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ABSTRACT Recent evidence has suggested that a
particulate O;-forming system is responsible for the
respiratory burst in activated neutrophils. The respira-
tory burst is normally a transient event, lasting only
30-60 min. To investigate the mechanism by which the
blirst is terminated, we examined the O;z-forming ac-
tivity of neutrophil particles as a function of time in
the presence and absence of agents known to affect
the function of intact cells. Measurements of the Oz-
forming capacity of the particles against time of expo-
sure of neutrophils to opsonized zymosan, a potent
stimulating agent, revealed a rapid fall in activity when
exposure was continued beyond 3 min. Exposure to
zymosan under conditions in which the myeloperoxi-
dase system was inactive (i.e., in the presence of mye-
loperoxidase inhibitors, or in the absence of oxygen)
resulted in a substantial increase in the initial Oz-form-
ing activity of particles from the zymosan-treated cells,
but did not prevent the sharp fall in activity seen when
zymosan exposure exceeded 10 min. The fall in activity
was, however, prevented when activation took place
in the presence of cytochalasin B (1.5 pg/ml), an agent
thought to act largely by paralyzing the neutrophil
through an interaction with its microfilament network.

We conclude from these findings that the termination
of the respiratory burst results at least in part from the
inactivation of the particulate Oz-forming system. This
inactivation involves at least two processes which prob-
ably act simultaneously. One is the destruction of the
system through the action of myeloperoxidase. The
other appears to require active cell motility and is in-
dependent of oxygen. The current view holds that the
O;-forming system of the neutrophil is located in the
plasma membrane. It may be that the second process
involves the internalization and degradation of this
membrane-bound system.
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INTRODUCTION

The exposure of neutrophils to suitable stimuli results
in the activation of an oxygen-consuming metabolic
pathway which is dormant in the unstimulated cell (1,
2). The outward manifestations of this pathway include
increases in oxygen uptake (3-6), superoxide produc-
tion (6-9), hydrogen peroxide production (10-12), and
glucose consumption by way of the hexosemonophos-
phate shunt (3, 5), a group of events which taken to-
gether are designated the “respiratory burst”. It now
appears that the respiratory burst is a consequence of
the activation of a particulate enzyme which catalyzes
the reduction of oxygen to superoxide (O3) according
to the following reaction (13):

2 O, + NADPH — 2 Oy + NADP* + H*.

Most of the hydrogen peroxide released during the
burst appears to originate from the dismutation of the
superoxide produced by that enzyme (12, 14):

2O;+2H+—')02+H202,

whereas the increase in the hexosemonophosphate
shunt activity reflects an increase in NADPH turnover
which is attributable in part to the pyridine nucleotide
requirement for the Oz-forming reaction, and in part to
the activity of the glutathione peroxidase-glutathione
reductase cycle, a metabolic pathway whose function
seems to be to detoxify any H,0, which diffuses back
into the cytosol of the neutrophil (15, 16):

HgOg\ /‘ 2GSH (\ /) NADP

Glutathione Glutathione
peroxidase reductase

H.,O 4/ \\* GSSG / \\ NADPH
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Studies to date demonstrate that the respiratory burst
is a self-limited phenomenon. Both oxygen uptake and
O; production rates in stimulated neutrophils begin
to decline 20-30 min after the activation event, and
by 60 min, have generally fallen to small fractions of
the initial rates (3, 7, 17). The limitation in the duration
of the respiratory burst probably has little adverse ef-
fect on the bactericidal activity of the neutrophil, since
studies have shown that bacterial killing requires only
a very brief exposure of the microorganism to the toxic
agents produced during the burst (18, 19). On the other
hand, the damage inflicted by these toxic agents on
surrounding tissues would be limited by the termina-
tion of the burst after a defined interval of time.

