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Blood polymorphonuclear leukocytes (PMN), upon interaction with specific chemotactic stimuli, leave the
blood stream and migrate to tissues. At such a location, and upon contact with invading microorganisms, they
generate superoxide (02-) as a part of the respiratory burst of phagocytosis. We have compared the O2--
generating system of guinea pig peritoneal exudate PMN with that of peripheral blood PMN from the same
species or of human origin. The rate of O2- production by casein-induced guinea pig exudate cells in response
to a particulate stimulus (opsonized zymosan) was significantly decreased when compared with peripheral
blood PMN. Furthermore, the activation time of the O2--generating system was shorter in exudate than in
peripheral blood PMN. Important differences in sensitivity to a metabolic inhibitor were found: (i) N-
ethylmaleimide increased the activation time of the O2--generating system only in guinea pig exudate cells and
not in blood cells; (ii) when N-ethylmaleimide was added after complete activation of the PMN, the O2-
production rate was inhibited in guinea pig as well as human blood PMN, but not in guinea pig exudate PMN.
We conclude that exudation markedly alters one of the most important antibacterial mechanisms of PMN, the
superoxide-generating system.

Blood polymorphonuclear leukocytes (PMN), upon inter-
action with specific chemotactic stimuli, leave the blood-
stream and migrate to tissues (7, 17, 19). At such a location,
interaction with invading microorganisms and higher con-
centrations of chemotactic factors lead to the triggering of
the superoxide (02 )-generating system (13-15, 18, 22, 26,
30).
Using appropriate stimulatory conditions or inhibitors, we

have defined in recent years two phases of the superoxide-
generating system: activation of this system and mainte-
nance of its activity (9, 10, 12, 24). Most of our previous
studies were performed on either guinea pig exudate cells or
human blood PMN. However, important differences in the
characteristics of the O2-generating system in these two
populations of cells were found: first, the 02 production
rate, stimulated by opsonized zymosan, is lower in guinea
pig exudate PMN than in human blood PMN (3, 12); second,
N-ethylmaleimide (NEM) increases the activation time of
phorbol myristate acetate (PMA)- or digitonin-stimulated
cells in guinea pig exudate PMN but not in human blood
PMN (10, 24); third, when NEM is added to PMA- or
digitonin-stimulated cells after complete activation, the O2

production rate is inhibited in human blood PMN but not in
guinea pig exudate PMN (10, 24).
The question therefore arose as to whether the differences

observed were due to species differences or to the different
sites of collection of phagocytic cells. The aim of this study
was to compare the O2--generating system in guinea pig
PMN obtained from blood or peritoneal exudate with that of
human blood. Our results suggest that the O2--generating
system of guinea pig blood PMN is simiilar to that of human
blood PMN, whereas exudation of these cells results in
altered characteristics of their oxidative burst.

* Corresponding author.

MATERIALS AND METHODS

PMA, cytochrome c type VI, superoxide dismutase,
NEM, NitroBlue Tetrazolium (NBT), and zymosan were
purchased from Sigma Chemical Co., St. Louis, Mo.; dex-
tran T-500 was from Pharmacia Fine Chemicals, Uppsala,
Sweden; casein and phosphate-buffered saline (PBS) were
from GIBCO-Bio-Cult Co., Glasgow, Scotland; and D-(+)-
glycogen purum was from Fluka AG, Buchs SG, Switzer-
land. Zymosan was washed in normal saline before use.
PMA was stored as a stock solution of 2 mg/ml in dimethyl
stilfoxide at -20°C in a desiccator. Each day a 50-,ul aliquot
was thawed and diluted to 20 ,ug/ml in PBS.
Human (2) and guinea pig blood (8) PMN were partially

purified by dextran sedimentation. Guinea pig peritoneal
exudate PMN were prepared by intraperitoneal injection of
either 12% casein (in normal saline) or, for control experi-
ments, 0.1% glycogen (in normal saline) as previously de-
scribed (34). The cells were washed three times in physiolog-
ical saline and suspended in PBS, pH 7.4, if not otherwise
stated, generally at 5 x 106 to 1 x 107 PMN/ml. The viability
of PMN was checked with the trypan blue exclusion test
after the last washing. Over 94% of the exudate PMN and
>96% of the peripheral blood PMN excluded the trypan
blue.
Zymosan was opsonized with fresh human or guinea pig

