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Human neutrophils permeabilized with digitonin respond with lysosomal enzyme
release when exposed to micromolar levels of free calcium
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We have recently reported that human neutrophils can be permeabilized with the cholesterol complexing
agent saponin and that these cells can be induced to secrete the granule enzyme lysozyme in response to
micromolar levels of free calcium. We now report that digitonin can be used in place of saponin and that it
has several advantages. Permeabilization of human neutrophils was accomplished with 10 pg /ml digitonin in
a high potassium medium. Normally impermeant solutes such as [*C]sucrose and inulin| " C]carboxylic acid
gained access to one half of the intracellular water space marked with [PH]JH,O. Between 30 and 100% of the
cytoplasmic enzyme, lactate dehydrogenase, leaked from the intracellular space. The permeabilization
process and calcium-triggered granule secretion were critically dependent upon temperature, time and
digitonin concentration. Permeabilized neutrophils secreted B-glucuronidase, lysozyme and vitamin B-12
binding-protein, constituents of both azurophil and specific granules, when exposed to micromolar levels of
free calcium. Release of specific granule constituents appeared to be more sensitive to free calcium than
release from azurophil granules. Although the amount of permeabilization varied considerably with each
batch of cells, release of these granule markers was a consistent finding. Release of granule markers was
accompanied by resealing of the cells to high-molecular-weight (M, > 5000) solutes. Electron microscopic
evidence also suggested that granule and plasma membranes were intact following digitonin treatment and
that fusion of these membranes occurred in response to calcium. These results suggest that elevation of
intracellular free-calcium levels is a sufficient condition for lysosomal enzyme release.

Introduction cyclic nucleotide levels [7,8]. Recent studies from

this group and others have focused on the bio-

Stimulation of neutrophils leads to a variety of
responses, including the secretion of lysosomal
enzymes and the generation of reactive derivatives
of oxygen, such as superoxide anion (O, ) and
H,0,. The agents which stimulate these responses
generally interact with the plasma membrane or its
receptors, triggering changes in membrane electro-
chemical potential [1,2], cation fluxes [3-6] and

Abbreviations: PMA, 4B-phorbol 12-myrisate 13-acetate;
fMet-Leu-Phe, formylmethionylleucylphenylalanine.

chemical and physiologic events which serve to
translate interactions at the plasma membrane level
into cellular responses, i.e., on the identity of the
second messenger(s).

There is now substantial evidence suggesting
that intracellular calcium is playing a second mes-
senger role in stimulus-response coupling in neu-
trophils. The involvement of intracellular free
calcium was first suggested by studies using the
probe chlortetracycline, which is generally believed
to monitor membrane-bound calcium levels. The
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rapid drop in fluorescence observed when chlor-
tetracycline-loaded cells are exposed to stimulation
indicates that membrane-bound deposits are being
mobilized at a very early time in the stimulus-re-
sponse coupling pathway [9-11]. The fact that
these fluorescence responses are not inhibited by
EGTA [9,10] emphasizes the intracellular nature of
this response. Studies with the fluorescent in-
tracellular calcium probe quin2 have indicated that
following stimulation with the chemotactic peptide
fMet-Leu-Phe, intracellular free-calcium levels rise
almost immediately from a resting level of 0.1 uM
to approx. 1 uM [6,12,13]. A substantial rise is also
observed in the presence of EGTA, suggesting that
intracellular stores of calcium can be mobilized.
One of the few stimuli which apparently do not
provoke an increase in intracellular free-calcium
concentrations is the tumor promotor 48-phorbol
12-myristate 13-acetate (PMA; Refs. 14 and 15).
Even in this case, intracellular free calcium may
underlie the activation process. PMA reduces the
K, for calcium of its putative receptor, protein
kinase C, into the submicromolar range [16]. With
these altered kinetics, the kinase could be activated
by the ‘resting’ levels of intracellular free calcium.

Thus, there is ample evidence that intracellular
free calcium levels increase in stimulated neu-
trophils. However, to substantiate a second mes-
senger role of calcium, it is necessary to show that
micromolar levels of intracellular free calcium are
sufficient to induce stimulation of the cells. In
other secretory systems, permeabilization has been
employed to introduce calcium buffers into the
cytoplasm and otherwise manipulate the interior
of the cells [17-23]. In general, these investigations
have demonstrated that micromolar levels of in-
tracellular free calcium are adequate to induce
secretion from a variety of cell types. Indeed, we
have recently reported that human neutrophils can
be permeabilized with the cholesterol-complexing
agent saponin [24]; these permeabilized neu-
trophils can be induced to secrete the lysosomal
enzyme lysozyme in response to micromolar levels
of free calcium. However, cells permeabilized with
this agent are quite fragile and do not secrete any
azurophil granule constituents. Moreover, saponin
is a poorly defined material. We now report that
human neutrophils can be permeabilized with the
defined cholesterol-complexing agent digitonin,

and that these cells can be induced to ‘secrete
lysosomal constituents when exposed to micro-
molar levels of free calcium. Furthermore, lyso-
somal enzyme release can be obtained from both
the specific and azurophil granules. These data
demonstrate that increases in intracellular free
calcium into the micromolar range constitute a
sufficient condition for secretion.