A number of explanations can be offered for the de-
cline in burst activity over time. These include deple-
tion of substrate, inactivation of an essential enzyme,
or general loss of integrity of the cell. In this paper, we
report studies suggesting that at least one cause for the
decline in the burst is a loss in activity of the particulate
O;-forming enzyme. Evidence is also presented con-
cerning the mechanisms responsible for the disappear-
ance of this activity.

METHODS

NADPH (preweighed vials), cytochrome c (type VI), methim-
azole, diethyldithiocarbamate, dianisidine-2HCI, N-ethyl-
maleimide (NEM),! cytochalasin B, and zymosan were pur-
chased from Sigma Chemical Co., St. Louis, Mo. Superoxide
dismutase was obtained from Truett Laboratories, Dallas, Tex.
Phosphate-buffered saline, with and without Ca** and Mg**,
was prepared as described elsewhere (13). Hanks’ balanced
salt solution, 1X without phenol red, was purchased from the
Grand Island Biological Co., Grand Island, N. Y. Other re-
agents were the best grade commercially available, and were
used without further purification. Cytochalasin B was stored
at —70°C as a stock solution in dimethylsulfoxide (50 mg/ml);
cytochrome ¢ and diethyldithiocarbamate were also stored at
—70°C. Solutions of inhibitors were prepared fresh each day.
Diethyldithiocarbamate was dissolved in water. Other inhibi-
tor solutions were prepared as described elsewhere (20).
Neutrophils, particles, and O3 production. Human neu-
trophils were prepared as described previously (13). Activa-
tion with opsonized zymosan was accomplished by the
method of Hohn and Lehrer (21), except for alterations in the
duration of exposure to zymosan and the addition of various
inhibitors as indicated below. 27,000-g particles from both
resting and activated neutrophils were obtained as described
by Hohn and Lehrer (21). The particles were washed once
with 0.34 M sucrose adjusted to pH 7.4 with NaHCO,, and
suspended in the same medium to a final concentration of
0.8-1.0 mg particle protein/ml. O; production by particles
was determined at pH 7.0 according to a previously described
method (13), using 0.1 mM NADPH as electron donor.
Anerobic incubations. Anerobic incubations were con-
ducted in Warburg flasks fitted in such a way that gassing,
equilibration, and incubation could be conducted while the
vessel and fittings were completely submerged in a 37°C water

' Abbreviation used in this paper: NEM, N-ethylmaleimide.

bath. For these experiments, siliconized 15-ml Warburg flasks
with single sidearms were used. The cells (2.5 x 107 in 1.5
ml phosphate-buffered saline) were placed in the main com-
partment of the flask, and zymosan (6 mg in 0.5 ml phosphate-
buffered saline) in the sidearm. The mouth of the flask was
stoppered with a syringe port, and the sidearm stoppered with
a venting plug cut sufficiently short so the outlet would be
under water during the incubation. The venting plug was
attached to a nitrogen source by means of a rubber tube, and
the syringe port was pierced by a 20-gauge needle connected
to a short length of plastic intravenous tubing. The whole
assembly was placed on a low rocking platform designed
specifically for this purpose which was placed in the bot-
tom of a Thelco model 83 water bath (Thelco Corp., Engle-
wood, Colo.) and driven by means of an Ames aliquot mixer
(Ames Co., Div. of Miles Lab, Inc., Elkhart, Ind.) to which it
was connected by a long rod. The water level was such that
the needle hub and the venting plug outlet were submerged,
and the plastic tubing was arranged so that its remote end
was under water as well. The rocking motor was turned on, and
the flask was gassed with nitrogen for 7 min. Gassing was
terminated by first closing the venting plug, then removing
the needle from the syringe port; this procedure ensured that
the flask would contain nitrogen at atmospheric pressure. After
incubating for 3 more min to establish equilibrium between
the constituents in the flask and the overlying atmosphere,
the contents of the sidearm were tipped into the main com-
partment, taking care to keep the reaction vessel completely
submerged. The flask was placed back on the rocking platform
and the incubation continued for the desired length of time.
The incubation was terminated by removing the flask from the
water bath and immediately placing it in melting ice. The
syringe port was then removed and the contents of the flask,
now chilled, was transferred to a homogenizer for further
work.

