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In previous studies, neutrophil-ingesting macrophages were clearly and easily observed in the peritoneal
cavity of guinea pigs after intraperitoneal injection of thioglycolate medium, and phagocytosis of neutrophils
by macrophages could be detected in in vitro cultures of peritoneal exudate cells. Using an in vitro system, we
examined the effect of bacterial lipopolysaccharide and recombinant human granulocyte colony-stimulating
factor on the apoptosis (programmed cell death) of neutrophils and their subsequent ingestion by macrophages.
Lipopolysaccharide delayed karyopyknosis and apoptosis of neutrophils, as shown by endogenous endonuclease
activity and a high proportion of trypan blue-excluding cells, and subsequent ingestion by autologous
macrophages. Granulocyte colony-stimulating factor also delayed neutrophil karyopyknosis and ingestion by
macrophages. When a thioglycolate medium was coinjected intraperitoneally with lipopolysaccharide into
guinea pigs in the in vivo system, delays in neutrophil disappearance and ingestion by macrophages in the
peritoneal cavity were also observed. We suggest that bacterial products and cytokines regulate neutrophil
apoptosis and subsequent ingestion by macrophages at inflamed sites.

When inflammation is triggered by microbes or irritants,
many neutrophils and macrophages infiltrate the site within
several hours. Neutrophils accumulate primarily to phago-
cytose and kill the microbes or to scavenge the irritants. To
accomplish this, neutrophils have about 20 lysosomal en-
zymes. However, the antimicrobial system may be toxic to
host tissue (26, 33). For normal resolution of inflammation,
neutrophils must act without disgorging their toxic contents
at inflamed sites. In fact, neutrophils disappear from inflam-
matory sites without expanding tissue injury in the resolu-
tion stage of acute inflammation.
The establishment of the concept of apoptosis clarified

that neutrophils also die by the process of apoptosis (16, 24,
34). Neutrophil apoptosis occurs in the same way as that of
other cell types. Light-microscopic features of neutrophil
apoptosis are pyknotic change of nucleus and decreased cell
size and number of cytoplasmic granules. These changes
take place without loss of membrane integrity, as shown by
trypan blue exclusion (24). Endogenous endonuclease activ-
ity, which is shown by a ladder pattern of DNA after
electrophoresis, is also a characteristic of apoptosis (24).

It is known that macrophages phagocytose senescent or
apoptotic neutrophils in vitro (3, 18, 23, 24, 37). The phe-
nomenon is observed in an in vivo experimental model (21)
and in clinical materials (9, 13, 20, 27). We reported previ-
ously that when guinea pigs were injected intraperitoneally
(i.p.) with bacteria or irritants, neutrophil-ingesting macro-
phages were clearly observed among the peritoneal exudate
cells (PECs) (21). The data suggested that almost all infil-
trating neutrophils in the peritoneal cavity were phagocy-
tosed by macrophages. Furthermore, we recently reported
that neutrophil-ingesting macrophages were clearly ob-

* Corresponding author.

served when inflammatory PECs of guinea pigs were cul-
tured in vitro (37).

In the in vitro system, the mechanism regulating the ability
of macrophages to ingest neutrophils could be analyzed
more precisely. Ingestion of neutrophils by macrophages can
be regulated by factors which affect neutrophil survival or
neutrophil apoptosis, including bacterial products, serum
components, and cytokines. We reported previously that
serum, especially its globulin-rich fraction, suppressed the
karyopyknosis of neutrophils and their ingestion by guinea
pig macrophages in vitro (37). Among the bacterial products,
lipopolysaccharide (LPS) is reported to increase neutrophil
survival and suppress apoptosis (11). Granulocyte colony-
stimulating factor (G-CSF) is a monokine which is produced
by macrophages after stimulation by LPS (17, 19), and it also
suppresses the apoptosis of neutrophils (34).

In our present study, we examined the effect of LPS and
recombinant human G-CSF (rhG-CSF) on neutrophil apop-
tosis in in vitro cultures of guinea pig PECs. We report here
that LPS and G-CSF delay apoptosis and subsequent inges-
tion of neutrophils by autologous macrophages. The effect of
LPS was also examined in vivo.

