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THE INFLUX OF NEUTROPHILS and mononuclear phagocytes
into tissues may be seen as the hallmark of inflammation and significantly
contributes to both the injury and the subsequent repair seen in the nor-
mal, circumscribed, inflammatory reaction. Since the time of Metchni-
koff, considerable emphasis has devolved on the phagocytic properties of
these cells. Their ability to engulf, kill, digest, and remove offending or-
ganisms and particles clearly represents one of the critical factors in pro-
tection of the body against the outside world. Because of the importance
of these functions, in which the action occurs intracellularly within a
phagocytic vacuole or phagosome, the concept that these cells secrete en-
zymes not only into phagosomes but also to the outside milieu has re-
ceived less attention. When free lysosomal hydrolases have been detected
in inflammatory lesions in the past, they have been considered a con-
sequence of inflammatory cell death and lytic release of constituents.
However, while cell lysis undoubtedly occurs, there is now considerable
evidence for noncytolytic extracellular release of constituents from in-
flammatory cells, both in vitro and in vivo, and for its contribution to the
inflammatory process itself.

In this discussion I will focus on one type of release of enzymes from
phagocytes, discuss some questions and speculations as to the mechanisms
of extracellular discharge involved, and present some thoughts as to its
possible involvement in the inflammatory process. The importance of the
release of enzymes from phagocytes in the natural history of inflammation
presupposes the ability of acid hydrolases and proteases to escape the in-
hibitory action of the buffered environment or specific inhibitors they en-
counter in the extracellular milieu. Evidence for a role for such enzymes
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in inflammatory injury is beginning to accumulate, and it is therefore ap-
propriate to speculate briefly below on some of the possible escape mech-
anisms. The context in which this examination of phagocyte exocytosis is
presented is my belief that inflammation is a nonspecific response of tis-
sues to injury and that it is inherently good for you. The basic components
of inflammation have been conserved and expanded in evolution until in
mammals one finds a highly interactive dynamic and redundant system in
which elimination of one particular component seldom leads to abroga-
tion of the response because of extensive collateral mechanisms. This
makes the overall process both fascinating and extremely difficult to ex-
amine. I would also like to express an additional bias towards a belief in
the conservative nature of biology (or evolution). In the context of phago-
cyte exocytosis this leads to raising first the suggestion that exocytosis of
preformed, granule-associated constituents from the different cells (neu-
trophils, monocytes, macrophages, and perhaps also basophils and mast
cells) is accomplished by a similar mechanism. An attempt therefore will
be made to examine this possibility in the case of the human neutrophil
and monocyte and the rabbit alveolar macrophage. Human macrophages,
derived from monocytes in vitro * behave similarly in most respects to
the rabbit alveolar cells but for purposes of simplicity are not described
separately. This brief description of ongoing studies of such systems will
intentionally exclude experiments employing the fungal metabolite cyto-
chalasin B (or A, C, or D). The effects of this drug on exocytosis are dra-
matic and hence interesting but are also quite different for the different
cell types. Unfortunately, however, because we do not yet thoroughly un-
derstand the various modes of action of the cytochalasins, the results of
their use are extremely difficult to interpret in a physiologic context.

The Immediate ‘‘Release Reaction’ of Phagocytic Inflammatory Cells and Its Possible Phlogistic
Potential

During phagocytosis, neutrophils, monocytes, and macrophages release
to the outside of the cells a significant amount of lysosomal L.ydrolases. As
depicted in Text-figure 1, release of B-glucosaminidase occurred rapidly,
and the kinetics of release for the three cell types employed were remark-
ably similar. Without stimulus, the enzyme was not released during
the 1 or 4 hours of the assay. Although not depicted, other lysosomal hy-
drolases were released with similar kinetics. In order to control for cell
lysis, the presence in the supernatant of the cytoplasmic enzyme lactic de-
hydrogenase (LDH) was also measured. In no case did significant LDH re-
lease occur, and the release of B-glucosaminidase must be considered se-
lective in nature, presumably the result of a secretory event.