To confirm that anerobiosis was maintained in these experi-
ments, measurements were made of Oz production by neu-
trophils incubated under these conditions for 60 min.2 With
opsonized zymosan as the respiratory burst stimulus, O pro-
duction by whole cells was negligible under nitrogen,
whereas values obtained under room air were comparable
to those previously reported (6). These results indicate that
this technique is suitable for conducting incubations under
defined atmospheres.

Phagocytosis. Phagocytosis was measured using opso-
nized zymosan as the ingestible particle. A reaction mixture
containing neutrophils, opsonized zymosan, and other con-
stituents as noted was incubated at 37°C in a Dubnoff meta-
bolic shaking incubator. At the desired time, a 0.1-ml portion
was withdrawn and added to 0.1 ml of ice-cold NEM solution
(2 mM, in Hanks’ balanced salt solution) to stop phagocytosis;
the remainder of the reaction mixture was discarded. To the
portion in NEM was added 2 ml of a 0.25-M sucrose solu-
tion containing 0.1 M EDTA, 5 uM colchicine, and 1% (wt/vol)
bovine serum albumin. The sucrose solution was at room tem-
perature when added, and subsequent steps were carried out
at room temperature. After agitating the diluted sample (Vor-
tex Omnimixer, Scientific Industries, Inc., Bohemia, N. Y.) to
disrupt clumps, the cells in a 0.4-ml portion were deposited
on a slide by cytocentrifuge. The slide was dried in air, and
the cells fixed for 10 min in absolute ethanol:37% aqueous
tformaldehyde (9:1 [vol/vol]). The zymosan was stained with
periodic acid-Schiff, and the cells were counter-stained with

2 Gabig, T. G., S. I. Bearman, B. J. McMurrich, and B. M.
Babior. Manuscript in preparation.
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methyl green (2% aqueous solution for 5 min) followed by
fast green (2% aqueous solution for 5 min). The number of
zymosan particles in contact with each of 50 cells was then
determined microscopically.

For electron microscopy, the same procedure was fol-
lowed through the termination of phagocytosis by NEM. At
this point, instead of sucrose solution, glutaraldehyde (0.2
ml of 2.5% glutaraldehyde in 1.0 M sodium phosphate buffer
[pH 7.2]) was added to the sample. The cells were fixed for
30 min at 4°C, then prepared for electron microscopy as
described by André-Schwartz et al. (22). Ultrathin sections
were examined with an Hitachi HU-11E electron microscope
(Hitachi America, Ltd., San Francisco, Calif.) operated at
75 kV.

Other assays. Myeloperoxidase activity in particles in
the presence or absence of inhibitors was assayed by a
modification of the method of Bretz and Baggiolini (23).
Particles from resting neutrophils (0.39 mg protein in 1.0
ml sucrose) were preincubated for 2 min at 37°C with 0.01
ml of a 0.1-M solution of the agent to be tested. Control
particles were incubated with 0.01 ml of water. Myeloperoxi-
dase was then assayed by adding a 0.1-ml portion of the pre-
incubation mixture to 1.0 ml of a solution containing the agent
to be tested (1 mM), dianisidine-HCl (0.32 mM), H,0,
(0.08 mM), and Triton X-100 (0.05%) in 0.1 M sodium citrate
buffer (pH 5.5). After incubating for 1 min at room tempera-
ture, the reaction was stopped with 1.0 ml of 35% HCIO,.
The precipitate was removed by centrifugation, and the ab-
sorbance read at 560 nm. Under these conditions, the ab-
sorbance measured in the absence of inhibitor was linear
with particle concentration.

Protein was measured by the method of Lowry et al. (24).