MATERIALS AND METHODS

Animals. Female guinea pigs of the outbred Hartley strain
weighing 450 to 550 g were purchased from Seiwa Experi-
mental Animal Co. (Oita, Japan) and used in this study.

Reagents. Phenol-extracted Escherichia coli (0127:B8)
LPS was purchased from Difco Laboratories, Detroit, Mich.
rhG-CSF was donated by Chugai Pharmaceutical Co., Ltd.
(Tokyo, Japan). rhG-CSF was dissolved in a solution con-
taining 0.1% human albumin, 0.05% gelatin, and 1% manni-
tol. The solution alone was used as a control in the rhG-CSF
experiment. RPMI 1640 medium was obtained from Nissui
Pharmaceutical Co. (Tokyo, Japan). Thioglycolate medium
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was from Eiken Chemical (Tokyo, Japan). These media were
dissolved in pyrogen-free water (Otsuka Pharmaceutical
Co., Naruto, Japan).

Preparation of PECs. Guinea pigs were injected i.p. with
10 ml of 3% thioglycolate medium. Fifteen hours after the
injection, the guinea pigs were bled by cardiac puncture, and
PECs were collected in RPMI 1640 medium containing 10 U
of heparin per ml. The number of viable cells was deter-
mined by the trypan blue dye (0.1%) exclusion method on a
hemacytometer. Differential cell counts were done on
Wright-Giemsa-stained smears of PECs. After being washed
twice with RPMI 1640 medium by centrifugation, PECs were
suspended in the same medium supplemented with 20 mM
HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid; Nakalai Tesque, Inc., Kyoto, Japan) and 100 U of
penicillin G per ml and 100 jig of streptomycin per ml, and
adjusted to a concentration of 6.25 x 106 cells per ml. The
cells were processed for the separation of neutrophils and for
the in vitro assay for neutrophil-ingesting macrophages.

Separation of neutrophils from PECs. Neutrophils were
separated from PECs by density gradient centrifugation.
PECs (108) in 4 ml of phosphate-buffered saline (PBS) were
poured gently onto 3 ml of GP-SMF (Japan Immunoresearch
Laboratories Co., Ltd., Takasaki, Japan) in a 15-ml conical
tube. After centrifugation at 150 x g for 30 min at room
temperature, the supematant was discarded and the cell
pellet was washed twice with RPMI 1640 medium by cen-
trifugation. Neutrophils were suspended in the same medium
supplemented with 20 mM HEPES, 100 U of penicillin G per
ml, and 100 jig of streptomycin per ml and adjusted to a
concentration of 2.5 x 106 cells per ml. Neutrophil prepara-
tions contained approximately 0.8% macrophages.

In vitro culture of neutrophils. The neutrophil suspension
was used for the following three assays by culturing 0.25 ml
per well on eight-well chamber slides (Lab-Tek 4808; Nunc
Inc., Naperville, Ill.) to assess the rate of karyopyknosis, 0.5
ml per well on a 24-well tissue culture plate (Falcon 3047) for
the trypan blue exclusion assay, and 4 ml per well on a
six-well tissue culture plate (Falcon 3046) for DNA extrac-
tion.

Assessment of karyopyknosis and trypan blue exclusion.
Inflammatory neutrophils could adhere to the bottom of a
chamber slide or a 24-well tissue culture plate (Falcon no.
3047). Karyopyknosis of the neutrophils was assessed by
Wright-Giemsa staining of the adhering cells on eight-well
chamber slides after washing gently twice with Dulbecco's
PBS. Neutrophils in which the nuclei shrank in size and the
chromatin condensed to a solid, structureless mass were
judged as undergoing karyopyknosis. The number of de-
tached cells in the culture supernatant and the PBS wash was
also counted on a hemacytometer. The rate of karyopykno-
sis of detached cells was also assessed by Wright-Giemsa
staining of cell smears on slides. Trypan blue dye exclusion
was assessed with an inverted microscope after 0.1 ml of
0.5% trypan blue was added to the neutrophil monolayers.
DNA extraction. DNA was isolated from neutrophils by