Materials and Methods

Reagents. Calmodulin (from bovine brain),
cyclic AMP (sodium salt), cyclic GMP (sodium
salt), ATP (disodium salt, vanadium free), GTP
(type 1) and digitonin (lot 62F0135) were
purchased from Sigma Chemical Company, St.
Louis, MO. Inulin['*C]carboxylic acid and
[*HJH,0 were obtained from New England
Nuclear, Boston, MA. [**C]JEDTA was obtained
from Amersham, Arlington Heights, IL. Hydro-
fluor was purchased from National Diagnostics,
Somerville, NJ. All other materials were reagent
grade. »

Preparation of cell suspensions. Heparinized (10
units / ml) venous blood was obtained from healthy
adult donors. Purified preparations of neutrophils
were isolated from this blood by means of Hy-
paque/ Ficoll gradients [25] followed by standard
techniques of dextran sedimentation and hypo-
tonic lysis of erythrocytes [26]. This allowed stud-
ies of cell suspensions containing 98 + 2% neu-
trophils with few contaminating platelets or
erythrocytes. The cells were washed and finally
suspended in buffer A (138 mM NaCl/2.7 mM
KCl/81 mM Na,HPO,/1.5 mM KH,PO,/1
mM MgCl,/0.6 mM CaCl, (pH 7.4). For perme-
abilization studies, the cells were instead washed
once and resuspended in buffer B (100 mM KCl/
20 mM NaCl/1 mM EGTA /30 mM Hepes (pH
7.0)).

Neutrophil permeabilization. Stock solutions of
digitonin from a single lot (1 mg/ml) were pre-
pared daily in buffer B; the resulting suspension
was more efficient than solutions clarified by heat-
ing. Neutrophils (25 - 10%/ml) suspended in buffer
B were preincubated for 10 min at 37°C. Incuba-
tion was at 37°C for 25 min with 10 pg/ml
digitonin, unless otherwise indicated; the cell sus-



pension was mixed every 5 min. For monitoring of
permeabilization, [*HJH,0 (1 uCi/ml) was in-
gluded as an intracellular space marker:
inulin[**C]carboxylic acid (1 pCi/ml, 0.01 mM)
or ["“CJEDTA (1 uCi/ml, 0.1 mM) were included
as extracellular space markers. After various times
of incubation, 200-p! aliquots of sample were
placed in 400-ul1 polyethylene centrifuge tubes
(Beckman Instruments) which already contained
100 pl silicone oil layered over 100 ul of 85%
phosphoric acid. Centrifugation for 20 s at 9000 x
g in a Beckman Microfuge B sedimented the neu-
trophils through the oil into the phosphoric acid.
The tips of the tubes were excised and the cell
digests were placed in 1 ml of water. Vigorous
shaking dislodged the cell layer, 10 ml of hydro-
fluor was added, and the digest was counted in a
Tracor Analytic model 6972 liquid scintillation
counter.

The following procedures were employed for
studies of reversibility. When Trypan blue was
used as a marker, permeabilized cells were exposed
to the desired concentrations of Ca** for 10 min at
37°C. Trypan blue was added, allowed to equi-
librate for 10 min, after which the percentage of
cells positive for Trypan blue was counted. Con-
trol cells were defined as those to which no Ca**
was added. When radiochemical tracers were used
as markers, the permeabilized cells were treated
and equilibrated with the probes as described for
Trypan blue. Ratios of [*H]H,0/'C-labeled so-
lute were determined. The ratio for non-permeabi-
lized cells was statistically indistinguishable from
that for permeabilized cells resealed with 1-10~*
M Ca?", using ['"“Clinulin as the tracer; this latter
datum was defined as 100% reversibility. The ratios
for permeabilized neutrophils which were not ex-
posed to Ca?* (control cells) were defined as 0%
reversibility. All other values for percent reversibil-
ity were calculated from these data.