RESULTS

Studies published to date have been performed with
particles obtained from neutrophils activated for 3 min
with opsonized zymosan. We have now found that
longer periods of activation result in particles with
progressively diminishing Oz-forming activity (Fig. 1).
This reduction in activity does not represent decay of
the Oz-forming enzyme after preparation of the par-
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FIGURE 1 Oj formation by particles from neutrophils incu-
bated with zymosan for various periods of time. Neutrophils
were prepared as described in the text. For each experi-
mental point, a reaction mixture containing 6 x 107 of these
cells plus 8 mg opsonized zymosan in a total volume of 4 ml
was incubated at 37°C for the time indicated. The reaction
mixture was then placed on ice, and particles were prepared
and assayed as described in Methods. The data shown repre-
sent the mean+1 SE of three experiments, each conducted
with a different neutrophil preparation.
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ticles, because (a) the activity in particles from cells
exposed to zymosan for 3 min and then stored on ice for
various periods before homogenization is equal to that
from cells homogenized immediately after activation,
and (b) the Oz-forming activity of the isolated par-
ticles is stable for several hours at 0°C. It appears
rather that the activity of the O;-forming enzyme de-
clines in the intact cells when they are incubated
with zymosan for periods longer than 3 min.

Evidence regarding a possible mechanism for this
loss in Oz-forming activity has been provided by
studies performed in Klebanoff’s laboratory with
myeloperoxidase-deficient neutrophils (25, 26). Stimu-
lation of these cells leads to substantially greater
rates of oxygen uptake, H,O, formation, and O3 pro-
duction as compared to normal cells. With Oy, it has
been shown that initial rates of formation are compar-
able in the two cell types, but that the termination of
the respiratory burst is delayed in myeloperoxidase-
deficient cells (25). This finding suggests that the
myeloperoxidase system, known to be important in
bacterial killing by the neutrophil (1, 2, 26), is some-
how involved in the late decline of the respiratory
burst. If this decline is caused by a loss in the activity
of the Oz-forming enzyme, then the elimination of
the myeloperoxidase system should preserve the O;-
forming activity just as it preserves the respiratory
burst. This possibility was tested by examining the
effect of NaNj, a powerful inhibitor of myeloperoxi-
dase (25), on the Oz-forming activity of particles from
zymosan-treated neutrophils. O7 formation by particles
from cells activated for 7 min in the presence of 1
mM NaN; was 13.2+2.1 SE nmol/min per mg protein,
as compared with 4.5+0.9 nmol/min per mg protein for
particles from the same cells similarly activated in the
absence of azide (P < 0.05 by Student’s paired ¢ test;
n = 4). This does not appear to be due to an effect of
azide on the interaction between the neutrophils and
the particles, since kinetics of phagocytosis were the
same in the presence and absence of 1 mM NaN, (Fig.
2). The presence of 1 mM NaN; during the entire
experiment (i.e., during neutrophil isolation, incuba-
tion with zymosan, and the preparation and assay of
the particles) resulted in particulate O;-forming ac-
tivity similar to that seen when NaN,; was present
only during the incubation with zymosan. Thus, the
O;-forming activity of particles from zymosan-acti-
vated neutrophils is substantially increased when acti-
vation takes place in the presence of a myeloperoxi-
dase inhibitor.

NaNj;, however, affects enzymes other than myelo-
peroxidase and similar heme proteins. It is known to
inhibit a number of copper oxidases, including laccase
(27), benzylamine oxidase (28), and ceruloplasmin
(29). To confirm that the effect of NaN; on the particu-
late O;-forming activity is mediated through the inhi-



6
_ . 3
o -3
L a
w
@
L
5 2
a

' 30 ' 60
Time (min)

100 O min I
-~ 50 1
I=3
2 «
'5 0 T T T T
&
~ 40 7 min 1
'd
o q
2
5 20 1
a
3 E
6 T T T T T T
c
® 40 20 min b
g *
2 20 ]
o
£ 1
c
s ——
3
8 40 60 min ]
n
3 ]