serum (20 mg/ml) by incubation at 37°C for 20 min. The
serum was then removed, and the zymosan was washed
twice in normal saline and suspended in PBS at 15 mg/ml.
Aliquots were kept at -70°C. Opsonized zymosan was kept
on ice until just before use, when it was warmed to 37°C. 02-
generation induced by PMA and opsonized zymosan was
determined in a double-beam spectrophotometer (model 35;
Beckman Instruments, Inc., Fullerton, Calif.) with a tem-
perature regulator set, as described previously (33). Control
assays were run with zymosan preincubated with heated
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TABLE 1. °2- production by different types of PMN stimulated by opsonized zymosan
Initial linear rate of O,- Statistical

PMN type No. p (nmol ofexptmproduction Statistical analysis Lag time analysis(no f02/min per 106 PMN, (PY1 (s) ()

mean + SD)

Human blood 6 5.7 ± 2.1 33 ± 4.2

Guinea pig
Blood 5 3 ±0.4 <0.001 52 ±5.5 100
Casein-elicited exudate 7 1.4 + 0.6 | 41 ± 5.5 <0.01
Glycogen-elicited exudate 10 2.7 ± 0.3 NS 42 ± 8.4 J <005

Guinea pig blood, incubated in vitro in:b
PBS 3 3.5 ±0.3 <00139 ±3.1 <00
Casein suspension' 3 2.2 ± 0.3 2<0.001 25 ± 4.2 <0.01
Particle-free casein solution' 3 3.5 + 0.3 27 ± 3.0 J <0.0
aStatistical analysis with the unpaired Student t-text. NS, Not significant.
Incubation at a concentration of 107 PMN/ml in a water bath at 37°C during 1 h; measurement of the O,- production without previous washing (33).

'Casein, 12%, in physiological saline (protein content, 66 mg/ml).
d Casein, 12%, in physiological saline, centrifuged at 20,000 x g for 20 min and filtered (diameter, 0.22 p.m) (protein content, 57.2 mg/ml) as described by Van

Epps and Garcia (30).

serum (56°C, 30 min), i.e., decomplemented guinea pig and
human sera. This stimulus did not result in any detectable
O2 production. The rate of O2 production was calculated
from the linear rate of absorbance change and the molar
extinction coefficient for this reduction (19,500 M-1 cm-1)
(3).
The NBT slide test was performed and scored as previous-

ly described (33). To study the effect of differences in the
PMN preparation, we compared the zymosan-induced O2
production of exudate PMN washed by either the standard
procedure with saline (33) or sedimentation with dextran T-
500 (6%). These two cell preparations from the same animal
produced O2 to the same extent, namely, 0.86 + 0.2 (n = 3)
and 1 ± 0.08 (n = 3) nmol/min per 106 PMN, respectively (P
> 0.05).

In some experiments NEM, a substance which interferes
with the oxidative metabolism of phagocytic cells, was
added in the assay. The effect of NEM on PMA-induced
activation of the 02-generating system was studied by
adding this substance together with the PMN. The effect of
NEM on the PMA-induced activity of the enzyme system
itself was studied by adding NEM at the time of linear
activity, i.e., 90 s after stimulation with PMA.

All data are reported as means ± standard deviation;
statistical analyses were done with Student's t test for
comparison of two means.

RESULTS
Activity and activation of PMA-stimulated O2- production.

We compared three types of PMN, namely, human blood
PMN, guinea pig blood, and exudate PMN. Human blood
PMN, stimulated with PMA (2 jig/ml), produced 12.9 ± 1.3
nmol of O2-/min per 106 PMN with a lag time of 53.2 ± 10.4 s
(n = 15). Guinea pig blood PMN superoxide production was
16.0 ± 3.8 nmol of O2 with a lag time of 53.5 ± 12.8 s (n =
13). The superoxide production by exudate PMN was some-
what lower, 11.1 + 3.0 nmol of O2-/min per 106 PMN (P <
0.01), with a shorter lag time (45 ± 4.5 s; n = 9; P < 0.01)
than that for guinea pig blood PMN.

Thus, the activity of the superoxide-generating system
was somewhat higher in guinea pig blood PMN than in
guinea pig exudate cells. Furthermore, the lag time in guinea
pig exudate cells was shorter than that for guinea pig blood
PMN. However, the lag time of guinea pig blood PMN was
similar to that of human blood PMN.