Lysosomal enzyme release. Following permea-
bilization, neutrophils were suspended in buffer B
at a concentration of 5-10°/ml and then in-
cubated with calcium (final free concentrations of
0.25-100 pM) at 37°C for 10 min. All of these
conditions could be varied, as indicated. Cells
incubated without calcium and unpermeabilized
neutrophils were employed as routine controls.
The cell suspensions were then centrifuged at 750
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X g for 10 min or 9000 X g for 20 s in a Beckman
Microfuge (depending upon the experimental pro-
tocol). Aliquots of the supernatants were taken for
standard determinations of B-glucuronidase [27],
lysozyme [28] vitamin B-12 binding protein [29]
and lactate dehydrogenase activities [39].

Free-calcium determinations. Free-calcium de-
terminations for buffer B supplemented with 2 -
107%-1.2-10"* M total Ca’* were made using a
calcium-sensitive electrode (Orion 93-20). Titra-
tion curves were established for calcium solutions
in the 1-107 > M-2-10"2 M Ca* range and the
slope of the electrode was assumed to be constant
for free-calcium concentrations below 1-107° M
[31]. In all cases where buffer B was supplemented
(i.e., with ATP, GTP, Mg?*, etc.) or altered (pH),
separate titration curves were generated. The
calcium contributed by the endogenous contents
of neutrophils could not significantly alter final
free-calcium concentrations.

Electron microscopy. Neutrophils suspended in
buffer B were permeabilized with digitonin and
then stimulated for 5 min with 30 uM free Ca’*.
Aliquots of these cells were fixed in a solution
containing 3% glutaraldehyde, 3% formaldehyde
and 100 mM sodium cacodylate. Postfixation was
in 2% OsO, buffered with S-colloidin, and em-
bedding in agar. Agar pellets were embedded in
Epon 812 and stained en bloc with 2% uranyl
acetate. Ultrathin sections were cut using a Sorvall
Porter Blum MT2-B ultramicrotome equipped with
a diamond knife. Sections were stained with Rey-
nold’s lead citrate stain and viewed with a Zeiss
109TFP transmission electron microscope.

Results

Conditions for optimal permeation of tracers

We previously demonstrated that human neu-
trophils could be permeabilized with the
cholesterol-complexing agent, saponin, and that
these permeabilized cells could be induced to
secrete the granule enzyme lysozyme in response
to elevated levels of free calcium [24]. This system
has some weaknesses which proved to be
ameliorated by using digitonin in place of saponin.
A crucial first step for establishing the conditions
for permeabilization by any agent is the use of
radiochemical tracers. In these studies we em-
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Fig. 1. The effects of digitonin concentration on the distribu-
tion of intracellular and extracellular space markers. Human
neutrophils were preincubated with the indicated concentra-
tions of digitonin for 25 min at 37°C in the presence of
radiochemical tracers. The cell pellet was obtained by centrifu-
gation through silicone oil. Radioactivity in the isolated cell
pellet was determined. The data are given as the means (1 S.D.)
for three separate experiments and show '*C-labelled extracell-
ular space markers and [*H]H,O distributions. The ratio of the
volumes marked by these tracers is also given. The asterisks
indicate significance to the P < 0.05 level using the Student’s
paired 1-test. @ ®, [*HJH,0/["*Clinulin; O o,
¥, 0 0, *H.

ployed extracellular space markers such as
inulin['* C]carboxylic acid or ['*C]sucrose and ob-
served whether or not treatment with digitonin
permitted these tracers access to the intracellular
space marked by [*’HJH,0. As shown in Fig. 1,
increasing concentrations of digitonin caused an
increase in the number of '*C counts obtained in
the cell pellet. The ratio of volumes marked by *H
and '“C decreased to an asymptotic value of about
2, indicating that the solute was gaining access to
about one half of the water space. This is con-
sistent with the interpretation that the solute was
still being excluded from nuclei and granules. At
concentrations above 30 pg/ml (not shown), the
cells lysed, as indicated by a virtually complete

collapse of the [*HJH,O space. From these data,
we selected a digitonin concentration of 10 pg/ml
as optimal for routine permeabilization.

The time-course of permeabilization of human
neutrophils with 10 ug/ml of digitonin was also
examined (not shown). The ratio of *H-to'*C
volumes decreased to an asymptotic value of ap-
prox. 2 as time progressed. From these data, we
selected 25 min as a time period providing ade-
quate permeabilization.

