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Peroxisomes of Rat Peritoneal Macrophages During
Phagocytosis

M. Eguchi, P. L. Sannes, PhD, and S. S. Spicer, MD

The peroxisomes of resident macrophages in the rat peritoneal cavity were examined
during the phagocytosis of latex microbeads, employing the alkaline diaminobenzidine
(DAB) technique. Peroxisomes generally were located in close proximity to phago-
somes and were often observed in a process of apparent fusion with phagosomes.
Cytochemical evidence was also obtained for discharge of catalase from peroxisomes to
phagosomes. The profiles indicating fusion were observed after 10 minutes of in-
cubation with microbeads. The number of peroxisomes was increased in macrophage
profiles examined 30 minutes after exposure to microbeads. Acid phosphatase was
localized in small vesicles that were distinct from peroxisomes, and peroxidase was not
demonstrable in peroxisomes. A method for ultrastructural localization of periodate
reactive complex carbohydrate demonstrated glycoproteins in numerous small vesicles
or granules, some of which possibly represented peroxisomes. The possible function of
peroxisomes during phagocytosis in rat peritoneal macrophages is considered. (Am J
Pathol 95:281-294, 1979)

THE PEROXISOME is a commonly encountered organelle of ani-
mal cells,"2 functioning in lipid metabolism 3-7 and protection from toxic
effects of H202.8 However, enzyme composition of peroxisomes varies in
different tissues,9 suggesting that the organelle may function in different
capacities in the various sites.8

Peroxisomes have been demonstrated cytochemically in macro-
phages 10,11 but their biologic significance in these cells remains unclear.
Macrophages function in phagocytic defense against microorganisms and,
during phagocytosis, generate the H202 that mediates lysosomal bacteri-
cidal activity.12 However, in contrast to monocytes of the blood, resident
peritoneal macrophages bear no cytochemical evidence of lysosomal per-
oxidase for antibacterial action in phagosomes.13'14
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Catalase, a peroxisomal enzyme with bactericidal activity in the pres-
ence of H202,15 has been identified biochemically in the phagocytic vesicle
fraction of lysed alveolar macrophages.16 The present investigation was
undertaken to appraise with ultrastructural cytochemical methods the
possible role of peroxisomes in phagocytic activity of rat peritoneal macro-
phages.

Materials and Methods
Peritoneal fluid was collected from 150- to 200-g Sprague-Dawley rats immediately after

the intraperitoneal injection of 15 ml of phosphate-buffered saline (PBS). The fluids were
promptly centrifuged and decanted, and cells were resuspended in a mixture of 0.7 ml of
Eagle's minimum essential medium (F-12, Gibco Co., Grand Island, N.Y.) with 0.02 ml
of an aqueous suspension of polystyrene latex microbeads (0.45 ,u, Polysciences, Inc.,
Warrington, Pa.). The peritoneal cells were incubated for 3, 10, and 60 minutes at 37 C,
washed in PBS, and fixed 1 hour at 4 C with 2% glutaraldehyde solution buffered with
0.1 M cacodylate (pH 7.4).
A portion of each glutaraldehyde-fixed specimen was divided into two aliquots, one of

which was postfixed with osmium tetroxide, dehydrated, and processed into low-viscosity
epoxy resin for subsequent ultrastructural morphologic examination. The other part was
carried similarly to the epoxy resin embedment without exposure to osmium tetroxide for
subsequent cytochemical localization of periodate-reactive complex carbohydrates in thin
sections.

Another portion of the glutaraldehyde-fixed cells was rinsed in the cacodylate-buffered,
7.0% sucrose and was minced with a razor blade into small blocks. The blocks were
incubated 1 hour at room temperature with catalase substrate medium consisting of 20 mg
3-3'-diaminobenzidine tetra-HCI (DAB), 9.8 ml 0.05 M Tris buffer, pH 9.5, and 0.2 ml
freshly prepared 2.5% H202. The final pH was adjusted to 9.7 with NaOH."7 For controls,
the cells were incubated in the same medium lacking H202 or were boiled for 5 minutes in
2% glutaraldehyde before incubation in the complete medium. To determine the inhib-
itory effect of 3-amino-1H-1,2,4-Triazol (AMT), the specimens were maintained in the buffer
containing 0.02 M AMT for 30 minutes at 4 C and were subsequently incubated in the
appropriate medium containing 0.02 M AMT. The DAB medium of Graham and Kar-
novsky was employed at neutral pH on another portion of the glutaraldehyde-fixed cells to
localize peroxidase.18 For acid phosphatase demonstration, some of the glutaraldehyde-
fixed cells were incubated in the Barka-Anderson substrate medium as previously de-
tailed.19 The several enzyme cytochemical preparations were postfixed 1 hour in aqueous
1% osmium tetroxide at room temperature, dehydrated through graded ethanol, and
embeded in low-viscosity epoxy resin.20 Propylene oxide or acetone was avoided in all
embedments because they dissolve the latex microbeads. Ultrathin sections of the glutaral-
dehyde-fixed cells that were not postfixed with osmium tetroxide were stained with the
peroidate-thiocarbohydrazide-silver proteinate (PA-TCH-SP) procedure of Thiery 21 for
localizing periodate-reactive, vicinal glycols of hexoses in complex carbohydrates. Thin
sections were examined at 50 kV in an Hitachi HS-8 electron microscope with and without
heavy-metal counterstaining.