the following procedure. Adherent neutrophils were scraped
off the tissue culture plate with a rubber policeman in
proteinase K buffer containing 100 mM Tris-HCI (pH 7.5),
12.5 mM EDTA, 150 mM NaCl, 1% sodium dodecyl sulfate,
and 200 pg of proteinase K per ml. The suspension was
incubated for 3 h in a water bath at 50°C. The same volume
of phenol-chloroform-isoamyl alcohol (25:24:1) was added to
the suspension and then extracted three times. After extrac-
tion with chloroform once, DNA was precipitated by adding
2 volumes of 99% ethanol. DNA was dissolved in 5 ml ofTE

buffer (10 mM Tris-HCI [pH 8.0], 1 mM EDTA [pH 8.0]).
RNase A was then added (100 ,g/ml), and incubation at 37°C
was continued for 1 h. The treatment with proteinase K and
extraction with phenol and chloroform were repeated once,
and the samples were then precipitated with ethanol at
-20°C. The DNA precipitates were pelleted by centrifuga-
tion at 13,000 x g for 10 min, washed with 70% ethanol, air
dried for 5 min, resuspended in TE buffer, and stored at 4°C.
DNA electrophoresis. A sample containing 30 p,g of DNA

was loaded into each lane of a 1% agarose gel. Electrophore-
sis was carried out at 7.5 V/cm for 25 min in 40 mM
Tris-acetate (pH 8.0)-i mM EDTA (TAE buffer). An
EcoT14I digest ofA DNA was used as size markers. At the
end of the run, the gels were stained with 0.5 ,ug of ethidium
bromide per ml and photographed with a UV transillumina-
tor.

In vitro assay for neutrophil-ingesting macrophages. PEC
suspension (200 ,ul) was mixed with 25 pl of LPS-free RPMI
1640 medium or RPMI 1640 medium containing various
amounts of LPS samples and then made up to 250 ,ul with
RPMI 1640 medium. Each mixture was transferred to eight-
well chamber slides and incubated at 37°C in a CO2 incubator
for up to 3 days. At intervals during incubation, the culture
medium was discarded and the wells were washed gently
twice with PBS. After drying, the slides were stained with
Wright-Giemsa solution (Muto Pure Chemicals Ltd., Tokyo,
Japan). The stained slides were observed under a light
microscope, and the percentage of neutrophil-ingesting mac-
rophages among 200 to 500 randomly observed macrophages
was determined. Neutrophils in which the nuclei shrank in
size and the chromatin condensed to solid, structureless
masses (that is, pyknotic change) were examined simulta-
neously. The percentage of neutrophils showing pyknotic
change was calculated after examining 200 neutrophils. The
number of detached cells in the culture supernatant and the
PBS wash was also counted on a hemacytometer. The
percentages of macrophages and karyopyknosis of neutro-
phils in detached cells were assessed by Wright-Giemsa
staining of cell smears on slides.

In vivo assay for neutrophil-ingesting macrophages. Ten
milliliters of 3% thioglycolate medium alone or with 10 ,g of
LPS was injected i.p. into guinea pigs to induce chemical
inflammation. PECs were washed out of the peritoneal
cavity with 50 ml of RPMI 1640 medium containing 10 U of
heparin per ml at intervals after the injection of an irritant.
The total number of harvested live cells was determined by
the trypan blue dye exclusion method. The cells were
washed twice by centrifugation, and guinea pig serum was
added to the pellet. Smears of the cells were made on slides,
dried, and stained with Wright-Giemsa solution. Neutro-
phils, macrophages, and neutrophil-ingesting macrophages
were counted under an oil immersion objective lens
(x 1,000).

Presentation of data. The experiments were repeated at
least three times with one or two guinea pigs in each
experiment. Data are shown as means ± standard devia-
tions. Statistical analysis was carried out by Scheffe's test
with the SAS System (SAS Institute, Inc., Cary, N.C.). P
values of less than 0.05 were taken as significant.

RESULTS

Effect of LPS on karyopyknosis of and trypan blue exclusion
by cultured neutrophils. Neutrophils were separated from
PECs by density gradient centrifugation. The preparation
contained >98% neutrophils, and their viability was also
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FIG. 2. Electrophoresis of DNA extracted from neutrophils cul-
tured with LPS at various concentrations. DNA was extracted from
separated neutrophils, and 30 ,ug of DNA was electrophoresed in a
1% agarose gel. DNA was detected by UV fluorescence after
ethidium bromide staining. Uncleaved high-molecular-weight DNA
is shown by an arrowhead. Lane M contains size markers, and DNA
sizes are shown on the left (in base pairs).