Conditions for optimal Ca’*-induced granule secre-
tion

In view of the results obtained using the saponin
system, we were interested in observing the effect
of free calcium on the release of cellular con-
stituents from the permeabilized neutrophils. Fig.
2 shows a typical experiment in which the cells
were preincubated and permeabilized with dig-
itonin for 15 min, after which free-calcium levels
of 25 uM were established. As can be seen in the
upper left, release of the cytosolic enzyme lactate
dehydrogenase took place almost linearly over the
duration of the experiment, in the absence of
calcium. When calcium was added at the 15 min
point, however, release of lactate dehydrogenase
stopped abruptly, apparently due to resealing of
the cells. In marked contrast, release of the
azurophil granule enzyme, B-glucuronidase, took
place at a much smaller rate in the absence of
calcium (upper right), indicating that the granule
membranes remained relatively intact. When
calcium was added, however, a rapid release of a
substantial fraction of the cellular 8-glucuronidase
was observed. No calcium-triggered release of this
enzyme was observed when the cells were per-
meabilized with saponin [24]. As shown in the
lower left, release of lysozyme, an enzyme found
both in the specific and azurophil granules, was
negligible in the permeabilized cells until calcium
was added, after which secretion was pronounced
and rapid. Similar results were obtained for the
specific granule constituent, vitamin B-12 binding
protein, as shown in the lower right.

Although the previous tracer studies indicated
that optimal permeabilization was obtained at 25
min, it was important to see how this treatment
affected lactate dehydrogenase release or calcium-
induced granule secretion. Therefore, we first
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looked at the effect of permeabilization time on
release of cellular enzymes. For the experiment
shown in Fig. 3, neutrophils were permeabilized
with 10 pg/ml digitonin for the indicated periods
of time, after which they were exposed to 0 or 25
pM free calcium and incubated for an additional
7.5 min. As expected from the tracer studies, per-
meabilization as monitored by lactate dehydro-
genase release was strongly time dependent.
Lactate dehydrogenase release was reduced if
calcium was present during the 7.5 min incubation
period, reflecting the apparent resealing process.
The amount of lysosomal constituents which could
be released by calcium was also strongly time
dependent and appeared to require adequate per-
meabilization. In view of the concordance between

activities. The data shown are from a single
typical experiment (of which at least three
were performed). —Ca?*, @ o;
+Ca%*, a A,

these data, a 25 min permeabilization period was
accepted as a standard incubation condition for
both functional and tracer studies.

It was also important to show that the con-
centrations of digitonin chosen on the basis of
tracer permeation were useful for studies of
calcium-induced granule release. As can be seen in
Fig. 4, the extent of permeabilization and re-
sponsiveness to calcium were dependent upon the
concentration of digitonin employed. Release of
cytoplasmic lactate dehydrogenase increased with
digitonin concentration, reaching a plateau above
10 pg/ml (upper left). The calcium-stimulated
release of the three granule constituents followed a
similar pattern. Concentrations of digitonin greater
than 30 pug/ml caused lysis of the cells, as indi-
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cated by massive release of granule constituents.
These data suggested that the standard concentra-
tion of 10 pg/ml, chosen on the basis of the tracer
studies shown in Fig. 1, was also suitable for
studies of lysosomal enzyme release.

Successful permeabilization, but not secretion
per se, proved to be very sensitive to temperature.
Fig. 5 shows a typical experiment in which neu-
trophils were both permeabilized and then stimu-
lated with calcium at different temperatures. As
can be seen, permeabilization (as indicated by
lactate dehydrogenase release) and subsequent en-
zyme secretion were highly dependent upon the
temperature, with 37°C being close to maximal.
This temperature dependence was primarily a
property of the permeabilization process, not of
calcium-induced secretion; when the neutrophils
were initially permeabilized at 37°C and then in-

are from a single typical experiment (of which
at least three were performed). LDH, lactate
dehydrogenase.

cubated with calcium at different temperatures,
the pronounced temperature dependence was no
longer evident (not shown). Diminished release of
vitamin B-12 binding protein was found at the
elevated temperatures; this could conceivably be
due to degradation of this compound by enhanced
proteinase and oxidant secretion obtained at these
temperatures.

Variability

One problem with the digitonin permeabiliza-
tion system is that the extent of permeabilization
can vary widely between batches of cells. It is not
yet clear if this variability is donor dependent;
whatever the source of the variability, we have
elected to emphasize its presence in this study by
employing standard deviations rather than stan-
dard errors of the means. As can be seen in Table
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I, the amount of lactate dehydrogenase release
obtained in the presence of digitonin was 61 + 17%
(n=47) with a range of 119-30%. Substantial
variability was also found with the release of lyso-
somal constituents, especially after they were
stimulated with calcium. However, as shown in
Table I, the differences between permeabilized and
calcium-stimulated releases of enzymes were highly
significant, even when unpaired statistics were em-
ployed. Furthermore, the amount of calcium-in-
duced secretion of lysosomal constituents corre-
lated closely with the extent of permeabilization
(monitored by the release of lactate dehydrogenase
following treatment with digitonin). As shown in
Table 11, lactate dehydrogenase release from dig-
itonin-treated cells (column entitled ‘digitonin’)

correlated strongly with calcium-induced secretion
of all three granule contents (row 3 for each gran-
ule constituent).

