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Prominent characteristics of heterophil * leukocytes include their
numerous cytoplasmic granules and their capacity to phagocytose par-
ticulate matter. Recent studies have contributed significantly to the
understanding of the nature of the cytoplasmic granules and have indi-
cated that these granules play a role in the process of phagocytosis. Cohn
and Hirsch 1 have demonstrated biochemically that nonspecific acid and
alkaline phosphatases and a variety of other hydrolytic enzymes are
found in the granule fraction obtained from peritoneal exudate leuko-
cytes. Histochemical evidence for the presence of some of these enzymes
in exudate leukocytes has been observed at the light microscope level.2'3

Ultrastructural localization of nonspecific acid and alkaline phospha-
tase in particular granule types has recently been accomplished in the
heterophils of rabbit bone marrow and peripheral blood.4'5 Acid phos-
phatase activity was demonstrable in relatively large and adielectronic
granules which appeared to correspond in their distribution with the
histochemically defined azurophil granules.6 Another type of granule
showing acid phosphatase activity in these cells has been characterized
as a small, pleomorphic, dense granule, more frequently encountered in
mature cells. In addition, these studies tentatively distinguished a popu-
lation of cytoplasmic granules of intermediate size and lower density,
more abundant in mature heterophils, which evidenced nonspecific alka-
line phosphatase activity but have thus far shown no indication of acid
phosphatase activity with established methods.
Cohn and Hirsch7 have demonstrated biochemically that during bac-

terial phagocytosis by exudate leukocytes, acid hydrolases are lost from
the granule fraction but are recoverable from the supernatant.7 The more
recently devised phase contrast cinematography of Hirsch, demonstrat-
ing granule lysis around phagocytosed particles, further implicates these
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* The general term heterophil is employed in lieu of the term neutrophil which con-

ventionally designates the analogous cell type in humans.
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granules as a source of catabolic enzymes needed for the degradation of
ingested material.8 Ultrastructural studies by Lockwood and Allison
have revealed configurations suggesting fusion of granule membrane
with the membranes of phagocytic vacuoles.9 These studies, confirmed
by Zucker-Franklin and Hirsch,10 in addition, showed granule-like
material in the phagocytic vacuoles.
The work of Spitznagel and Chi, based on fast green staining of basic

protein in leukocyte granules, has also indicated that phagocytosed bac-
teria are coated by this granule constituent.11 However, the presence of
hydrolytic enzyme activity characteristic of leukocyte granules has not
been demonstrated within the phagocytic vacuoles of these cells. The
present study affords more direct evidence for the role of heterophil
granules in phagocytosis, confirming the morphologic relationships in-
volved and, furthermore, revealing by cytochemical means the presence
of acid and alkaline phosphatases in the cytoplasmic granules and sub-
sequently within phagocytic vacuoles.

MATERIAL AND METHODS
Leukocytic ingestion of Staphylococcus albus was studied in an in vitro system

modeled after that of Cohn and Hirsch (see ref. 7, p. ioi6). Glycogen-induced rabbit
peritoneal exudate leukocytes and washed viable bacteria were mixed in Hanks's solu-
tion, modified by the addition of o.oi per cent bovine serum albumin, o.ooS6 M
glucose, and io per cent fresh rabbit serum. The medium was rotated slowly at
370 C. in siliconized centrifuge tubes; aliquots were removed at intervals of 2, 5, IO,
20, 30, and 6o minutes, chilled, and centrifuged. For cytochemical determinations,
the pellets were fixed go minutes in sodium cacodylate-buffered 6.25 per cent glutaral-
dehyde12 followed by rinsing in cold 7.5 per cent sucrose, freezing, and sectioning
in the cryostat.13 14 Rinsed cryostat sections cut at 40 M were then incubated iS to
6o minutes at 370 C. in the Barka and Anderson modification15 of Gomori's acid
phosphatase medium,16 or incubated in a comparable fashion in Gomori's alkaline
phosphatase medium 16 with subsequent conversion of the calcium phosphate reaction
product to lead salt by a 5-minute exposure to 2 per cent PbNO3. Following the
cytochemical procedures, rinsed sections were then fixed 45 minutes in Millonig's 17
solution prior to ethanol dehydration, embedding in Maraglas,18 and ultramicrotomy.