20 1

a 8 a4 8

Particles /cell

FIGURE 2 Effect of azide on phagocytosis by neutrophils.
Phagocytosis was measured as described in Methods. The
reaction mixtures contained 6 x 107 cells plus 8 mg of op-
sonized zymosan in 4 ml of Hanks” balanced salt solution.
NaNj; (1 mM) was also present where indicated. The upper-
most panel shows the average number of zymosan particles
per cell (mean+1 SE) as a function of time. In the lower
panels are shown the distributions of the neutrophil popula-
tion (mean*1 SE) with respect to the number of cell-asso-
ciated zymosan particles at the times chosen for assay. The
results shown represent three experiments, each using cells
from a different subject. @, Nj present; O, no Nj.

bition of myeloperoxidase and not by way of an effect
on a copper oxidase, other inhibitors with various
specificities were examined. Two of these agents—
namely, cyanide and methimazole—are recognized as
inhibitors of myeloperoxidase (26), but like azide they
are also antagonists of certain copper oxidases (30-32).
The other two agents, 1,10-phenanthroline and diethyl-
dithiocarbamate, are known to inhibit copper oxidases
(33), the latter recently having been shown to be a
highly effective inhibitor of Cu-Zn superoxide dis-

mutase (34), but neither is known to inhibit myelo-
peroxidase. The activity of the particulate Oz-forming
system isolated from neutrophils incubated for 7 min
with zymosan in the presence of each of these in-
hibitors is shown in Table 1. Also shown is the effect
of each agent on myeloperoxidase. Large increases
over control Oz-forming activity are seen with azide,
cyanide, and methimazole, each a known inhibitor
of myeloperoxidase. A similar increase is seen with
diethyldithiocarbamate, an agent which on direct
examination proved to be a powerful inhibitor of
myeloperoxidase. With 1,10-phenanthroline, the only
one of all the agents tested which had no effect on
myeloperoxidase, the activity of the particles was
similar to control. The ability of these agents to aug-
ment the Ojz-forming activity of the particles thus
correlates with their ability to inhibit myeloperoxidase.

These experiments indicate that myeloperoxidase is
involved in the decline in particulate Oj-forming
activity that occurs after activation. That myeloperoxi-
dase is not the only factor responsible for this decline
is shown by the results of an experiment in which
the O;-forming system from cells activated in the
presence of azide was measured at various intervals
after activation (Fig. 3). Comparison with the curve
in Fig. 1 shows a minor but reproducible difference
in the early time-course, in that the activity of the
particles from the azide-treated cells was relatively
constant for 10 min, whereas the particles from cells
incubated without azide lost activity rapidly after 3
min. The major finding, however, is that the late fall
in activity took place under both sets of conditions,
little Oz-forming enzyme being detected in particles
from either azide-treated or control cells after 50 min.

TABLE I
O; Formation by Particles from Neutrophils Activated
in the Presence of Inhibitors

Particle Oz Myeloperoxidase
Agent production activity
nmollmin/mg Aseo
protein
None 3.2 0.069
KCN 14.0 0.006
NaN; 10.1 0.006
Methimazole 19.2 0.006
Diethyldithiocarbamate 11.8 0.004
1, 10-Phenanthroline 2.4 0.073

Neutrophils were activated for 7 min as described in Fig. 1,
but in the presence of the agents indicated (1 mM final
concentration). The particles were prepared and assayed as
described in the text. Myeloperoxidase activity in the
presence of these agents was determined by the procedure
outlined in Methods. The data shown are representative
of four experiments.
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FIGURE 3 Oj formation by particles from neutrophils acti-
vated in the presence of azide. The experiment was carried
out exactly as described in Fig. 1, except that 1.0 mM
NaN; was present during activation. The data shown repre-
sent the mean=SE for three experiments.

Thus, the particulate Oz -forming activity decayed even
under conditions in which myeloperoxidase was largely
nonfunctional.