NBT slide tests with guinea pig exudate PMN after
stimulation with PMA showed 5% without, 30% with weak,
and 65% with strong NBT reduction. Two percent guinea pig
peripheral blood PMN failed to reduce NBT, 25% reduced at
a weak degree, and 73% reduced NBT strongly. Thus, study
of the individual PMN demonstrates that differences be-
tween exudate and peripheral blood PMN were not due to a
subpopulation of injured cells.

O2 production rates by opsonized zymosan-stimulated
PMN. The responses of the O2-generating system of differ-
ent PMN types to opsonized zymosan were compared (Table
1). Exudate PMN elicited by the particulate stimulus casein
showed a 53% decrease in the O2 production rate when
compared with blood PMN of the same species. Glycogen-
elicited PMN did not show this impaired O2 production in
response to a particulate stimulus. The activation time,
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FIG. 1. Effect of opsonized zymosan concentration on rate of
02 production and lag time for activation. Guinea pig blood and
exudate PMN were stimulated with opsonized zymosan at concen-
trations of 1 to 4 mg/ml. The effect of the dose on the rate of 02
production and the lag time is shown. Each point and bar represents
the mean and standard deviation of triplicate determinations.
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however, was shorter in both types of exudate. To test the
casein particle effect in more detail, we compared the
activation and activity of the superoxide-generating system
of guinea pig blood PMN incubated in vitro with PBS, casein
suspension, and particle free casein solution. Whereas incu-
bation in the particulate casein suspension led to a cell
population with decreased 02-generating activity in re-

sponse to opsonized zymosan, the particle-free solution did
not induce this effect. The activation time was significantly
shorter in PMN preincubated with either particulate or

soluble casein than in control cells.
Figure 1 shows a dose-response curve of zymosan-in-

duced O2 generation. The difference between peripheral
blood PMN and casein-elicited PMN was found with each
zymosan concentration tested (P < 0.01). The lag time was

independent of zymosan concentration, as previously noted
(12).

Effect of temperature and pH on activity and activation of
the superoxide-generating system. One of us has previously
shown that the activity as well as the activation of the O2-
generating system in digitonin-stimulated guinea pig exudate
PMN is affected by changes in temperature (9). We now
compared the effect of temperature on blood PMN of two
different species and from two sites of collection in the same

species. Table 2 shows that human as well as guinea pig
blood PMN behaved somewhat differently from guinea pig
exudate PMN. Guinea pig exudate PMN showed a marked
decrease in production at temperatures below 37°C,
whereas in peripheral blood PMN of the two species the
substantial decrease in activity occurred only at tempera-
tures below 30°C.

Table 3 shows that human and guinea pig blood PMN as

well as guinea pig exudate PMN behaved similarly in media
of different pH values. The optimum for activity was at pH
7.5. pH variations had no effect on activation of the O2-
generating system (data not shown).

Effect of NEM on activity and activation of the superoxide-
generating system. (i) Addition of NEM before PMN activa-
tion. Figure 2 shows the behavior of guinea pig blood and
exudate PMN in the presence of increasing concentrations of
NEM. The activation time of the Of2-generating system
(Fig. 2, top) was significantly inhibited by NEM only in
guinea pig exudate cells (comparison of no NEM versus 1
mM NEM, P < 0.01). NEM inhibited the superoxide-
generating system of guinea pig exudate PMN only when
added before complete activation by PMA. For complete
inhibition of O2 production >1 mM NEM was required for
guinea pig exudate or blood PMN (Fig. 2, bottom). We have
previously reported that human blood PMN are completely
inhibited by lower concentrations of NEM (30 ,uM) (24).

TABLE 3. Effect of pH on activity of PMA-stimulated 0.-
production"

Guinea pig
Human blood

pHb PMN Blood PMN Exudate PMN
(nmol of 0-/min
per 106 PMN)' (nmol of 0K/mm (nmol of O,-/minper 106 PMN) per 106 PMN)

6.0 3.8 ± 0.1 8.5 ± 0.6 6.5 ± 0.6
7.0 11.8 ± 1.7 12.2 ± 0.6 7.1 ± 1.2
7.5 13.9 ± 1.1 12.8 ± 0.6 11.3 ± 0.7
8.0 6.4 ± 0.2 9.3 ± 0.9 9.1 ± 1.5
9.0 3.1 ± 1.0 3.3 ± 1.4 7.2 ± 0.4

a Mean ± standard deviation of triplicate determinations.
b pH of the reaction mixture. The assay was performed as described in the

text.
' Initial linear rate of 0,- production.