Results
Morphology

Ultrastructural features of the peritoneal macrophages harvested imme-
diately after injection of the PBS resembled those previously reported.22
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Macrophages incubated 3 to 60 minutes with microbeads contained a
variable number of ingested beads (Figure 1). At early times these periph-
erally located beads lay closely enveloped by a limiting membrane in
vacuoles which were interpreted as newly formed phagosomes. After 10
minutes of incubation, the heterophagic dense bodies or secondary lyso-
somes which presumably existed prior to exposure to microbeads now
contained these spheres, apparently as a result of fusion with the nascent
phagosomes. Profiles indicating fusion of 70 to 300-nm vesicles with the
phagosomes were also observed. Such fusion of small vesicles with phago-
somes or of the latter with dense bodies was seldom observed after 3
minutes of incubation with microbeads.

Cytochemistry

Peritoneal macrophages not exposed to microbeads but incubated in
alkaline DAB medium exhibited 80 to 400-nm diameter bodies that
appeared to have been densified by the incubation and thus evidenced
content of catalase (Figure 2). Some of these bodies lay intimately associ-
ated with rough endoplasmic reticulum both in cells not exposed to beads
and in phagocytosing cells (Figures 2 and 3). These catalase-containing
bodies, ie, peroxisomes, disclosed no evidence of fusion with the phago-
somes after 3 minutes of incubation with microbeads. However, after a
10- to 60-minute incubation with microbeads, macrophage profiles often
contained peroxisomes closely associated with newly formed phagosomes.
Peroxisomes closely bordered the phagosomes in configurations indicative
of fusion of the peroxisomes with the phagosomes (Figure 3) and were also
observed bordering phagocytized mast cell granules (Figure 4). Densifica-
tion indicative of catalase was observed in the periphery of some bead-
laden phagosomes, further suggesting fusion of peroxisomes with phago-
somes. The Golgi cisternae and associated vesicles lacked densification
indicative of catalase (Figure 5).
The mean number of peroxisomes per cell profile appeared increased

after 30 minutes of incubation with beads. Thus, the mean number of
peroxisomes equalled 2.5 in profiles of macrophages not exposed to beads
compared with 2.9 at 10 minutes, 5.9 at 30 minutes, and 3.6 at 60 minutes
of incubation with microbeads. The number of peroxisomes varied consid-
erably among cells at 30 minutes of incubation, but the proportion with
few peroxisomes decreased and the proportion with more abundant per-
oxisomes increased (Text-figure 1, Figure 5). Although many profiles of
phagocytosing cells lacked evidence of increased peroxisomes, approxi-
mately 20% contained a few to many more than any profile of a control
cell (Text-figure 1). Two peaks were apparent in the histogram of the

---
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prevalent peroxisome in macrophages. On the other hand, the size of the
peroxisomes decreased after 30 minutes of incubation with beads. In
macrophages not incubated with beads, the peroxisomes measured 2.00 ±
80 nm in greatest dimension (mean ± standard deviation), whereas they
measured 130 ± 40 nm in macrophages expose 30 minutes to the beads
(P < 0.01).

Macrophages incubated in control media lacking H202 or containing
AMT and macrophages exposed to heat before incubation showed no
dense foci except for the intrinsically dense droplets presumably com-
posed of lipid in the heterophagic dense bodies (Figure 6). Incubation of
the fixed cell in neutral DAB medium for peroxidase did not show any
densification indicative of this enzyme (Figure 7).