496 HENSON American Journal
of Pathology

HUMAN NEUTROPHILS HUMAN MONOCYTES

207

151
3 101
g
F4
7 "
s
4 O ES————— v
o 0 30 60 60 10 30 6060
X [RasaiT ALVEOLAR
S 207 MACROPHAGES
)
g
W15
&
*

10-

__——o
fo—
-0 -’
—— o : .
0 30 60 120 180 . 240 ' 240
MINUTES
e—eOpsonized Zymosan(l00:l) o- —oControl Cyclohexomide
(2 pg./ml.)

TEXT-FIGURE 1—Exocytosis from three phagocytic inflammatory cells. Cells were prepared as de-
scribed previously 1”17 and stimulated by zymosan opsonized with isologous serum.” Neutrophils,
4%10%/ml; monocytes and macrophages, 1%X10%/ml. Phagocytosis was checked by microscopy, and
the percent release of B-glucosaminidase calculated from the enzyme activity in the supernate and in
detergent-lysed cell pellets. Cyclohexamide was shown in each case to prevent incorporation of H-
leucine into protein. Lactic dehydrogenase was not released in these experiments, indicating the ab-

sence of cell lysis.

Alveolar macrophages engulf particulate material, which they may en-
counter in the lower airways. This encounter is often associated with an
inflammatory response, but whether as cause or effect is not always clear.
However, it is not unreasonable to suppose that the products of the secre-
tory reaction described above might actively induce or contribute to the
inflammatory reaction. In the experiment depicted in Figure 1, the phlo-
gistic potential of the materials released from rabbit alveolar macro-
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phages during phagocytosis (in the experiment described in Text-figure 1)
was examined. Supernatants collected 4 hours following a phagocytic or
control challenge of rabbit alveolar macrophages in vitro were instilled
into normal rabbit lungs. The histologic appearance of the lungs following
sacrifice of the animals 24 hours later is depicted. The macrophages that
encountered and ingested the particulate stimulus in vitro released mate-
rials with significant phlogistic activity, inducing accumulation over 24
hours of neutrophils, and even more strikingly, mononuclear phagocytes.
Alveolar edema and fibrin deposition were evident, and the cellular re-
sponse was in both the alveolar interstitium and air space. Supernates
from nonstimulated macrophages (ie, those that did not undergo the se-
cretory reaction) did not induce pulmonary alteration (Figure 1A).

The data suggest that the noncytolytic secretory products of alveolar
macrophages can by themselves induce pulmonary inflammation. Further
experiments have shown that neutrophil-dependent pulmonary inflamma-
tion induced after 4-6 hours by other stimuli instilled directly into the
lungs (C5a des Arg,® immune complexes *) results in a lesion in which
some evidence for noncytolytic release reactions from neutrophils can also
be obtained. Thus bronchoalveolar lavage fluids contain high concentra-
tions of lysosomal hydrolases, with disproportionate levels of cytoplasmic
enzymes, suggesting discharge of lysosomes. Moreover, neutrophils ob-
served morphologically in such lesions are apparently intact, and can be
isolated by lavage and shown to be chemotactically responsive (Henson et
al, unpublished observations), surely an indication of viability.

While none of the above-mentioned observations are conclusive evi-
dence for the contribution of exocytosis to inflammation, they do suggest
that an understanding of the mechanisms by which neutrophils and mono-
nuclear phagocytes undergo this rapid (within 4 hours) release reaction
would be important.

Three Modes of Secretion From Mononuclear Phagocytes

Release of enzymes from mononuclear phagocytes to the extracellular
environment can be considered to follow at least three different patterns.
Two of these, depicted for rabbit alveolar macrophages in Text-figure 2,
are dependent upon protein synthesis.

Constitutive Secretion

Constitutive secretion, of lysozyme,"*>® implies a continuous synthesis
and secretion that are relatively independent of external stimulus to the
cell (in this case by C5a, but equally true for phagocytic or other stimuli)
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TEXT-FIGURE 2—Synthesis dependent secretion in rabbit alveolar macrophages. Macrophages were
stimulated with purified C5a as described.” Total enzyme in the culture was calculated as the sum of
that in the supernate (secreted) and in the cell lysates.

(Text-figure 2, right panel). Little enzyme is stored intracellularly in this
case.