For morphologic investigations, parallel aliquots of phagocytosing leukocytes were
fixed go minutes in cacodylate-buffered 6.25 per cent glutaraldehyde followed by 45
minutes' fixation in Millonig's solution, and additional specimens were fixed go min-
utes in Millonig's solution alone. These tissues were then processed for electron
microscopy, with the omission of the cytochemical procedures. Similar morphologic
and cytochemical studies were performed on exudate leukocytes in the absence of
bacteria, both prior to and following 6o minutes' incubation in modified Hanks's solu-
tion. Bacteria alone were studied similarly.
Thin sections cut on a Porter-Blum MT-i microtome with glass knives were col-

lected on 65 mesh copper grids covered with a carbonized collodion film. Staining
procedures included Karnovsky's "A" lead stain,'9 Reynold's lead citrate solution,20
uranyl acetate solution,2' and various combinations of uranyl and lead methods.
Specimens were examined and micrographed in either an RCA EMU-2A or an RCA
EMU-3G electron microscope.
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RESULTS

Heterophils comprised approximately go per cent of the peritoneal
exudate cells, the remainder consisting of mononuclear cells and occa-
sional eosinophils. Each of these cell types was observed to contain
phagocytosed bacteria. However, the observations reported below per-
tain only to heterophil leukocytes unless otherwise specified.
The granule population appeared to include the 3 generally distin-

guishable granule types previously observed in normal rabbit bone mar-
row and blood.4'5 Relatively large and adielectronic granules (Figs. I
and 2), comparable to those characterized as azurophil granules in de-
veloping and circulating cells, seemed more numerous in the cells of the
peritoneal exudates than in those of buffy coat preparations from the
blood of normal rabbits. Small, pleomorphic, dense granules were fre-
quently noted in both heterophils and mononuclear cells. Both granule
types showed localized deposition of reaction product following incuba-
tion for acid phosphatase (Figs. 3 and 5). Acid phosphatase reaction
product was also observed occasionally in the Golgi lamellas of mono-
nuclear cells and heterophils. Intermediate-sized, generally lower density
granules (Fig. 2), assumed to correspond to the preponderant type in
normal circulating heterophils, showed no evidence of acid phosphatase
activity, but appeared to contain nonspecific alkaline phosphatase (Fig.
6).

Phagocytosis occurred promptly, and the actual engulfment of bac-
teria by pseudopodia appeared to proceed as reported by others.22 In
aliquots removed after 2 minutes' incubation, many leukocytes con-
tained ingested bacteria, and numerous granules of phagocytosing cells
were as yet dispersed within the cytoplasm. However, some cytoplasmic
granules were already observed in close approximation to the phagocytic
vacuoles. Configurations indicating fusion of granule membrane with
phagosome membrane were seen in several instances (Fig. i). Material
of density and texture comparable to granule substance was frequently
encountered coating ingested bacteria or lying free within the vacuole,
occasionally retaining the form of granules (Figs. i and 2). These find-
ings confirmed morphologic evidence reported by others.9'10

Following 6o minutes' incubation of bacteria and leukocytes, most
heterophil profiles showed numerous ingested bacteria and few or no
cytoplasmic granules. This depletion of granules presumably resulted
from the contribution of granule material to phagocytic vacuoles; no
other mechanism accounting for granule loss was observed. The absence
of all granules from some cells at later incubation times supported the
impression that each of the 3 general types of cytoplasmic granule par-
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ticipated in the phagocytic process through association and fusion with
phagocytic vacuoles. Peritoneal exudate leukocytes, incubated similarly
except for the absence of bacteria, showed no evidence of granule de-
pletion.

Acid phosphatase reactive granules were frequently observed imme-
diately adjacent to phagocytic vacuoles and, in some instances, fusion
of these structures was apparent (Fig. 5). Heavy deposition of reaction
product was noted in some phagocytic vacuoles (Figs. 3 to 5). This pre-
sumptive acid phosphatase activity in phagocytic vacuoles substantiated
the indirect evidence cited above7'8 which suggested transfer of acid
hydrolases from leukocyte granules to the site of ingested particles.

Similarly, granules showing alkaline phosphatase reaction product
deposition occurred in close association with phagocytic vacuoles. Alka-
line phosphatase reaction product was visualized within these vacuoles,
providing evidence consistent with the suggested fusion of such granules
with phagosomes (Fig. 6).
The validity of the positive cytochemical findings was strengthened

by the absence of reaction product from leukocyte granules in tissue
incubated without added substrate, with the inclusion of io per cent
formalin in the incubation medium, or after heat inactivation of enzymes.

Nonspecific acid or alkaline phosphatase reaction product was ob-
served coating bacterial cell walls only within phagocytic vacuoles. Bac-
teria found extracellularly in the phagocytosis system, or processed
independently for cytochemical study, were generally free of reaction
product, the only notable exception being the occasional association of
precipitate with bacterial nucleoids.

