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Release and subcellular fractionation experiments indicate that fusion of a novel tertiary granule with the
plasma membrane is concomitant with human neutrophil activation. Phorbol 12-myristate 13-acetate
(PMA) induced a respiratory burst in human neutrophils as well as a high release of gelatinase, a marker
of the tertiary granule. Preincubation of neutrophils with cytochalasin E induced a partially activated or
‘primed’ state, in which cells were unable to generate superoxide anion, but showed a reduced latency period
for this activity. Fusion of tertiary granules with the cell surface also occurred during priming, although
to a lesser extent than in PMA stimulation. The rapid tertiary granule degranulation, preceding that of spe-
cifics and azurophilics, seems to play an important role in the functionality and secretory properties of hu-
man neutrophils.
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1. INTRODUCTION

Neutrophilic polymorphonuclear leukocytes
(neutrophils) constitute the first line of defense
against infection, and are one of the primary
mediators of the acute inflammation response.
Central to these functional roles are the
neutrophil’s cytoplasmic granules, containing a
great amount of hydrolytic enzymes and
microbicidal factors that function at both in-
tracellular and extracellular sites [1]. Two major
types of granules, azurophil (primary) and specific
(secondary), have been characterized in human
neutrophils based on ultrastructural morphology
and biochemical composition [2]. However, recent
evidence indicates considerably greater granule
heterogeneity than is generally accepted [3]. In this
regard, we have recently reported the presence of
a novel tertiary granule in human neutrophils [4].
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This tertiary granule is highly enriched in
cytochrome b and ubiquinone [4], two putative
components of the superoxide-generating system,
and contains gelatinase as an enzyme marker [4,5].

Upon exposure to ingestible particles or to
several soluble stimuli (e.g. PMA), neutrophils
undergo profound changes in oxygen metabolism
after a characteristic time lag [6]. This metabolic
alteration, termed ‘respiratory burst’, results from
the activation of an oxidase system which catalyzes
the reduction of molecular oxygen to superoxide
anion (O32), which is subsequently converted into
hydrogen peroxide and other reactive oxidants [7].
Other early events readily observed after cell
stimulation include proton release to the sur-
rounding medium [8}, and degranulation, i.e.
fusion of cytoplasmic granules with the plasma
membrane (exocytosis) or with the endocytic
vacuole (endocytosis).

Here, we show evidence favoring the functional
involvement of the novel tertiary granule in the
respiratory burst activity of activated neutrophils.
Furthermore, we find that this tertiary granule
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fuses readily with the plasma membrane upon cell
activation and precedes degranulation of specific
and azurophilic granules.

2. MATERIALS AND METHODS

2.1. Isolation of neutrophils

Neutrophils were prepared from fresh human
peripheral blood after removal of erythrocytes by
sedimentation at unit gravity through dextran as
described [4].

2.2. Cytochalasin E and PMA treatments

Freshly isolated, resting cells were resuspended
in 5 ml Locke’s solution (0.9 g NaCl, 0.024 g
CaCl, 0.042 g KCl, 0.02 g NaHCO;3, 0.1 g glucose
and water to make 100 ml of solution) per 0.1 g
packed neutrophils. The cell suspension was in-
cubated with cytochalasin E (5 4M) or PMA
(3.2 zM) for 6 min at 37°C. Stock solutions in
dimethyl sulfoxide were 2 and 0.2 mg/mli, respec-
tively. After rapid cooling to 4°C, the cells were
collected and washed with cold saline by cen-
trifugation at 800 x g for 3 min.

For measurement of enzyme release, the cell
pellets and washes obtained after cytochalasin E
and PMA treatments were assayed for marker ac-
tivities as described below.

2.3. Subcellular fractionation

Cells were disrupted by hypotonic shock and
homogenization as in [4]. The postnuclear super-
natant or extract fraction was fractionated on a
14.3—-34.5% (w/w) continuous sucrose gradient by
centrifugation at 70000 x g for 15 min at 4°C as
reported in [4].

2.4. Miscellaneous

Oxygen consumption was determined using a
Gilson model K-ICC-H oxygraph with glucose or
NADPH as substrates for intact or disrupted cells,
respectively, as described [9].