Inductive Synthesis-Dependent Secretion

Inductive synthesis-dependent secretion involves the synthesis of new
enzyme as well as of secretion extracellularly as a result of cell stimulation.
As shown in Text-figure 2, C5a induces the release of the lysosomal hydro-
lase B-glucosaminidase from alveolar macrophages.” This is a slow release,
dependent on protein synthesis, and accompanied by a net increase in to-
tal enzyme in the culture. A similar process has been shown for mouse
peritoneal cells with phagocytic stimuli,®® and this process is also presum-
ably related to the well-known ability of “digestible” materials, when in-
gested by macrophages, to induce lysosomal hydrolase synthesis.®'®!! At
this point, we have no proof that the enzymes that are secreted are the
newly synthesized molecules or that they are packaged differently from
those destined for lysosomes. However, in the case of neutral proteases
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(plasminogen activator, collagenase, and in some cases elastase), the in-
ductive secretory reaction does not involve intracellular storage; so a di-
rect sequence of synthesis, packaging, and secretion is implied.

As shown in Text-figure 3, particulate, phagocytosable stimuli also in-
duce an inductive secretion of lysosomal hydrolases over a period of 24-48
hours, which is inhibited by the protein synthesis inhibitor cyclohex-
amide.*>® By contrast, the release of B-glucosaminidase during the first 4
hours is entirely resistant to the effects of cyclohexamide, ie, protein-syn-

thesis-independent (Text-figure 3).

Synthesis-Independent Release
Synthesis-independent release (the immediate release of preformed

constituents) was shown earlier in Text-figure 1 and is depicted in Text-

figure 4 in detail. Five points can be made. 1) The extracellular release was
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TEXT-FIGURE 3—Synthesis-independent and synthesis-dependent release from rabbit alveolar macro-
phages induced by opsonized zymosan. The experimental conditions were the same as those outlined
in Text-figures 1 and 2. Lactic dehydrogenase was not liberated. Up to 4 hours the release was inde-

pendent of protein synthesis.
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TEXT-FIGURE 4—Release of preformed enzyme from rabbit alveolar macrophages. The conditions
were those described for Text-figures 1 and 2. Intracellular enzymes (and therefore total enzyme) was
assayed in cell lysates from wells containing the opsonized zymosan stimulus. Lactic dehydrogenase
was not released.

dependent on the presence of the stimulus, in this case the phagocytosable
particle opsonized zymosan. 2) The release occurred in the presence of cy-
clohexamide. (Although not shown in the figure, the incorporation of ra-
diolabeled amino acids into protein was inhibited by cyclohexamide in the
experiments.) 3) There was a concomitant drop in intracellular enzyme,
suggesting that intracellular stores of performed enzymes were being dis-
charged. 4) The total enzyme activity in the culture remained unchanged
indicating that the enzyme was not being destroyed or inactivated. 5) The
release was noncytotoxic, since lactic dehydrogenase was not released
(data not included).

Taken together, the data show synthesis-independent extracellular re-
lease of preformed constituents. As indicated in Text-figure 1, the phe-
nomenon can be demonstrated in human neutrophils and monocytes as
well as rabbit alveolar macrophages and also occurs in human monocyte-
derived macrophages.” The question that now must be addressed is, What
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is the mechanism of this response to stimulation? However, before this
mechanism is discussed in more detail, three additional points need em-
phasis. 1) The experiments described above have all used opsonized zymo-
san as a stimulus. That the exocytosis is not unique to this particle is em-
phasized by its occurrence when cells engulf erythrocytes or latex
(Henson et al, manuscript in preparation). 2) The experiments also em-
ployed higher particle-to-cell ratios than would be expected normally in
vivo. Nevertheless, human monocytes release a low but significant per-
centage of their enzymes when stimulated with a particle-to-cell ratio of
only 1:1, which is certainly a circumstance possible in real life. 3) When
low levels of enzyme are released from monocytes or neutrophils (eg, 5%
of total B-glucosaminidase or myeloperoxidase), histochemical staining has
shown that this is not the result of 5% of the cells releasing all their en-
zyme—a much larger proportion of the cells is involved (Henson et al,
manuscript in preparation). This then sets the stage for considering by
what mechanism the lysosomal constituents are discharged from the cell.
In this discussion I will focus on the physical mechanisms by which lyso-
somes (granules) gain access to the extracellular milieu. This is not to dis-
count the importance of the biochemical steps, from receptor-ligand in-
teraction to calcium mobilization to membrane fusion and perhaps
enzyme—matrix dissociation. The many and varied biochemical steps in
these processes are of great interest and are being studied intensely in
many laboratories, including our own. However, in thinking about these
processes, it became apparent that we did not in fact have a sure in-
dication of the physical events involved, let alone the biochemical ones.
Hence the current emphasis.