(ii) Addition of NEM after complete activation. Figure 3
shows the effect of NEM given only after complete activa-
tion of the PMN by PMA, i.e., after 90 s. There was a
striking difference between guinea pig blood PMN and
exudate PMN. Exudate PMN °2- production could not be
blocked by NEM, whereas guinea pig blood PMN demon-
strated a dose-dependent decrease in activity in the presence
of NEM, similar but not identical to that of human blood
cells. Inhibition of guinea pig blood PMN was not complete
even at concentrations as high as 500 ,uM NEM.

DISCUSSION
PMN are altered by the passage from intravascular to

extravascular sites (5, 15, 18, 22, 30-32). This passage is
initiated when an inflammatory stimulus results in chemo-
taxis, a process which leads to the transformation of blood
cells into exudate cells. Little is known about the difference
between blood PMN and exudate PMN of the same species.
This comparison has usually been made between exudate
PMN from guinea pigs and blood PMN from human beings
(3, 9, 10, 12, 24). In this study we compared PMN from
different sites of the same species, namely, the guinea pig
exudate and blood PMN, and PMN from identical sites in
different species (human and guinea pig blood cells). The
present findings demonstrate that some of the differences
observed in the two cell types are in fact the differences
between cells of the intravascular versus extravascular mi-
lieu rather than being species related.
We focused our studies on two parameters of the 02-

generating system, namely its activation time (i.e., the lag
time to detect O2-) and its activity. By using a continuous
assay, this analysis allows the demonstration of various
steps involved in the generation of O2-: the activation period

TABLE 2. Effect of temperature on activity and activation of PMA-stimulated 02- production'

Guinea pig
Temp Blood PMN Exudate PMN
(OC)

nmol of 02/min per 106 PMNc Lag time (5)d nmol of 02-/min per 106 PMN Lag time (s) nmol of 02-/min per 106 PMN Lag time (s)

25 5.2 t 0.6 201 ± 26 4.6 ± 1.2 119 ± 25 4.1 ± 0.6 76 4
30 11.3 ± 1.5 120 ± 12 13.8 1.0 89 ± 20 4.6 ± 0.3 62 8
32 10.6 ± 0.7 88 25 10.9 0.6 73 20 4.5 ± 0.5 61 2
37 13.6 ± 0.9 62 7 15.7 0.4 50 9 11.3 ± 0.7 35 2
46 6.6 ± 0.6 66 6 11.4 1.0 45 5 4.2 + 0.5 35 2

a Mean ± standard deviation of triplicate determinations.
6 Temperature at time of PMA addition. The assay was performed as described in the text.
Initial linear rate of 02- production.

d Time elapsing between addition of PMA and the initial linear rate of 02- production.

VOL. 46, 1984



628 ZIMMERLI ET AL.

tn
V

CL

-0
c

E

l

0)

-

(0

0

C

C)

II ---I
0 1 10 100 1000 10000

NEM [pM]
FIG. 2. Effect of NEM on activation (top) and activity (bottom)

of PMA-stimulated O2- production by guinea pig blood and exudate
PMN. The concentration of NEM in the standard assay was
modified as indicated on the logarithmic abscissa. NEM was added
before activation of the 02--generating system with PMA. Each
point and bar represents the mean and standard deviation of
triplicate determinations.