Protein and markers for cytosol (lactate
dehydrogenase), plasma membrane (5'-nucieo-
tidase), tertiary granules (gelatinase), specific
granules (lysozyme) and azurophilic granules
(myeloperoxidase) were assayed according to [10}.
Cytochrome b and ubiquinone were determined as
previously described [11].
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3. RESULTS

3.1. Effect of cytochalasin E on the neutrophil
respiratory burst

Preincubation of human neutrophils with heat
and cytochalasin E did not induce O3 production,
but diminished the latency period upon PMA
stimulation (table 1). These results suggest that the
respiratory burst oxidase can exist in a partially ac-
tivated or ‘primed’ state that has yet to acquire ox-
idase activity.

Table 1

Effect of cytochalasin E on phorbol myristate acetate-
induced respiratory burst in human neutrophils

Preincubation conditions Respiratory burst

(time lag after PMA

addition)
4°C 10 min
37°C 2 min
37°C, 5 uM cytochalasin E 1 min

Human neutrophils (~3 mg cell protein) were

preincubated for 15 min as indicated in the presence and

absence of 5 uM cytochalasin E, and then the time lag

for oxygen consumption was determined after addition
of 3.2 xM PMA

3.2. Enzyme release in cytochalasin E- and
PMA-treated neutrophils

As shown in table 2, there is a progressive in-
crease in gelatinase release from neutrophils
treated with heat, cytochalasin E and PMA. These
results suggest that tertiary granules fuse with the
plasma membrane during the above cell
treatments. Simple heating and cytochalasin E
diminished substantially the time lag required for
the induction of the respiratory burst (see table 1),
but did not activate the system by themselves.
PMA is a well known activator of the respiratory
burst by itself [6], and induced a high release of
gelatinase activity (table 2). Thus, there is a cor-
relation between the degree of tertiary granule fu-
sion with the cell surface and the capacity to affect
the respiratory burst parameters. Interestingly, the
release of lysozyme (specific granules) paralleled
that of gelatinase, but to a lesser extent.
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Table 2

Extracellular release of cytoplasmic granule markers
during priming and activation of human neutrophils

Preincubation conditions Enzyme secretion (%)?

Lysozyme Gelatinase
4°C 1.1 +£0.1 4.0+ 0.7
37°C 29+03 154+ 39

37°C, 5 uM cytochalasin E
37°C, 3.2 uM PMA

12.1 £ 4.3 31.5 £ 10.9
36.6 = 2.1 65.0 £ 17.5

# Enzyme secretion is shown as percentage of total cell
activity. Human neutrophils were preincubated for
6 min as indicated, and enzyme secretion was assayed
as described in section 2. The means + SE for at least
three determinations are shown

3.3. Subcellular localization of tertiary granule
components in cytochalasin E- and PMA-
treated human neutrophils

We have previously found that cytochrome b
and ubiquinone are mainly localized in novel
gelatinase-rich tertiary granules in resting human
neutrophils [4]. Other secondary locations of these
components were also reported [4]. In this context,
it is worthy of note that there is an additional peak
of ubiquinone in an undefined region of the gra-
dient ([4] and fig.1). Comparison of the subcellular
distribution of cytochrome b, ubiquinone and
5'-nucleotidase (AMPase) in control and cytochal-
asin E-treated cells indicated a shift of these
markers to deeper positions in the gradient after
cytochalasin E treatment (fig.1), suggesting fusion
of plasma membrane with tertiary granules.

Sucrose gradient centrifugation of PMA-activated

human neutrophils showed oxygen uptake activity

in the membrane fraction as well as in dense parts
of the gradient (fig.1). Concomitantly, cytochrome

b and ubiquinone were shifted to these positions in

the gradient. The plasma membrane marker,

5'-nucleotidase, was also shifted to denser parts in
the gradient (fig.1). This shift does not represent
cell aggregation or non-specific aggregation in-
asmuch as other markers, such as lactate
dehydrogenase (cytosol) and peroxidase (azurophi-
lic granules), were not affected. A portion of
lysozyme was slightly shifted (fig.1). The cyto-
chalasin E- and PMA-induced shifts in cytochrome
b, ubiquinone and 5’'-nucleotidase are more evi-

160

FEBS LETTERS

June 1987

dent in the relative activity difference plots shown
in fig.2. The similar shifts of cytochrome 4 and
ubiquinone to the fractions active in respiratory
burst activity further support the involvement of
cytochrome b and ubiquinone in the oxidase
activity.