Acid phosphatase reaction product was observed in the Golgi cisternae,
in Golgi-associated vesicles (primary lysosomes), and in the heterophagic
dense bodies representing secondary lysosomes (Figure 8). Small vesicles
separated from the region of the Golgi apparatus lacked acid phosphatase
reactivity as did similar vesicles observed in contact and apparent in-
cipient fusion with phagosomes containing microbeads (Figure 10).
The PA-TCH-SP method stained variably the heterophagic bodies

(secondary lysosomes), Golgi cisternae, small vesicles, and plasma mem-
brane (Figure 9) of peritoneal macrophages as reported previously.23
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Numerous small vesicles or granules in the cytoplasm were weakly to
strongly stained with the PA-TCH-SP procedure. The lightly reactive
structures outnumbered the more heavily stained ones; at least some of
the more reactive small granules bordered and appeared to fuse with
nascent phagosomes in the cell periphery. The latter phagosomes ap-
peared from their peripheral staining and proximity to stained small
vesicles to have gained their PA-TCH-SP reactive content through fusion
with the vesicles (Figure 11).

Discussion
Small catalase-reactive bodies interpreted as peroxisomes were ob-

served in resident peritoneal macrophages, in agreement with previous
reports.10'" These bodies could only be identified in cytochemical prepa-
rations, wherein they were recognized by their size and, more precisely,
their content of dense reaction product indicative of catalase. In macro-
phages processed for routine morphologic examination, peroxisomes ap-
peared indistinguishable, fine structurally, from small Golgi-related vesi-
cles, presumed to be primary lysosomes. The latter, however, were
identified by their reaction product in specimens processed for acid phos-
phatase demonstration and were presumed to be catalase-negative in that
peroxisomes rarely occurred in the Golgi region (Figures 6 and 9). Per-
oxisomes were usually located in close association with the endoplasmic
reticulum or dispersed throughout the cell periphery. This distribution is
consistent with the view that peroxisomes do not arise from Golgi ele-
ments, as is the lack of cytochemically demonstrable catalase in Golgi
cisternae.

In macrophages exposed to microbeads, peroxisomes evidenced fusion
with the newly formed phagosomes by their close association with the
bead-containing vacuoles and the presence of catalase in the latter struc-
tures. Acid phosphatase preparations provided additional evidence for
peroxisome fusion with phagosomes in evidencing fusion of the latter with
small vesicles that appeared to be peroxisomes from their size and lack of
acid phosphatase activity. The peroxisomes possibly also corresponded
with structures which were similar to peroxisomes in size, shape, and
cytoplasmic distribution and exhibited strong PA-TCH-SP reactivity. The
PA-TCH-SP reactivity of these presumed peroxisomes could not be attrib-
uted to catalase, since this reactivity was negative in peroxisomes of
proximal renal tubules of the kidney,24 although peroxisomes of some
blood cells appeared positive. The complex carbohydrate thus appeared to
vary independently of catalase content and to reflect the presence of a
substance other than catalase. However, the microperoxisomes of macro-
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phages apparently play some role in phagocytosis, delivering to phago-
somes complex carbohydrate which is important in phagocytosis.23 The
structures which greatly outnumbered the more heavily stained ones
appeared too numerous to be peroxisomes, however. Further evidence for
the role of peroxisomes in phagocytosis is suggested by the increase in the
number of peroxisomes per cell profile and by the decrease in the size of
the peroxisomes in macrophages ingesting beads.

Although catalase constitutes the "marker" enzyme for peroxisomes,
the enzyme composition of these structures apparently varies depending
on their biologic source and stage of development.9 Peroxisomes appear to
play a role in lipid metabolism 3-7 and detoxification of H202 8 in many
sites, but it is possible that the organelle functions differently in different
cell types. Catalase has been demonstrated in several types of macro-
phages both biochemically 16,25 and cytochemically.'0"' Its role in phago-
cytosis has not been clearly delineated. This enzyme has been shown to
exhibit peroxidase-like activity at relatively low pH levels in the presence
of H202.'1526'27 Since resident peritoneal macrophages apparently lack
peroxidase activity,22'28,29 except for that which is localized in rough endo-
plasmic reticulum 13,14,29-33 and presumably is not transferable to phago-
somes, 13 perhaps catalase assumes a peroxidase-like function during
phagocytic activity. Phagosomes have been shown to have an acidic pH
range,34 and phagocytizing macrophages generate considerable H202.12
Under these conditions, catalase discharged from peroxisomes into phago-
somes as indicated here could act like peroxidase, a proved antimicrobial
agent.35

Catalase activity in isolated phagosomes of alveolar macrophages has
been demonstrated biochemically by Stossel et al,16 who found that cata-
lase, as well as acid phosphatase and f-glucuronidase, transferred from
the sedimenting fraction to the phagocytic vacuole fraction during phago-
cytosis. Macrophage peroxisomes were thought from these observations to
resemble primary lysosomes in discharging their content into phagocytic
vacuoles. On the other hand, Fahimi et al 11 obtained no evidence for
fusion of the limiting membrane of peroxisomes with that of phagosomes
in Kupffer cells. The present results agree with those on alveolar macro-
phages 16 but are at variance with those on Kupffer cells," possibly as a
reflection of different catabolic activity in these cells.