37% on day 3. With LPS (1 ,ug/ml), there were 8% trypan
blue-positive cells on day 2 and 11% on day 3. Shown in Fig.
1B is the effect of LPS dose on the percentages of karyo-
pyknosis and trypan blue-positive cells on day 2 of culture.
The rate of pyknosis was suppressed as the LPS concentra-
tion rose. There were fewer than 10% trypan blue-positive
neutrophils at all LPS concentrations examined.

--------- -------- ----- Effect of LPS on neutrophil endonuclease activity. Sepa-
._______.______.______.______._____ rated neutrophils were cultured in RPMI 1640 medium with
0 0.01 0.1 1.0 10 0, 0.01, or 1 p,g of LPS per ml for 1 to 2 days. Extracted DNA

ConcentrationofLPS(~ggml) (30 ,ug) was electrophoresed in a 1% agarose gel (Fig. 2).Concentration of LPS (g/ml) DNA extracted from neutrophils just after lavaging (day 0)

fect of LPS on proportion of neutrophil karyopyknosis was retained as uncleaved high-molecular-weight DNA. On
ue-positive neutrophils in vitro. (A) Time course of day 1 of culture without LPS, the DNA showed a dense
Separated neutrophils were cultured in RPMI 1640 ladder pattern. The ladder pattern became weak when LPS

(L) or without (0) LPS (1 pg/ml). At intervals, the (0.01 or 1 ptg/ml) was added to the culture. As the ladder
f pyknotic neutrophils were assayed after Wright- pattern became weaker, the amount of uncleaved high-
ing. Proportions of trypan blue-stained cells were molecular-weight DNA increased. On day 2 of neutrophil
-well tissue culture plates. (B) LPS dose-response. culture, the ladder pattern became clearer, but the pattern
itrophils were cultured in the presence of LPS for 2 became weaker as the LPS concentration became higher.
yed for karyopyknosis ( ) and trypan blue-stained Fromeweakers the diStancentween ech higher
----). The data represent the means ± standard From the size markers, the distance between each rung of
three guinea pigs. the ladder was calculated as 208.0 + 25.1 bp.

Effect of LPS on number of neutrophil-ingesting macro-
phages relative to karyopyknosis of neutrophils. PECs were
cultured in chamber slides with and without LPS. At 1, 2,

trophils were cultured in RPMI 1640 medium and 3 days of culture, the number of macrophages ingesting
thout LPS in chamber slides or 24-well tissue neutrophils and the number of pyknotic neutrophils were
s, the former for the assay of karyopyknosis and counted after Wright-Giemsa staining. Without LPS, the
br the trypan blue dye exclusion assay. When proportion of macrophages ingesting neutrophils was 3% on
were cultured without LPS, 60% of the neutro- day 1 and approximately 20% on days 2 and 3. There were
pyknotic on day 1, rising to more than 90% on 80% pyknotic neutrophils on day 2 and 90% on day 3 (Fig.

3 (Fig. 1A). In contrast, 3% of the cells were 3A). A light micrograph of PECs on day 2 of culture without
ypan blue positive) on day 1 and 15 to 20% were LPS is shown in Fig. 4A. Macrophages ingesting neutrophils
i days 2-3. When LPS (1 ,g/ml) was added, the are observed among the pyknotic neutrophils. With 1 ,ug of
)pyknosis was suppressed, from 17% on day 1 to LPS per ml, the proportion of macrophages ingesting neu-
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FIG. 3. Effect of LPS on proportion of neutrophil-ingesting
macrophages in relation to karyopyknosis of neutrophils. (A) Time
course. PECs were cultured in chamber slides, and at intervals, the
cells were stained with Wright-Giemsa solution. Macrophages in-
gesting neutrophils (bars) and neutrophils undergoing karyopykno-
sis (circles) in the absence (open bars and circles) or presence of
LPS (1 p.g/ml) (hatched bars and solid circles) were assayed under a

light microscope (x 1,000). (B) LPS dose-response. PECs were
cultured in chamber slides for 2 days, and the proportions of
macrophages ingesting neutrophils and neutrophils undergoing
karyopyknosis were assayed under a light microscope (x 1,000) after
Wright-Giemsa staining. The data are the means t standard devia-
tions for five guinea pigs.