DIscusSION
The positive cytochemical and morphologic findings presented afford

direct evidence that nonspecific phosphatases are transferred from cyto-
plasmic granules of rabbit heterophils to newly formed phagocytic vac-
uoles. The results confirm and extend previous biochemical and morpho-
logic studies which suggested such a mechanism; they further provide
the first definitive evidence for hydrolytic enzymes in the phagocytic
vacuoles of these cells. The selective localization of phosphatase reaction
product to particular sites with generally accepted procedures 12-14 and
the absence of reaction product in control specimens support the validity
of the cytochemical methods.

It should be emphasized that under these conditions most phagocytic
vacuoles were free of demonstrable reaction product, despite heavy dep-
osition in cytoplasmic granules. From the frequent appearance of the
granule-like material in the phagocytic vacuoles, a higher incidence of
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phosphatase-positive phagosomes might be expected. Some of the vac-
uoles would presumably lack acid phosphatase if included granule ma-
terial were derived only from intermediate-sized, lower density, alka-
line phosphatase-positive granules. Parallel reasoning could account for
a proportion of the vacuoles lacking alkaline phosphatase activity. More
importantly, alterations in the physical state of granules accompanying
their accession to the phagosome may render the enzymes more suscepti-
ble to solubility loss or fixative inactivation. It should be noted that the
present interpretation is based on the positive findings of this study and
is not dependent upon negative cytochemical results of inconclusive sig-
nificance.

In tissues such as liver,23 kidney,13 and thyroid,24 membrane-limited
organelles, rich in hydrolases, are considered to be instrumental in the
compartmentalized degradation of incorporated or intrinsic substrate
material. Rabbit exudate heterophils apparently constitute a dramatic
example of this phenomenon, with features uniquely adapted to their
role in phagocytosis. The predominant cytoplasmic constituent of these
cells consists of preformed specific organelles rich in hydrolase activity.
The ready availability of these hydrolytic enzymes in heterophils per-
mits the effective degradation of phagocytosed material without pre-
requisite synthesis of these enzymes. This potentiality, coupled with the
capacity of glycogen-rich heterophils for anaerobic metabolism, might
account, in part, for the ability of these cells to function effectively in
the often metabolically unfavorable circumstances of acute inflamma-
tion. SUMMARY

Ultrastructural and cytochemical studies on rabbit exudate heterophil
leukocytes indicate the occurrence of nonspecific acid and alkaline phos-
phatases in particular cytoplasmic granules. Phagocytosis of staphylo-
cocci by these cells was accompanied by configurations suggesting
granule fusion with newly formed phagocytic vacuoles. The apparent
transfer of granule-like material into phagocytic vacuoles coincided with
the appearance of presumptive acid and alkaline phosphatase activities
around some phagocytosed bacteria. Each of 3 apparently distinct gran-
ule types evidently participated in this process. Continued phagocytic
activity resulted in the depletion of both acid and alkaline phosphatase-
containing granules from the cell.
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LEGENDS FOR FIGupEs

All figures depict portions of rabbit peritoneal exudate heterophils containing
phagocytosed Staphylococcus albus organisms. Unless otherwise indicated, tissues
were fixed in glutaraldehyde followed by Millonig's solution, and thin sections were
stained with uranyl acetate followed by Reynold's lead citrate.

FIG. I. Three bacteria are contained within a large, irregular phagocytic vacuole.
Several relatively adielectronic granules (g) are included within the vacuolar
membrane. The configuration of the continuous limiting membrane (arrows)
suggests recent fusion of the granules with the vacuole. The clear spaces within
the bacteria are probably a result of incomplete embedding. Millonig's fixative,
Karnovsky "A" lead stain. X 20,000.

FIG. 2. An ingested bacterium is surrounded by material resembling in form and
density the relatively large, adielectronic granules in the adjacent cytoplasm.
Intermediate-sized, less dense granules (arrow) and abundant glycogen are also
evident in the cytoplasm. X 23,000.

FIG. 3. Acid phosphatase reaction product is evident in partially extracted azurophil
granules (g) and surrounds an ingested bacterium. Evident are intermediate-
sized, lower density, unreactive granules (arrows). X i8,ooo.

FIG. 4. As in Figure 3, there is apposition of acid phosphatase-reactive material
to the bacterium within one phagocytic vacuole and an absence of reaction
product from two adjacent vacuoles. X 3I,000.

FIG. 5. Several small, pleomorphic, cytoplasmic granules exhibit acid phosphatase
reaction product deposition. Apparent fusion of this type of granule with a
phagocytic vacuole is shown (arrow). Reaction product also surrounds the
phagocytosed bacterium. Two azurophil granules show a deposition of reaction
product (g). X 30,000.

FIG. 6. Alkaline phosphatase reaction product surrounds an ingested bacterium and
appears within an intermediate-sized cytoplasmic granule. Spurious deposition
of reaction product is present in the cytoplasm. Unstained section. X 42,000.
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