Modulation of calcium-induced secretion

In view of the above-mentioned variability, it
was important to establish the significance of
calcium-induced lysosomal enzyme release. Free
calcium in the micromolar range induced statisti-
cally significant secretion of all three lysosomal
constituents (Fig. 6). The release of lactate dehy-
drogenase was significantly decreased above 10
uM Ca?*. Substantial and consistent enhancement
of B-glucuronidase release was found only at
calcium concentrations greater than 30 upM.
Lysozyme exhibited greater sensitivity to calcium,



TABLE 1

SUMMARY OF CELLULAR CONSTITUENT RELEASE BY DIGITONIN AND SUBSEQUENT EXPOSURE TO CALCIUM

The data in this table give the means, standard deviations, numbers of experiments, degree of significance and range of results for all
pooled experiments. All of the data were obtained from experiments in which permeabilization was obtained with 10 gg/ml digitonin
for 25 min at 37°C, secretion was induced by 25 or 100 pM free calcium for 5-15 min at 37°C. Condition 1 refers to untreated,
control neutrophils. Condition 2 refers to those cells which have been permeabilized with digitonin. Condition 3 refers to
permeabilized cells which were subsequently stimulated with calcium. Significance for Condition 2 refers to an unpaired Student’s
1-test comparison between Conditions 1 and 2. Significance for Condition 3 refers to a similar comparison between Conditions 2 and
3. Levels of significance: — not meaningful; * P < 0.001; ** P <1075,

Enzyme Condition Mean +S.D. n Significance Low-high
Lactate dehydrogenase

Control 1 24+ 5.2 38 - 0.7-11.8

Digitonin 2 61.0+17.4 47 i 30.0-118.9

Digitonin + Ca®* 3 40.5+14.2 44 ** 15.2-84.0
Lysozyme

Control 1 49+ 3.1 38 - -2.7-138

Digitonin 2 9.6+ 4.9 47 * 3.1-28.8

Digitonin + Ca* 3 315+ 101 44 b 11.5-53.4
Vit. B-12 binding protein

Control 1 54+ 3.1 37 - 1.6-16.6

Digitonin 2 9.0+ 3.8 46 * 4.0-244

Digitonin + Ca?* 3 246+ 6.0 44 = 12.0-36.6
B-Glucuronidase

Control 1 25+ 09 38 - 0.0-4.5

Digitonin 2 94+ 3.5 46 b 2.6-203

Digitonin + Ca?* 3 234+ 94 47 i 9.4-47.5
TABLE 11

CORRELATION BETWEEN RELEASE OF GRANULE CONSTITUENTS AND LACTATE DEHYDROGENASE AFTER
EXPOSURE TO DIGITONIN AND STIMULATION WITH CALCIUM

Data were pooled from those experiments used in Table I and all the same criteria apply. The data were subjected to analysis in order
to look for correlations between the permeabilization, as monitored by lactate dehydrogenase release, and secretion of granule
constituents. The symbols used below are as follows: —, not significant; *, significant to P < 0.05; **, significant to P < 0.01.

Enzyme release Condition Lactate dehydrogenase
control digitonin digitonin + Ca?*
Lysozyme
Control 1 * - -
Digitonin 2 - - -
Digitonin + Ca?* 3 ** b -
Vitamin B-12 binding protein
Control 1 * - -
Digitonin 2 - - -
Digitonin + Ca* 3 b b *
B-Glucuronidase
Control 1 - - -
Digitonin 2 - b *
Digitonin + Ca®* 3 * e b
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with substantial release at greater than 10 pM.
Vitamin B-12 binding protein, which was released
at concentrations greater than 5-7 pM, was the
most sensitive.

A number of potential modulators of calcium-
induced lysosomal enzyme release were tested for
their effects upon the permeabilized cell system. In
essence, we found that ATP (5-100 pM), Mg?* (1
mM), GTP (100 pM), cAMP (50 uM), cGMP (50
gM), cytochalasin B (5 pg/ml) and colchicine (5
pM) were all without profound effect upon
calcium-induced secretion. This secretion also
proved to be relatively independent of cell con-
centration (Fig. 7); this is in contrast to the results

obtained with the saponin-permeabilized system
[24]. ‘

Reversibility of permeabilization
The data in Fig. 2 suggest that the addition of

37

dicates the background level of enzyme re-
lease found in the absence of digitonin. LDH,
lactate dehydrogenase.