Although myeloperoxidase is not essential for the
late decline in the activity of the Oz-forming enzyme,
oxygen may still be required. Evidence is accumulat-
ing (1, 2, 9, 35-39) that neutrophils may be able to
generate from oxygen certain extremely reactive sub-
stances, including hydroxyl radical and singlet oxygen,
and it is conceivable that these substances are re-
sponsible for the inactivation of the Oj;-forming
system by means which are independent of myelo-
peroxidase. To investigate this possibility, measure-

TABLE 11
O; Formation by Particles from Neutrophils
Activated under Nitrogen

Particle O; production

Atmosphere 7-min activation 60-min activation
nmol/min/mg protein

Air 2.0+0.4* 0.9+0.6

Nitrogen 8.6+1.7 1.9+0.5

Neutrophils were activated for the times indicated under
defined atmospheres by the procedure described in Methods.
This procedure was employed for both anerobic and aerobic
activation, gassing aerobic reaction vessels with air, and
anerobic vessels with nitrogen. Particles from activated
neutrophils were prepared and assayed as described in the
text. The data shown represent the results of five experiments,
each conducted with a different neutrophil preparation.

* Meanz=1 SE.
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FIGURE 4 O; formation by whole neutrophil homogenates.
Neutrophils were activated with zymosan for the times indi-
cated, in the presence (@) or absence (O) of 1 mM Nj. Other
conditions for activation were as described in Fig. 1. Homog-
enates were obtained by the method used for preparing
particles, except that the final centrifugation at 27,000 g was
omitted. The whole homogenates (0.1-0.2-ml portions) were
assayed by the technique used for determining the Oj;-
forming activity of particles, as described in Methods. The
data shown represent the mean+1 SE of three experiments,
each conducted with a different neutrophil preparation.

ments were made of O3 production by particles iso-
lated from neutrophils incubated with zymosan under
an atmosphere of nitrogen. The results are shown in
Table II. Particles isolated after a 7-min period of
activation under nitrogen produced much more Oj
than particles activated in air. This finding provides
further evidence that the elimination of the myelo-
peroxidase system preserves the Oz-forming activity
of the granules; in this particular experiment, the sys-
tem was eliminated by preventing the formation of

TABLE I1I
O; Formation by Particles from Neutrophils Activated
in the Presence of Cytochalasin B

Particle O; production

Activation conditions Experiment 1 Experiment 2

nmol/min/mg protein

Cytochalasin B present

Activated 7 min 21.2 12.1

Activated 60 min 26.3 7.7
No cytochalasin B

Activated 7 min 31.7 26.3

Activated 60 min 49 2.8

Neutrophils were activated for the times indicated in the
presence or absence of cytochalasin B (final concentration
1.5 pg/ml). Controls were supplemented with dimethyl-
sulfoxide equivalent to the amount present in the cyto-
chalasin-containing incubations (see Methods). NaN; (1 mM)
was present in all incubations. Particles from activated
neutrophils were prepared and assayed as described in
the text.



one of its substrates (i.e., H,O,) rather than by in-
hibiting the enzyme itself. However, even under
nitrogen most of the activity was gone by 60 min. Thus,
oxygen is not required for the process leading to the
loss of particle O;-forming activity after 60 min.

It is possible that the late decline in particulate
O;-forming activity results from the death of the cell.
However, 95% of the cells excluded trypan blue after
a 60-min incubation with opsonized zymosan, indi-
cating that, at least by this criterion, the cells were
able to survive under the conditions of the experi-
ment.

Another explanation for the late decline would be
the transfer of the Oz -forming activity to a subcellular
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FIGURE 5 Effect of cytochalasin B on phagocytosis by
neutrophils. The experiments were conducted exactly as
described in Fig. 2. NaN; (I mM final concentration) was
present in all incubations. Cytochalasin B plus dimethyl-
sulfoxide (final concentration 1.5 ug cytochalasin B/ml), or
an equivalent volume of dimethylsulfoxide alone, were
present as indicated. The data shown represent the mean
+SE for three experiments. O, cytochalasin B; @, dimethyl-
sulfoxide only.