reflects stimulator binding to specific receptors and intracel-
lular signaling as well as presumably insertion of oxidase into
the plasma membrane, whereas the activity depends on the
number of oxidase units activated and their intrinsic initial
O2 production rate (1). This assay can be performed with
soluble stimuli, such as PMA (24), as well as with particulate
stimuli, such as zymosan (12). The O2 production rates in
response to PMA led to a two to eight times higher activity
than that to zymosan in each cell type tested. This higher
O2 production rate conditioned by PMA may be more
apparent than real since some O2 is made in zymosan-
containing phagocytic vesicles and is therefore not available
to cytochrome c. The O2 production of exudate cells in
response to PMA was somewhat lower than that of blood
PMN, but this difference was slight. However, if the particu-
late stimulus zymosan was used, the O2 production rate of
exudate PMN was much lower than with blood PMN of the
identical animal. A similar difference was found between
human blood PMN and guinea pig exudate PMN by Badwey
and al. and was attributed mainly to species differences (3).
These differences in O2 production in response to the C3b
receptor-dependent stimulus zymosan could be due to at
least three different mechanisms: (i) proteolytic cleavage of
membrane receptors during degranulation (21), (ii) autooxi-

dative damage of C3b receptors (4-6, 16, 28, 30), and (iii)
internalization of C3 membrane receptors during phagocyto-
sis (25). Our experiments argue in favor of the last possibili-
ty, because we found differences between exudate PMN
elicited by the particulate stimulus casein, which is presum-
ably ingested by the cells, and PMN elicited by the soluble
stimulus glycogen (3). The 02 production in response to
opsonized zymosan was significantly decreased only in
casein-elicited PMN, whereas the activation time of both
types of exudate PMN was shorter compared with the one in
peripheral blood PMN. The in vitro experiments with incu-
bation of blood PMN in PBS, casein suspension, and parti-
cle-free casein solution show that the decreased activity may
indeed be due to previous phagocytosis or interaction of
membrane surface components with casein, whereas the
shortened activation time is due to previous chemotactic
stimulation with either particulate or soluble casein.
No major differences among peripheral blood PMN of the

two species and guinea pig exudate cells were found when
the effect of temperature and pH was investigated. It is
worth noting the dramatic changes in the rate of 02
production that occur at temperatures below 37°C in exudate
PMN and below 30°C in blood PMN. This could represent
either a decreased metabolism or a phase transition from a
more fluid to a more constrained form in the plasma mem-
brane at lower temperature.
To further characterize the oxidative metabolism of differ-

ent types of PMN, we tested the effect ofNEM, a sulfhydryl
reagent and metabolic inhibitor, on the activation and activi-
ty of the superoxide-generating system. 02-generation by
exudate cells was inhibited only if NEM was added before
activation and this addition also slowed the activation proc-
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FIG. 3. Effect of NEM on rate of PMA-stimulated O2- produc-
tion by human blood PMN, guinea pig blood, and guinea pig exudate
PMN. The concentration of NEM in the standard assay was

modified as indicated on the logarithmic abscissa. NEM was added
after complete activation of the 02-generating system, i.e., 90 s
after the addition of PMA. Each point and bar represents the mean
and standard deviation of triplicate determinations.
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ess. In contrast, NEM produced a concentration-dependent
inhibition of the rate of O2 production in peripheral blood
PMN whether added before or after the activation with no
effect on the lag time.
Thus, the inhibitor experiments showed that peripheral

blood PMN of two different species had similar behavior as
opposed to PMN from different sites of the same species (10,
11, 24). The described differences between peripheral blood
PMN and peritoneal exudate PMN could be due either to
PMN heterogeneity with preferential mobilization of a sub-
population to exudates or to a transformation of cells during
exudation (20).

Previous interaction with chemotactic factors or other
activating agents in vitro has been shown to markedly alter
PMN responses to subsequent stimulation (13-15, 18, 22,
30). It is possible that the levels of various intracellular
messengers necessary to activate the oxidase, such as cyto-
solic free calcium or protein kinase C activity, are not back
to resting or basal levels in previously stimulated or exudate
cells (23, 27). Alternatively, a change in the intracellular
metabolism could explain the differential response of blood
and exudate PMN to the metabolic inhibitor NEM. The
observation by Scott and Cooper of a striking rise in
glycogen content in casein-elicited guinea pig exudate PMN
argues in favor of this hypothesis (29).

In conclusion, our experiments show that differences in
PMN metabolism, which were previously attributed to spe-
cies differences, are (at least in guinea pigs) due to their
different sites of origin. It seems that an initial inflammatory
stimulus leads to important alterations of one of the most
important antibacterial mechanism of granulocytes, i.e., the
02-generating system. We give some evidence that this
difference depends on the nature of the chemotactic stimulus
producing the exudate. It would be of interest to test
whether this phenomenon also occurs with human PMN.
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