4l

Ca’* might cause resealing of the cells, as indi-
cated by a diminution in lactate dehydrogenase
release. In a series of experiments following up this
lead, we treated permeabilized neutrophils with
various concentrations of Ca’* and then examiged
their ability to exclude Trypan blue. As shown in
Fig. 8, high concentrations of Ca’* resulted in
approx. 50% of the cells becoming impermeable to
Trypan blue.

Radiochemical studies with ['*Clinulin and
['*CJEDTA were also performed (not shown). In
these experiments, the neutrophils were subjected
to various treatments and then exposed to [*H]JH,O
and the desired '*C-labelled solute. The [*H]JH,O-
to-['*Clinulin ratios were approx. 5, 2 and 5 for
non-permeabilized, permeabilized and calcium-
treated (1-10"* M) permeabilized cells, respec-
tively (Fig. 1; unpublished data). This latter value
was defined as 100% reversibility of permeabiliza-
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0O) neutrophils. LDH, lactate dehydrogenase.

tion. When ['“CJEDTA was used as the tracer,
only 50% reversibility was obtained at 1-10~% M
Ca’*. This was comparable to the reversibility
seen for Trypan blue. Lower concentrations of
Ca’* produced less reversibility of permeabiliza-
tion. The quantities of EDTA employed as a tracer
in these studies had no effect on free-calcium
concentrations or upon the exclusion of ['*Clins-
ulin.

Morphology

The morphology of neutrophils exposed to the
permeabilization system was also examined. Fig. 9
shows a neutrophil suspended in buffer B without
digitonin. We have observed the preservation of

®) and digitonin-permeabilized

delicate ultrastructure, such as the Golgi appara-
tus, as well as a clear definition between eu-
chromatin and heterochromatin in the nucleus.
Fig. 10A shows two neutrophils which have
been exposed to digitonin and which are repre-
sentative of the two distinct morphologies found
in this heterogeneous population. After 25 min in
buffer B plus digitonin, some of the cells retained
morphologic characteristics suggestive of nonper-
meabilized cells (Fig. 10A, left), including a dense
cytoplasmic matrix and clearly demarcated nuclear
chromatin. The other cells, however, were ob-
served to have a more electron-lucent cytoplasm,
and rounder and less dense nuclear material (Fig.
10A, right). We believe that these traits suggest
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\ digitonin permeabilization. Cellular permeabiliza-
x tion by digitonin under these conditions did not
appear to extensively damage labile cellular con-
tents, however, since intact Golgi (Fig. 10C) with
7 - associated vesicles, and cytoplasmic granules with
complete membranes (Fig. 10B) were routinely
. observed.
n Although morphologic structure was not
0 damaged by permeabilization, we observed a re-
arrangement of cellular contents. Cells permeabi-
lized with digitonin, but without exposure to Ca?*,
25 Fig. 8. Effect of free-calcium concentration on the permeability
of neutrophils as determined by Trypan blue. Neutrophils were
permeabilized with digitonin (10 pg/ml) and then incubated 10
min at 37°C with the indicated concentration of Ca%*. They
were incubated 10 min with Trypan blue and the proportions
| | , of cells positive for the dye were counted. The control was
defined as that proportion measured for cells which were not
14 10 100 exposed to Ca2*, The results are given as means (+S.D.) for
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three experiments. Statistics were calculated by Student’s paired
t-test. * P <0.05, ** P <001, n=3.
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Fig. 9. Morphology of neutrophils suspended in buffer B. Human peripheral blood neutrophils were suspended in buffer B and then
prepared for electron microscopy. Neutrophils in buffer B display good retention of cellular organization, wihout gross distortions in
organelle morphology. The golgi (G), for example, shows preservation of its stacked cysternae. G, golgi; N, nucleus; Magnification,

X 19900.

appeared to have their cytoplasmic granules
arranged either randomly or more centrally located
(Fig. 10A, 11A). Following exposure to Ca?*, most
cellular granules appeared to be located closer to
the plasma membrane (Fig. 11B). Indeed, many of
these cells contained arrays of both specific and

azurophil granules in close proximity to the cyto-
plasmic aspect of the plasma membrane (Fig. 11C,
arrows). Some images suggest exocytosis of gran-
ule contents, since granules and plasma mem-
branes appear closely applied and sometimes con-
tinuous (Fig. 11D, arrows).
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Fig. 10. Effect of permeabilization on neutrophil morphology. Human neutrophils were permeabilized in buffer B plus 10 ug/ml
digitonin, and prepared for electron microscopy. Some of the cells displayed normal characteristics (A, left), including clearly defined
nuclear chromatin and an electron-dense cytoplasmic matrix. Most cells, however, showed evidence of permeabilization (A, right) by a
change in the opacity of the cytoplasm and a loss of chromatin definition. In the permeabilized state, cells retained excellent
morphologic preservation; Golgi (G, in part C) with complete cysternae and associated vesicles were routinely observed, and
cytoplasmic granules (B) often had complete membranes. N, nucleus; G, golgi; Gr, cytoplasmic granules; ER, endoplasmic reticulum;
v, vesicle. Magnifications: A, X10697; B, X 61989; C, X 31086.