Biochemical assay has provided evidence for an increase in macrophage
catalase during phagocytosis.25 In the present study, it appeared that the
number of peroxisomes increased in some cell profiles after 30 minutes of
incubation with microbeads. Since catalase synthesis occurs very rapidly,36
this increase of peroxisomes could be interpreted as a prompt response to
activity.
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The latex microbeads used in this study retained their morphologic
features after incubation and lacked nonspecific reactivities for incubation
medium, whereas other kinds of phagocytizable objects, eg, bacteria or
red blood cells, were deformed during incubation for phagocytosis and
had nonspecific reactivity for enzyme incubation medium. Since the
resident peritoneal macrophages frequently had large secondary lyso-
somes or residual bodies, the phagocytized bacteria were sometimes hard
to differentiate from these organelles.37 Bacteria were not useful in assess-
ing the relation of phagocytosis and peroxisomes histochemically.
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Figures 1 through 11 show ultrastructural profiles of unexposed control macrophages or macro-
phages that were exposed to microbeads for varying lengths of time. They were fixed and
processed for morphologic observation or catalase or carbohydrate PA-TCH-SP cytochemistry
as described in Materials and Methods. The thin sections of cytochemical preparations were not
counterstained with metal salts. Figure 1-This macrophage encloses a number of micro-
beads in membrane-limited vacuoles. Some of the pleomorphic heterophagic dense bodies (D)
appear to have fused with the bead-laden phagosomes (arrowhead). Small vesicles also evi-
dence fusion with the phagosomes (arrows) after 10-minute exposure to microbeads. (Morpho-
logic preparation, uranyl acetate, lead citrate, X24,000)
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Figure 2-Small bodies with DAB reactivity indicative of peroxisomes are scattered in the cyto-
plasm. The peroxisomes often lie in association with endoplasmic reticulum (arrow). No exposure
to microbeads. Incubated in alkaline DAB medium for catalase. (X15,000)



Figure 3-Catalase-reactive peroxisomes lie in close proximity to bead-laden phagosomes (a-f, h,i). The
phagosomes reveal peripheral densification demonstrative of catalase as evidence of their fusion with
peroxisomes (b,c,g,j) (arrows). A peroxisome is often also associated with endoplasmic reticulum (k)
(arrowhead). Incubated for catalase. a-Thirty-minute exposure to microbeads. b,c-Sixty-minute
exposure to beads. d-g-Ten-minute exposure to microbeads. h-k-Thirty-minute exposure to
microbeads. (a, x34,000; b,c, X33,000; d-k, X30,000)
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Figure 4-Peroxisomes border a phagocytized mast cell granule. Catalase method.
(x38,000) Figure 5-Compared with cells not exposed to microbeads, this macrophage
contains an increased number of peroxisomes which, in general, appear decreased in size. Golgi
cisternae and associated vesicles (arrow) as well as the heterophagic dense bodies (arrowheads)
lack reactivity. M, mitochondria. Thirty-minute exposure to beads. Catalase incubation. (X14,000)



Figure 6-No focal densification is evident in any cell organelles. B, part of microbeads. Ten-
minute exposure to beads. Cytochemical control for catalase incubated with Aminotriazol (AMT).
(X7500) Figure 7-A macrophage fixed 60 minutes with glutaraldehyde processed for cata-
lase localization lacks evidence of peroxidase activity. Incubated in neutral DAB medium for
peroxidase. (X7000) Figure 8-Acid phosphatase reactivity is evident in Golgi cisterns and
associated vesicles and in beads containing heterophagic dense bodies. The distribution of this
enzyme differs strikingly from that of catalase. Sixty-minute exposure to microbeads. Acid
phosphatase preparation. (X12,000)
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Figure 9-Heterophagic dense bodies (D) show strong staining demonstrative of glycoprotein with
periodate-reactive hexoses. A moderate number of smaller granules also stain heavily (arrow). In
addition, the cell contains population of abundant small bodies with moderate reactivity. Not
exposed to beads. (Periodate-thiocarbohydrazide-silver proteinate [PA-TCH-SP] stain,
x22,000) Figure 10-Acid-phosphatase-negative small vesicles (arrows) fuse with bead-la-
den phagosomes. Ten minute exposure to microbeads. Acid phosphatase preparation.
(x46,000) Figure 11-A small strongly stained vesicle appears to be fusing with a bead-laden
phagosome which exhibited a thin rim of strong staining in evidence of prior fusion with such
vesicles. Ten-minute exposure to microbeads. (PA-TCH-SP stain, X46,000)


