Br. J. exp. Path. (1982) 63, 278
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Summary.—In order to examine macrophages phagocytosing polymorphonuclear
leucocytes (PMNs) in detail, we established a new method, whereby a large number of
PMN-phagocytosing macrophages (PPMs) were easily induced. PPMs were har-
vested from the peritoneal cavity after thioglycollate medium, oyster glycogen,
phytohaemagglutinin (PHA), L. monocytogenes or S. aureus had been injected i.p. into
guinea-pigs. When thioglycollate medium or oyster glycogen was injected i.p., the
number of the PPM reached a peak 48 h later and PPM formed 209, or more of total
macrophages. When L. monocytogenes or S. aureus was injected i.p., the ratio of
PPM to total macrophages reached a peak 24 h later. Morphologically, some of the
phagocytosed PMNs were not degenerated and the others were at various stages of
degeneration. The ability of macrophages to phagocytose PMNs was suppressed
when 10-% mol/kg of colchicine was administered i.p. 1 day after the injection of the

irritants.

IT HAS LoNG been known that macro-
phages ingest bacteria, fungi, protozoa,
viruses, red blood cells, cell debris and
autologous dead cells (Movat, 1979).
Although many investigators have studied
the phagocytosis of autologous erythro-
cytes in detail (Harris and Kellermeyer,
1970), systematic studies on the phago-
cytosis of autologous polymorphonuclear
leucocytes (PMNs) have not yet been
carried out since PMN-phagocytosing mac-
rophages (PPMs) could not be induced
easily and in large quantities. In addition,
the presence of PPMs was also reported
occasionally in clinical cases (Pekin et al.,
1967; Spriggs, Boddington and Mowat,
1978). Therefore, detailed investigation of
PPMs is warranted.

In the present study, we developed a
method by which PPMs could be induced
easily and in large quantities. Firstly, we

will describe this method ; and then report
the study of PPMs by electron microscopy
and the effect on them of colchicine.

MATERIALS AND METHODS

Animals—Male and female inbred guinea-
pigs of the JY-1 strain or Strain 13, weighing
450-500 g, were purchased from Seiwa Experi-
mental Animal Institute (Ohita, Japan). In
most experiments, 2 animals were used and
results were expressed as the mean value. In
some experiments, only 1 animal was used.

Irritants—Ten ml of 39, thioglycollate
medium (Difco Laboratories, Detroit, MI),
10 ml of 39, oyster glycogen Type 2 (Sigma
Chemical Co., St Louis, Mo.) or 5 ml of phos-
phosphate-buffered saline (PBS) containing
100 ug PHA-P (Difco Laboratories, Detroit, MI)
was injected i.p. into guinea-pigs to induce
chemical inflammation. In one experiment,
10 ml of 39, oyster glycogen was injected
twice.

Microorganisms.—Ten million Listeria mono-
cytogenes or 5 x 108 Staphylococcus aureus were
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inoculated into the peritoneal cavity of guinea-
pigs to induce bacterial inflammation.

Preparation of smears of peritoneal exudate
cells—Peritoneal exudate cells (PECs) were
washed out of the peritoneal cavity with 30 ml
of Hanks’ balanced salt solution (HBSS) con-
taining 0-19, (v/v) heparin at various times after
the injection of irritants or PHA, or the inocu-
lation of microorganisms. Total numbers of the
harvested live cells were counted by the trypan-
blue dye exclusion method. The cells were
washed twice and heat-inactivated guniea-pig
serum was added to the pellet. Smears of the
cells on slides were dried and stained with
Wright—-Giemsa stain. Polymorphonuclear leuco-
cytes, macrophages and PPMs were counted
under an oil immersion objective ( x 1000).

Preparation of PECs for electron microscopy.—
The pellet of PECs induced by thioglycollate
medium was fixed in 1-09, glutaraldehyde in
0-15M sodium cacodylate buffer, pH 7-4, for 1 h
in ice, left overnight in the buffer alone at 4°, and
postfixed in 19 OsO4 in 0-15M cacodylate,
pH 7-4, for 1h in ice. After dehydration with
alcohol, the cells were embedded in Epon.
Sections were examined with an electron
microscope.

