inclu-

sion of Mg-ATP in the medium to help maintain the pH

gradient. Two components of the signal were observed:

first, an immediate increase that could be obtained at

very low concentrations of Ca2 � and , second , a gentle

increase in fluorescence that could be found at higher

concentrations. This latter portion of the signal varied

with Ca2 � in a manner that correlated with azurophil
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mast cells [21] and inositol trisphosphate (1P3) production

by permeabilized pancreatic acinar cells [22]. Whether

the enzyme or its products, 1P3 and diacylglycerol, are

participating in degranulation by permeabiized neutro-

phils is currently under investigation.

In summary, we have shown that the kinetics of elas-

tase release and changes in RLS using permeabilized

human neutrophils are comparable to those observed for

intact cells. Furthermore, these two measures correlated

closely with release of other azurophil granule constitu-

ents. These data thus provide further evidence that the

permeabilized cell system can be used as a model for

stimulus-response coupling in vivo.
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