TABLE IV

Electron Microscope Analysis of Zymosan Uptake by
Cytochalasin B-Treated Neutrophils

Zymosan profiles/cross section

(Mean=1 SE)
Agent Total Completely enclosed
None 2.7+0.2 2.1+0.2
Cytochalasin B 2.1+0.2 0.7+0.1

The reaction mixtures contained 6 x 107 neutrophils plus 8
mg opsonized zymosan in 4 ml of Hanks’ balanced salt
solution. Cytochalasin B plus dimethylsulfoxide (final con-
centration 1.5 ug cytochalasin B/ml), or an equivalent volume
of dimethylsulfoxide alone, were present as indicated. In-
cubations were conducted at 37°C for 7 min. Phagocytosis
was then stopped with NEM and the samples prepared for
electron microscopy as described in Methods. For analysis
of phagocytosis, zymosan profiles in 50 consecutive neutro-
phil cross sections were counted and classified as to whether
or not they were completely surrounded by cytoplasm.

fraction which is not sedimentable at 27,000 g. This
possibility was tested by examining the Oj-forming
capacity of whole homogenates from cells activated
with zymosan. These experiments (Fig. 4) showed
that the O;-forming activity of whole homogenates
fell with time in a manner similar to the Oz-forming
activity of particles. The fall was seen whether or not
N; was present during activation. Thus, the decline
in O; production by particles represents a true loss in
the activity of the Oz-forming system, not a transfer
of the system from one subcellular compartment to
another.

To understand the mechanism by which this loss
occurs, a number of maneuvers were undertaken to
try to preserve the O;-forming system in cells incu-
bated with zymosan for 60 min. Incubating the cells
with glucose (1 mg/ml) to replenish substrates, or in
the presence of colchicine (25 uM), an inhibitor of
microtubule polymerization, did not prevent the loss
in the ability of the particles to generate O;. O3 pro-
duction at 60 min was not restored by the addition of
freshly opsonized zymosan 7 min before terminating
the incubation. However, as shown in Table III,
cytochalasin B at low concentrations prevented the
loss of the Oz -forming activity at 60 min. In this experi-
ment, O; production by particles from cells incubated
in the presence of cytochalasin B was approximately
the same after 60 min as after 7 min of exposure to
zymosan. By contrast, control particles showed the
expected fall in activity.

In the hope of providing an explanation for the effect
of cytochalasin B on the Oz -forming system, the interac-
tion between cytochalasin B-treated neutrophils and
opsonized zymosan was analyzed in detail. This anal-
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ysis showed that a 1.5-ug/ml dose of cytochalasin B
reduced the number of cell-associated particles by
=50% (Fig. 5). This reduction did not appear to be due
to a decrease in the rate of interaction of neutrophils
with opsonized zymosan, since both the average num-
ber of particles per cell (uppermost panel) and the dis-
tribution of cells with respect to the number of asso-
ciated particles (lower panels) remained roughly
constant from 7 min on. Rather, there seemed to be
a decrease in the maximum number of particles with
which the cell could become associated.

Close inspection of the cytochalasin B-treated cells
suggested not only that the number of associated
zymosan particles was reduced, but also that the nature
of the association was abnormal. Specifically, it ap-
peared as if the cytochalasin B-treated cells were
unable to internalize particles which had attached
to their surface. This impression was confirmed by
electron microscopy. Cross sections of cytochalasin B-
treated neutrophils exposed to opsonized zymosan for
7 min showed fewer zymosan profiles than normal, and
most of these were exposed to the environment. This
contrasts with the particles associated with normal
cells, most of which were entirely surrounded by cyto-
plasm (Table IV, Fig. 6).