In vivo effect of colchicine on PPM.—Stock
solutions of colchicine (Wako Pure Chemical
Industries, Japan) were made up as 10-6m
solutions in PBS, pH 7-4, and stored at —20°.
Practically 10 ml of 39, thioglycollate medium
was injected i.p. on Day 0 and 5 ml of PBS con-
taining 10-% mol/kg colchicine, or PBS only,
was injected i.p. on Day 1. PECs were obtained,
stained and observed by light microscopy. To
determine phagocytic activity of macrophages,
5 ml of PBS containing 0-19, (v/v) latex parti-
cles (1:09 um in diameter, The Dow Chemical
Co., Indianapolis, Ind.) was injected i.p. 30 min
before harvesting.

RESULTS

PPM induced by irritants

Thioglycollate medium (Fig. 1) or
oyster glycogen (Fig. 2) was injected i.p.
on Day 0. Numbers of PMNs or macro-
phages in PECs were counted on Days 1,
2, 3, 4 or 5. The number of PMNs was
maximal on Day 1 and rapidly decreased
thereafter. On the other hand, the number
of macrophages gradually increased. When
thioglycollate medium was injected, the
ratios of PPMs to total peritoneal macro-
phages were 23-59, on Day 2 and 189, on
Day 3 (Fig. 1). The same ratio for PPMs
induced by oyster glycogen was 18-:5%, on
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Fic. 1.—PPMs induced by thioglycollate
medium. Guinea-pigs of Strain 13 were in-
jected i.p. with 10 ml of 39, thioglycollate
medium to induce chemical inflammation.
At various times after the injection, PECs
were harvested and numbers of PMNs
(O O) and macrophages (@———@)
were counted. The percentages of PPMs to
total peritoneal macrophages (open col-
umn) was calculated.

Day 2 (Fig. 2). PPMs were also induced by
PHA 2 days after injection and their
percentage was 189, (data not shown).

PPM induced by microorganisms

L. monocytogenes (Fig. 3) or S. aureus
(Fig. 4) were inoculated on Day 0. The
number of PMNs in the peritoneal cavity
reached a peak 12 h after the inoculation
and rapidly decreased thereafter. The
ratios of PPMs to total peritoneal macro-
phages were 169, on Day 1 and 119, on
Day 2 when induced by L. monocytogenes,
and 269, on Day 1 and 16%, on Day 2
when induced by S. aureus. The percen-
tage of PPMs reached a peak earlier after
inoculation of microorganisms than after
injection of irritant. With our methods
described above, PPM were examined
from various standpoints.

Morphological study of PPM by electron
microscopy
Large vacuoles in macrophages con-
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Fie. 2.—PPMs induced by oyster glycogen.
Guinea-pigs of Strain 13 were injected i.p.
with 10 ml of 39, oyster glycogen to induce
chemical inflammation. At various times
after the injection, PECs were harvested
and numbers of PMNs (O Q) and
macrophages (@———@) were counted. The
percentage of PPMs to total peritoneal
macrophages (open column) was calculated.

tained non-degenerated PMN, character-
ized by continuous cell membrane, mar-
ginated nuclear chromatin and electron-
opaque cytoplasm (Fig. 5A), or degener-
ated PMN, characterized by disappear-
ance of cell membrane, amorphous nucleus
and electron-lucent cytoplasm (Fig. 5B).
Some of the PPMs contained 2 or more
PMNs.