trophils was less than 2% on days 1 and 2 and 5% on day 3,
and the rate of pyknotic change of neutrophils was less than
20% for days 1 to 3 (Fig. 3A). A light micrograph of PECs on

day 2 of culture with LPS (1 ,ug/ml) is shown in Fig. 4B. The
effect of LPS dose on the proportion of macrophages ingest-
ing neutrophils on day 2 of culture is shown in Fig. 3B. The
proportion was suppressed dose-dependently by LPS, par-
allel to the rate of pyknotic change among the neutrophils.

Effect of G-CSF on proportion of nuclear pyknosis of
neutrophils and of macrophages ingesting neutrophils. Sepa-
rated neutrophils were cultured in RPMI 1640 medium in
chamber slides with various concentrations of rhG-CSF. At
intervals, neutrophils were stained with Wright-Giemsa so-

lution, and pyknotic change was assayed (Fig. 5A). With

more than 2 ng of rhG-CSF per ml, neutrophil pyknosis was
significantly suppressed. Next, PECs were cultured with
rhG-CSF, and the proportion of macrophages ingesting
neutrophils was assayed (Fig. 5B). The appearance of neu-
trophil-ingesting macrophages was significantly suppressed
by the addition of more than 2 ng of rhG-CSF on day 2 and
more than 20 ng on day 3.
Assessment of detached cells during culture. The number of

detached cells in the chamber slides was assayed with three
guinea pigs. During the period of culture, separated neutro-
phils adhered well to the bottom. In the control culture, 3 to
5% of the cells detached on days 1 and 2, and 6 to 10%
detached on day 3. When LPS (0.01 to 1 ,ug/ml) was added to
the culture, the rate was 2 to 4% on days 1 and 2 and 4 to 10%
on day 3. When rhG-CSF (2 to 50 ng/ml) was added, the rate
was 3 to 6% on day 1, 5 to 10% on day 2, and 6 to 15% on day
3.
The percentages of pyknotic neutrophils were parallel to

the data for adherent neutrophils shown in Fig. 1A and 5A.
More cells detached in PEC cultures than in neutrophil
cultures. In the control culture, rates of cell detachment
were 11 to 14% on days 1 and 2 and 20 to 26% on day 3. The
presence of LPS did not change the rate. rhG-CSF acceler-
ated the detachment; the rate was 12 to 22% on day 1, 16 to
28% on day 2, and 17 to 30% on day 3. Macrophages
constituted less than 10% of total detached cells in all
experiments.

Effect of LPS on proportion of neutrophil-ingesting macro-
phages in vivo. When guinea pigs were injected i.p. with
thioglycolate medium, -5 x 108 neutrophils infiltrated the
peritoneal cavity on day 1, and the number decreased to
_106 on day 4 (Fig. 6A). The number of macrophages was
about 108 during this period. The proportion of macrophages
ingesting neutrophils reached a peak on day 2, at 20%. When
10 ,ug of LPS was injected i.p. simultaneously with thiogly-
colate medium (Fir. 6B), the disappearance of neutrophils
was delayed; -10 neutrophils still remained in the perito-
neal cavity on day 4. The proportion of macrophages ingest-
ing neutrophils reached a peak on day 3, that is, a 1-day
delay in comparison to the result obtained when thioglyco-
late medium alone was injected.

DISCUSSION

LPS and G-CSF delayed both karyopyknosis and apopto-
sis of neutrophils and their subsequent ingestion by macro-
phages in vitro. The effect of LPS was also observed in vivo;
i.p. coinjection of LPS with thioglycolate medium delayed
by 1 day the peak of the proportion of neutrophil-ingesting
macrophages. More free neutrophils that were not phagocy-
tosed remained in the peritoneal cavity than after a thiogly-
colate-only injection.