DISCUSSION

The course of the respiratory burst in neutrophils
incubated with opsonized zymosan (3, 6) is mimicked
by that of the O;-generating capacity of particles
isolated from such cells. Both reach maximum levels
rapidly, then decline to substantially lower values later
in the incubation. These correlations between the be-
havior of whole cells on one hand and particles on
the other suggests that the changes with time in the
activity of the particulate O;-forming system may to a
considerable extent explain the time-course of the
respiratory burst.

The decline in particulate Oz -forming activity which
takes place during the incubation of neutrophils
with opsonized zymosan seems at least in part to re-
sult from inactivation of the Oj-forming system by
the peroxide-halide-myeloperoxidase mechanism,
which has been shown by Klebanoff and others to be a
powerful effector of bacterial killing in the neutrophil
(26). This is indicated by the protection conferred on
the O;-forming system by anerobic incubation condi-
tions and by inhibitors of myeloperoxidase. The

studies with myeloperoxidase-deficient neutrophils
referred to above are also consistent with this notion,
and suggest that the supranormal H,0, production
seen in myeloperoxidase-deficient cells (26) may be
due to improved survival of the O;-forming system in
these cells.

The action of myeloperoxidase, however, does not
account for all of the decline in the Oz-forming capac-
ity of neutrophil particles. This is evident from the
experiments carried out for 60 min, in which a sharp
fall in particle activity is seen even when the incuba-
tions were carried out in the presence of azide, or
under nitrogen. These findings indicate the presence
of an oxygen-independent mechanism which acts to
destroy the O;-forming system in neutrophil particles.

Evidence concerning the nature of this oxygen-
independent mechanism is provided by the finding
that its effect is suppressed by cytochalasin B. Cyto-
chalasin B is an agent with far-reaching effects on
cell motility® which are thought to be mediated
through an interaction with the microfilament net-
work of the cell (42). With neutrophils, these effects
are expressed in a number of ways. At very low doses,
cytochalasin B eliminates spontaneous locomotion in
these cells, while paradoxically stimulating chemo-
taxis (43, 44). Higher doses abolish chemotaxis and
depress phagocytosis; at these doses, bacterial killing
is also inhibited (45-47). Of particular interest in
terms of the present study is the inability of neutro-
phils treated with this agent to internalize surface
membrane. This was first shown by Ryan et al. (48),
who found an impairment in the ability of cytochalasin
B-treated cells to internalize and (presumably) de-
grade surface-bound concanavalin A, a process that nor-
mally takes place over the 30 min following exposure of
the cells to the lectin. The present study extends those
observations to surface-bound particles, showing that
an association between opsonized zymosan and cyto-
chalasin B-treated neutrophils sufficient to initiate
the respiratory burst can take place without internali-
zation of the particle (and the region of membrane to

3 Cytochalasin B also inhibits the active transport of glu-
cose (40). It is unlikely that glucose starvation by this mech-
anism explains the present results, however, because glucose
itself did not prevent the loss in activity of the O;-forming
enzyme, in addition to which neutrophils contain large stores
of glycogen on which they can drawn when exogenous glu-
cose is lacking (3, 41).

FIGURE 6 Electron micrographs of zymosan uptake by cytochalasin B-treated and control neu-
trophils, showing impairment in internalization caused by cytochalasin B treatment. (A) Control
(x10,200). All zymosan granules (Z) are surrounded by cytoplasm. A section of nucleus (N) is
also seen. (B) Cytochalasin B (x11,600). Only one zymosan particle is entirely surrounded by
cytoplasm (thick arrow). Other particles (Z) in contact with the cell are exposed to the extra-
cellular environment (thin arrows). Part of the nucleus (N) is shown.
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which it is attached). It may be that, like the receptor
to which surface-bound concanavalin A is attached,
the Oz-forming system of the neutrophil is situated in
the plasma membrane (49, 50). If so, the result with
cytochalasin B suggests that the oxygen-independent
inactivation of this system involves its internalization
and degradation by a process related to phagocytosis.
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