Reinjection of oyster glycogen

Peritoneal exudate cells consisted pre-
dominantly of macrophages 3 days after
i.p. injection of oyster glycogen. The
number of PMNs was very low at that
time (Fig. 6A, B). Oyster glycogen was
reinjected 3 days after the first injection
(Fig. 6B). The number of infiltrating
PMNs increased on Day 4 and the per-
centage of PPMs also increased on Days 4
and 5. Infiltrating PMNs disappeared
from the peritoneal cavity on Day 5 (Fig.
6B). These data suggest that PMNs re-
infiltrate into the site of inflammation,
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F16. 3.—PPMs induced by Listeria monocyto-

genes. Guinea-pigs of Strain 13 were inocu-
lated i.p. with 1 x 107 of L. monocytogenes
to induce bacterial inflammation. At vari-
ous times after the inoculation, PECs were
harvested and numbers of PMNs (O 0O)
and macrophages (@———@) were counted.
The percentage of PPMs to total peritoneal
macrophages (open column) was calculated.
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Fic. 4.—PPMs induced by Staphylococcus

aureus. Guinea-pigs of Strain 13 were inoc-
ulated i.p. with 5 x 108 of S. aureus to in-
duce bacterial inflammation. At various
times after the inoculation, PECs were har-
vested and numbers of PMNs (O Q)
and macrophages (@———@) were counted.
The percentage of PPMs to total peritoneal
macrophages (open column) was calculated.
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F16. 5.—Morphology of PPM. Guinea-pigs of the JY-1 strain were injected i.p. with 10 ml of 3%,
thioglycollate medium to induce chemical inflammation. Two days after the injection, PECs were
harvested, fixed and examined in an electron microscope. A macrophage ingests a neutrophil in its
large vacuole. a: The ingested neutrophil may be intact, since its cell membrane is intact, nuclear
heterochromatin is marginated and cytoplasm is electron-opaque. b: The ingested neutrophil may
be degenerated, since its cell membrane has disappeared. The nucleus is amorphous and electron-
dense, and the cytoplasm is electron-lucent.
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Fic. 6.—Reinjection of oyster glycogen.
Guinea-pigs of Strain 13 were injected i.p.
with 10 ml of 39, oyster glycogen on Day 0
once (A), or injected twice, on Days 0 and 3
(B). At various times after the injection,
PECs were harvested. Numbers of PMNs
(O, A) and macrophages (@, A) were
counted. The percentage of PPMs to total
peritoneal macrophages in guinea-pigs in-
jected once (open column) or injected twice
(dotted column) were calculated.

where inflammatory macrophages accum-
ulate, and the macrophages can phago-
cytose reinfiltrating PMNs.

In vivo effect of colchicine

Thioglycollate medium was injected
i.p. on Day 0 (Fig. 7B). On Day 2, there
was hardly any decrease of PMN in the
peritoneal cavity of colchicine-treated
guinea-pigs (Fig. 7B). The percentages of
PPMs on Day 2 were 16 without colchicine
and 1-5 with colchicine. These findings
show that macrophages of colchicine-
treated guinea-pigs can phagocytose few
PMNs in the peritoneal cavity, even when
many PMNs are present.

Experiments were repeated in order to
compare the effects of colchicine on the
rate of ingestion of latex particles with
that of PMNs (Fig. 8). Ingestion of latex
particles by macrophages was not influ-
enced by colchicine, while ingestion of
PMNs by macrophages was inhibited.
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Fic. 7.—Effect of colchicine on the phagocy-
tosis of PMNs by macrophages. Guinea-
pigs of the JY-1 strain were injected i.p.
with 10 ml of 39, thioglycollate medium on
Day 0, with 5 ml of PBS only (A) or PBS
containing 1 x 10-6 mol/kg colchicine (B)
i.p. on Day 1, and their PECs were har-
vested at various times. Numbers of PMNs

(O, O) and macrophages (@, W) were
counted. The percentage of PPMs to total
peritoneal macrophages (open column) was
calculated.

DISCUSSION

Macrophages phagocytosing PMN were
easily detected in large numbers when
thioglicollate medium, oyster glycogen,
PHA, L. monocytogenes or S. aureus was
injected into the peritoneal cavity of
guinea-pigs.