It has been reported that LPS enhances several activities
of neutrophils, including adherence (4), enzyme secretion
(8), and release of oxygen metabolites (1, 10). Recently,
Haslett et al. showed in a preliminary report that LPS
inhibited apoptosis of neutrophils (11). We confirmed here
that E. coli LPS suppressed apoptosis of neutrophils in vitro.
The apoptosis was proved by fragmentation of DNA into
integer multiples of -200 bp and by pyknotic change of
nuclei without loss of membrane integrity (by trypan blue
dye exclusion).
The mechanisms by which LPS suppresses neutrophil

apoptosis were not elucidated here. In addition to the direct
effect of LPS, cytokines produced by LPS-stimulated neu-
trophils and contaminating macrophages may play a role in
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FIG. 4. Light micrographs of macrophage-neutrophil interaction and effect of LPS. (A) PECs were cultured without LPS for 2 days. About

80% of all neutrophils underwent karyopyknosis. Macrophage-ingesting neutrophils are indicated by arrows. (B) PECs were cultured with
LPS (1 ,ug/ml) for 2 days. Only a few neutrophils underwent karyopyknosis.

suppression. Among the cytokines, G-CSF was shown to
suppress neutrophil apoptosis (discussed below), but it has
been reported that tumor necrosis factor alpha accelerated
the apoptosis of human neutrophils (29). In any case, the
presence of LPS suppressed the appearance of neutrophil-
ingesting macrophages by inhibiting neutrophil apoptosis.

In this study, we showed that rhG-CSF suppressed
karyopyknosis of guinea pig neutrophils and subsequent
ingestion by autologous macrophages. It has been reported
that G-CSF enhanced the survival of human neutrophils (2)
and promoted survival of a mouse bone marrow cell line by
suppressing apoptosis (34). G-CSF is produced by LPS
stimulation from mouse peritoneal cells (17), a simian virus
40-transformed mouse macrophage cell line (19), and human
monocytes (30). It has also been reported that the level of
G-CSF is elevated in the serum of patients who are infected
(32). It is suggested that, in addition to the direct effect of
LPS on neutrophils, G-CSF produced from macrophages
delayed neutrophil apoptosis and subsequent ingestion by
macrophages at inflammatory sites.
Although our data strongly suggest that apoptotic change

of neutrophils is the most important factor inducing phago-
cytosis by autologous macrophages, there are factors that
may affect the proportion of neutrophil-ingesting macro-
phages in both in vitro and in vivo experiments. Because
both neutrophils and macrophages adhered to the glass,
macrophages need to migrate in order to come in contact
with and ingest neutrophils. If LPS and G-CSF have an
inhibitory effect on the in vitro migration of macrophages,
subsequent ingestion of neutrophils may be suppressed. As
far as we know, there is only one study showing a slight
inhibitory effect of LPS on the in vitro migration of macro-
phages obtained from LPS-sensitive mice (31). In our in vitro
system, in which the cells are crowded, the inhibition of
macrophage migration may have only a minimal effect on the
proportion of neutrophil-ingesting macrophages.
The data for karyopyknosis, trypan blue exclusion, and

neutrophil-ingesting macrophages were calculated after
counting adherent cells. If large numbers of cells are de-
tached, the data cannot reflect the precise proportion of
apoptotic neutrophils, but the number of detached cells as a
percentage of initial cell numbers during neutrophil culture

was less than 15% and the rate of pyknotic neutrophils in
detached cells was almost parallel to the rate in adherent
cells. This means that the rate of apoptotic change of
adherent neutrophils was barely influenced by the presence
of less than 15% detached cells.
The number of detached cells increased when PECs were

cultured. Because detached macrophages constituted less
than 10% of the total detached cells, the data will reflect the
precise rate of neutrophil-ingesting macrophages. In the in
vivo experiment (Fig. 6), our results were obtained from
lavaged PECs, and cells adhering in the peritoneal cavity
could not be analyzed by our method. Therefore, even with
our results, we cannot avoid the possibility that LPS may
modify cell adhesion and subsequent cell recovery by la-
vage. However, because there was no great difference in the
total cell yield and cell composition, it is unlikely that the
differences in the time course to appearance of neutrophil-
ingesting macrophages (Fig. 6A and B) were caused by the
differential effects of cell adhesion on the peritoneum.
There are two processes in the death of neutrophils at

inflammatory sites. The first is cell lysis due to membrane
damage by chemical injury and bacterial toxins, such as
leukocidin. In the case of cell lysis, inflammatory reaction
and tissue injury may increase when the cytotoxic granular
proteins of neutrophils are released. Another mechanism is
apoptosis (programmed cell death). The concept of apopto-
sis was established by Kerr and colleagues (12, 25). Apop-
totic cells or apoptotic bodies are ingested into neighboring
intact cells. Apoptotic neutrophils are ingested by macro-
phages. In this case, an inflammatory reaction does not take
place because they are ingested by macrophages, keeping
cell membranes intact. Wyllie and his colleagues found that
apoptosis is associated with endogenous endonuclease acti-
vation, detected by the ladder pattern in DNA electrophore-
sis (35, 36).