Discussion achieved are diverse, but the use of digitonin is
relatively common [20-23]. While the precise con-

Permeabilization has been used in a variety of ditions vary with experimental protocol, particu-
cell systems [17-24] to demonstrate a direct role larly with respect to cell concentration and the
for intracellular free calcium in stimulus-secretion presence of calcium during the permeabilization

coupling. The means whereby permeabilization is procedure, it should be noted that the conditions






employed in our experiments are quite typical
[20-23]. In this regard, Prentki et al. [23] recently
reported the permeabilization of human neu-
trophils with digitonin in a high-sodium medium.
Results were apparently much the same as ours, as
they obtained 62% lactate dehydrogenase release
and thus, most likely, a heterogeneous population.
However, our granules appeared to be consider-
ably more intact, as indicated by retention of
vitamin B-12 binding protein.

Our data demonstrate that the permeabilization
process in human neutrophils is dependent upon a
number of variables. The concentration of dig-
itonin was crucial; permeabilization, as monitored
by both radiochemical tracers and lactate dehy-
drogenase release, increased until it reached a
plateau at a digitonin concentration of 10 pg/ml.
The time period allowed for permeabilization, as
measured by both these parameters, was also criti-
cal. Finally, temperature was very important for
the permeabilization process, although it was less
critical for calcium-induced lysosomal enzyme re-
lease.

There are a number of potential difficulties
with interpretation of the results presented here.
For example, it has been shown that digitonin is a
Ca’*-dependent stimulus for secretion by neu-
trophils [33-34]. However, these previously pub-
lished experiments were performed in physiologic,
high-sodium buffers containing calcium, not in
buffer B. High-sodium buffers are conducive to
secretion while buffer B is not (Fig. 6). It can be
seen throughout our data that digitonin does in-
crease the baseline release of all lysosomal en-
zymes, generally by 2-fold, but this is most likely
due to some lysis of granule membranes by the
detergent. What is most important is that micro-
molar concentrations of free calcium triggered
substantial quantities of enzyme release. Further-
more, Fig. 3 shows that increasing periods of
incubation with digitonin (and thus increased per-
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meabilization as monitored by lactate dehydro-
genase release) must be employed before calcium
can induce secretion; this demonstrates that there
is no simple synergy between digitonin and calcium
which produces lysosomal enzyme release. Finally,
digitonin is not serving as a general ‘priming’
stimulus, since it does not augment enzyme release
stimulated by optimal or suboptimal concentra-
tions of PMA, Concanavalin A, or fMet-Leu-Phe
(data not shown).

The possibility also exists that calcium is actu-
ally inducing lysis of the granules rather than
secretion. This is an extremely unlikely occurrence
since calcium is known to stabilize rather than
labilize the membranes of permeabilized cells
[17-19); indeed, our data suggest that micromolar
levels of free calcium actually caused resealing of
the permeabilized neutrophils (Figs. 2 and 8). In
addition, granule membranes appeared to be pre-
served in permeabilized cells (Figs. 10 and 11) and
morphology suggestive of degranulation has been
observed (Fig. 11). We have also provided strong
evidence that a lytic mechanism is not operating,
since granule enzymes released by such a process
would not be able to escape from resealed neu-
trophils (which could no longer leak lactate dehy-
drogease or permit entry of inulin (Fig. 2)). Rather,
this appears to be a case of classic secretion in
which lysosomal constituents are discharged
without the accompanying release of cytoplasmic
contents.