Several investigators have observed
phagocytosis of autologous PMN by
macrophages under various conditions.
Speirs and Speirs (1963) found PPMs in
the peritoneal cavity of mice which had
been injected with radiolabelled neutral-
ized tetanus toxin to determine the
localization and fate of antigen. Taichman,
Uriuhara and Movat (1965) demonstrated
PPMs in rabbit skin or hamster cheek
pouch after preliminary injection of E.
colt endotoxin to produce a local Shwartz-
man reaction. In relation to human dis-
eases, PPMs have been seen in the joint
fluid of arthritic patients. Pekin et al.
(1967) noted that PPMs were found only
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Fie. 8.—Effects of colchicine on the phagocytosis

of PMNs and latex particles by macrophages.

Guinea-pigs of the JY-1 strain were injected with 10 ml of 39 thioglycollate medium i.p. on Day 0
and 5 ml of PBS containing 1 x 10-6 mol/kg colchicine or PBS only i.p. on Day 1. Peritoneal exudate
cells were harvested on Day 2. To investigate macrophage phagocytic activity, 5 ml of PBS con-
taining 0-1%, (v/v) latex particles was injected i.p. 30 min before harvesting. Percentages of macro-
phages phagocytosing PMNs (open column) or latex particles (dotted column) were calculated.

in Reiter’s disease and they thought that
their presence was valuable for diagnosis.
However, further studies have shown that
PPMs can be seen in inflammatory joint
fluids not only in Reiter’s disease but also
in other diseases accompanied by arthritis,
for example, rheumatoid arthritis or
ankylosing spondylitis (Spriggs et al.,
1978). PMNs contain many types of
enzymes including hydrolases, neutral
proteases and myeloperoxidases. Degener-
ation of PMNs within a confined space in
the tissue and release of such enzymes to
the extracellular environment may give
rise to tissue damage and the spread of
inflammation. Our present data imply that
macrophages contribute to the regulation
of overaccumulation or autolysis of PMN
at least to some extent.

As mentioned above, PPMs have occa-
sionally been found in experimental and
clinical conditions. But systematic studies
of PPMs have not been -carried out
previously because PPMs could not easily
be produced in large quantities.

Our study of PPMs by electron micro-

scopy showed that some of the PMNs
ingested by macrophages appeared to be
fairly intact (Fig. 5A). If the PMNs were
actually intact, it suggests that macro-
phages actively digest not only degener-
ated PMNs but also fresh PMNs, and
contribute to the regulation of over-
accumulation of PMNs to some extent.
The results of reinjection of oyster glyco-
gen may support this possibility, since
PPMs increased with the appearance of
newly infiltrating PMNs. However, we
have not yet determined whether ingested
PMNs are actually intact or not. We hope
to answer this question histologically.
The appearance of PPM was blocked by
in vivo administration of colchicine (Fig.
7). Colchicine is known to disrupt micro-
tubules (Olmsted and Borisy, 1973) and
impair macrophage phagocytic activity
(Leibovich and Knyszynski, 1980). Our
results imply that macrophages ingest
PMNs via the microtubules. However, the
inhibitory effect of colchicine on the
appearance of PPM lasted only for 1 day
(Fig. 7B). We need to examine the
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effects of other blocking agents for macro-
phage function in our system.

Colchicine showed different effects on
phagocytosis of PMNs and on that of
latex particles (Fig. 8). Nagayama men-
tions that phagocytosis is of two types in
terms of the contribution of microtubules
(personal communication). Microtubules
are required for the ingestion of particles
larger than 2 um in diameter and such a
type of phagocytosis is inhibited by col-
chicine. Microtubules appears to be less
necessary for the ingestion of particles
smaller than 2 ym in diameter, like latex,
and this latter type of phagocytosis is not
inhibited by #n wvivo administration of
colchicine. Our results support his observ-
ation.

When thioglycollate medium was in-
jected i.p. into rats, hamsters and mice,
PPMs were rarely seen. The reason for the
difference in the appearance of PPMs in
guinea-pigs and other species cannot be
explained at the present time. The
meaning of species difference has to be
studied further to understand the role of
PPMs clearly.
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