4. DISCUSSION

Release and subcellular fractionation studies
suggest that fusion of tertiary granules with the
plasma membrane is concomitant with priming
and activation of the respiratory burst activity.
This process is depicted in fig.3, wherein extensive
and rapid fusion of tertiary granules with the
plasma membrane of forming endocytic vesicles
occurs before pinching off from the cell surface. A
sequential order in degranulation following ter-
tiary, specific and azurophilic granules was ob-
served in human neutrophils (table 2, and not
shown). Rapid fusion of tertiary granules with the
plasma membrane, and the presence of disrupted
and intact vesicles may account for the above-
described cytochrome b and ubiquinone shifts in
the sucrose gradient upon cell activation (see
fig.2). This fusion process takes place even during
the formation of enucleated neutrophils [12],
which are devoid of intracellular granules and are
able to generate Oz upon stimulation. These
results are in agreement with recent evidence
demonstrating cytochrome b translocation after
neutrophil stimulation from an internal pool to a
light membrane fraction, putatively plasma mem-
brane [13—15). Manara and Schneider [16], study-
ing the temperature effects on oxygen uptake by
stimulated neutrophils, found a correlation be-
tween the gelatinase and lysozyme release and the
respiratory burst activity. On these grounds, it is
reasonable to suggest that membrane fusion be-
tween tertiary granules and plasma membrane is a
necessary, but not sufficient condition for activa-
tion of the superoxide-generating system in human
neutrophils. The time lag observed between addi-
tion of a stimulus and generation of O> could be
due in part to the time required for the membrane
fusion process. In this regard, a membrane fusion
process has been proposed for Oz generation in
neutrophils [17], which might bring together com-
ponents of a putative electron transport chain, par-
tially located in the plasma membrane and in the
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Fig.1. Subcellular distributions of cytochrome b, ubiquinone, and marker enzymes after gradient centrifugation of

neutrophil extracts. Extracts from resting (left), cytochalasin E-treated (middle) and PMA-treated (right) human

neutrophils were fractionated on continuous sucrose gradients as described in section 2. Plots of relative activity vs

percent volume are given, where relative activity is the percent activity in a fraction divided by the percent volume

collected in that fraction. Values are shown as means + SE of at least three independent determinations. PM, plasma

membrane; 3°, tertiary granule; Sp, specific granule; Az, azurophilic granule. Recovery for oxygen uptake (oxidase)
was 60%. Recoveries of the remaining activities were over 85%.

membrane of an intracellular organelle, to con-
stitute an active oxidase.

On the other hand, we have recently localized an
H*-ATPase in the tertiary granule of human
neutrophils [10]. The dominant location of
acidification activity in tertiary granules that very
readily degranulate presumably has significant im-
plications for the importance of low pH in cidal
events and the inflammatory process [10]. Further-
more, the rapid fusion of tertiary granules with the
cell surface suggests a potential role of this

organelle and its contents in mediating inflam-
matory reactions. It is also plausible to postulate
that the membrane fusion process herein described
may facilitate the replenishment of some plasma
membrane components of the respiratory burst
machinery. This latter mechanism has been
reported for the N-formyl-methionyl-leucyl-
phenylalanine receptor [18] and the surface
glycoprotein Mol [19].
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Fig.2. Relative activity difference distributions of
5’-nucleotidase (AMPase), cytochrome b and ubiqui-
none after gradient centrifugation of neutrophil extracts
from cytochalasin E- and PMA-treated cells. Plots of
relative activity difference vs percent volume are given,
where relative activity difference is the difference of
percent activity in a fraction (resulting from subtracting
the percent activity in the absence of any addition from
that in the presence of cytochalasin E or PMA) divided
by the percent volume collected in that fraction. Data
are calculated from values taken from fig.1. Hatched
zones indicate relative increments of the respective
markers.
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Fig.3. Hypothetical mechanism of fusion of tertiary

granules with the plasma membrane during activation of

the respiratory burst in human neutrophils. Tertiary

granules fuse readily with the cell surface of forming

endocytic vesicles, even before they are pinched off from
the plasma membrane.
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