Ingestion of neutrophils by macrophages has been studied
both in vitro and in vivo. Among the in vitro studies, Brewer
found that neutrophils are ingested by guinea pig macro-
phages (3). The phagocytosis of senescent neutrophils by
human monocyte-derived macrophages and rabbit inflamma-
tory macrophages was reported by Newman et al. (18).
Savill et al. reported that apoptosis of neutrophils leads to
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FIG. 5. Effect of rhG-CSF on nuclear pyknosis of neutrophils
(A) and ingestion of neutrophils by macrophages (B). (A) Separated
neutrophils were cultured with various concentrations of rhG-CSF
for up to 3 days. At intervals, the number of pyknotic neutrophils
was determined after Wright-Giemsa staining. (B) PECs were cul-
tured in the presence of rhG-CSF, and the percentage of macro-
phages ingesting neutrophils was assayed after Wright-Giemsa stain-
ing. The data are the means + standard deviations for six guinea
pigs.

their ingestion by macrophages (24). Phagocytosis was ob-
served in human bone marrow (6).
An in vivo study was also carried out by us. We reported

previously that abundant neutrophil-ingesting macrophages
could be clearly detected in an acute inflammation of the
guinea pig peritoneal cavity (21). These cells are also found
in clinical materials. The joint fluid of Reiter's disease
patients contained macrophages that have engulfed neutro-
phils (20, 27). The cells were also found in bronchoalveolar
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(A) or plus 10 pLg of LPS (B). At intervals, PECs were harvested,
and the numbers of neutrophils and macrophages were counted. The
ratios of neutrophil-ingesting macrophages to total peritoneal mac-
rophages (open bars) were calculated. The data are the means
standard deviations for six guinea pigs.

lavage fluid from an inflamed airway (9) and in the injured
comeas of cynomolgus monkeys (13). The above evidence
implies that the phenomenon is a very common mechanism
for eliminating neutrophils from inflammatory sites.
The mechanisms by which macrophages recognize

"aged" neutrophils have also been reported. A diminution in
sialic acid contents (5) accompanied by a decreased negative
charge (23) may be responsible for this recognition. Savill et
al. found that in vitro phagocytosis of neutrophils by human
monocytes was inhibited in the presence of vitronectin (22),
implying vitronectin-mediated phagocytosis. In our guinea
pig models, neither calf fibronectin nor fibronectin attach-
ment peptide could inhibit the appearance of neutrophil-
ingesting macrophages (unpublished observation). The dif-
ference in the two results is thought to be due to the
difference in cell sources, i.e., human peripheral blood
versus guinea pig PECs. We reported that in the case of
hyperthermia (42°C)-induced ingestion, complement may
mediate the phagocytosis (37). A carbohydrate-dependent
mechanism may be working in the ingestion of apoptotic
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thymocytes by mouse macrophages (7) and in the ingestion
of neutrophils by human blood monocytes (23). Further
experiments are necessary to elucidate the recognition
mechanism in our experimental system.

It has been reported that the apoptosis of macrophages
was suppressed by LPS (15) and LPS-associated protein
(14). In the case of eosinophils, interleukin-5 delayed aging
of the cells, and they escaped from phagocytosis by macro-
phages (28). These results show that apoptosis of not only
neutrophils but also macropiages and eosinophils is regu-
lated by LPS and/or cytokines. Determining the regulation of
apoptosis of inflammatory cells will give new insight into the
nature of inflammation.
We suggest that neutrophil apoptosis is regulated by

bacterial products, serum components, cytokines, etc. Neu-
trophil apoptosis and subsequent ingestion by macrophages
play an important role in the termination of acute inflamma-
tion, but participation at chronic inflammatory sites remains
to be investigated.
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