The resealing process induced by Ca®* could
conceivably allow the neutrophil to reconstitute its
intracellular space, such as by operation of its
Ca’* pump. However, this is unlikely to present a
difficulty in interpretation since we have found
that resealing is partial, and applies only to high-
molecular-weight (M, > 5000) solutes, such as in-
ulin and lactate dehydrogenase (Fig. 2); smaller
solutes, such as EDTA and Trypan blue, were not
excluded (Fig. 8). Thus it is very unlikely that the

Fig. 11. Effect of calcium on morphology of permeabilized neutrophils. Human peripheral neutrophils were permeabilized and then
incubated with or without 30 pM Ca?* for 10 min before being prepared for electron microscopy. Before the addition of Ca?* (A),
intracellular azurophil (Ag) and specific granules (Sg) remained uniformly and randomly distributed in the cytoplasm. After the
addition of 30 pM Ca?*, granules attained a position closer to the plasma membrane (B). Many images of these cells contained arrays
of granules closely applied to the plasma membrane (Arrows, C), including some which suggested degranulation events, since granule
and plasma membranes appeared continuous (Arrows, D and * C). N, nucleus; Cy, cytoplasm; Ag, azurophil granule; Sg, specific
granule. Magnifications: A, X33700; B, x33700; C, X68500; D, X58000; Bar = 0.5 uM.
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‘resealed’ cell would be able to change its internal
environment with respect to small constituents
such as Ca’™.

A final difficulty with this system is the day-to-
day variability of permeabilization, evident in Ta-
ble I. As yet, we have been unable to determine
the source of this phenomenon. Heterogeneity of
the cell population is strongly suggested by Trypan
blue permeability (data not shown) and mor-
phology; the fraction of permeabilized cells de-
termined by both of these criteria agrees quantita-
tively with lactate dehydrogenase leakage. None-
theless, the magnitude of this difficulty is mini-
mized by the fact that calcium-induced lysosomal
enzyme release is always obtained and that it is
always statistically significant. It is also useful to
note that responsiveness to calcium correlated with
the degree of permeabilization, as monitored by
the release of lactate dehydrogenase (Table II).
While the degree of permeabilization is variable, it
does serve as an accurate predictor of the amount
of calcium-induced lysosomal enzyme release
which will be obtained.

Digitonin has several advantages over saponin,
which we previously employed as a permeabili-
zation agent. First, digitonin is a defined sub-
stance, while saponin is a mixture of compounds;
digitonin should thus provide more reproducible
results among batches. Second, the digitonin sys-
tem was less sensitive to detergent concentration.
Using saponin, it is easy to lyse the cells due to
relatively small variations (20%) in cell/ detergent
ratio [24]. The range of digitonin concentrations
over which permeabilization could be achieved
without lysis of the cells was much broader. Fi-
nally, permeabilization with digitonin permitted
calcium-induced secretion of azurophil granule
constituents (i.e., S-glucuronidase) this was never
observed with the saponin system. The reason for
this is unknown, although presumably treatment
with digitonin preserves the stimulus-secretion
coupling pathway for this granule type. It is possi-
ble, for example, that saponin allows certain im-
portant proteins to be denatured or lost to the
extracellular space. A comparison between these
two permeabilized cell systems could provide cru-
cial information with respect to the two stimulus-
secretion pathways.

These studies complement those employing in-

direct probes of intracellular free calcium. Using
chlortetracycline, it has been suggested that mem-
brane-bound calcium is rapidly mobilized follow-
ing stimulation [9-11]. Studies with quin2 have
suggested that intracellular free calcium levels in-
crease as a result of this utilization, reaching sub-
micromolar or micromolar levels [12,13]. Our data
demonstrate that free-calcium levels in the micro-
molar range are alone sufficient to induce secre-
tion. This calcium-induced secretion appears phys-
iologic with respect to quantity and time-course. It
also is independent of cytochalasin B and a variety
of other potential cofactors. As indicated in Fig. 6,
it appears that release of constituents from specific
granules is more sensitive to calcium than release
from azurophil granules, a conclusion which has
long been suspected [35]. While it could be argued
that intracellular free-calcium levels as monitored
by quin2 are a little lower than those employed in
this study, it should be realized that this probe
monitors only average levels of calcium. Indeed, it
has recently been reported, that quin2 reduces the
height of the intracellular free-calcium transient by
its mere presence [36]; thus, peak levels could be
considerably higher than generally reported.

These results thus demonstrate that micromolar
levels of free calcium are alone sufficient to induce
lysosomal enzyme release. Whether or not that is
the actual or sole mechanism in the intact cell is
not clear. It is quite possible that physiologic
intracellular free-calcium levels do not reach the
range required for this model system. If no cofac-
tors could then be found to alleviate the Ca’*
requirement, then it is also possible that this mech-
anism is not operating in vivo. Even under this
worst case situation, our data nonetheless show
that a degranulation system totally dependent upon
free Ca?* is extant in the cells; this could, for
example, be the vestigial remains of a primitive
fusion mechanism which requires higher Ca’>* con-
centrations. Future experiments will concentrate
on investigation of this as well as on utilization of
the resealing process for more extensive probes of
the intracellular space.
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