Release From Neutrophils and the Problems With ‘“‘Accidental’” Fusion of Lysosomes With the
Plasma Membrane or Incompletely Sealed Phagosome

Over the last 10 years we and others have suggested mechanisms of
granule discharge from neutrophils, depicted in Text-figure 5. Each of
these is closely related and represents a conceptual bias mentioned ear-
lier, namely that the “purpose” of the cell is to discharge its granules into
phagosomes and that extracellular release is accidental. Examples would
include premature fusion of granules with developing phagosomes; in-
complete closure of phagosomes leaving channels to the outside; later
opening of phagosomes during incorporation of a new particle. These
could be considered examples of what Weissmann has called “regurgita-
tion while feeding.”** In addition, studies by ourselves '* and Hawkins '*
showed discharge of lysosomal enzymes when neutrophils interacted with
stimuli on surfaces too large to engulf. We felt that the mechanisms in-
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TEXT-FIGURE 5—Diagrammatic represen-
tation of some mechanisms by which neu-
trophils might release granule contents.

volved here were similar to those pertaining to phagosome-lysosome fu-
sion, the difference being the lack of an enclosed phagosome. The proc-
esses we colloquially called “frustrated phagocytosis.”** Soluble stimuli, in
this context, were inefficient stimuli for the exocytotic process as de-
scribed, unless they were presented on a particle or surface '*'” (Henson
and Keeling, unpublished observations on monocytes).

Examples of all the above-mentioned mechanisms have been observed
in studies in vitro '>'®* with human and rabbit neutrophils, and there seems
little doubt that they are real mechanisms of release that contribute to the
reactions in vivo.

Nevertheless, a number of unanswered questions, and a change in my
concept of these processes toward a hypothesis that the extracellular re-
lease reaction represents a physiologic response of the cells, has led to a
reconsideration of what other mechanisms might be operative.

The first problem has been the difficulty in finding numerous morpho-
logic examples of the above-described processes, in vivo. While pictures
of premature fusion and extracellular discharge against surfaces have been
presented,*®'° the frequency with which they are found is low even in le-
sions for which alternative evidence of exocytosis can be obtained. We
have suggested that part of the problem may reflect the time required for
fixative penetration in tissue samples, allowing discharged granules to dis-
solve before they can be preserved. Immediate fixation of cells in the in
vitro experiments would have increased the frequency of observation of
these transient events. Nevertheless, it may be unrealistic to explain phe-
nomena in vivo in this way.

A second difficulty is depicted in Text-figure 6. A necessary con-
sequence of the exocytotic mechanisms indicated above (ie, in Text-figure
5), is that release should correlate temporally with engulfment. However,
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TEXT-FIGURE 6—Comparison of exocytosis of B-glucosaminidase and uptake to stimulating particles.
Opsonized sheep erythrocytes (EACs) labeled with 5!Cr were prepared with IgG antibody and com-
plement components through C3 as described.? Uptake was assessed by determination of neutrophil-
or monocyte-associated *'Cr after lysis of extracellular EACs with NH,Cl. Particle(EAC)-to-phago-
cyte ratios were 100: 1. Other conditions were as for Text-figures 1 and 2. The experiments suggest
that uptake does not correlate with enzyme secretion.

using opsonized erythrocytes, one can see that for both neutrophils and
monocytes, the release reaction continues when ingestion has ceased.
Finally, when macrophages are examined ultrastructurally (Figures 2
and 3), an additional difficulty must be considered. During the process of
engulfment of opsonized zymosan (Figure 2), a broad area of organelle
clearance is seen at the point of particle attachment and uptake. This has
been shown by a number of investigators to represent the contractile ele-
ments of the cell.***! It can be argued that this would represent a signifi-
cant barrier to lysosome fusion with developing phagosomes, and a similar
point was made earlier by Oliver et al concerning monocytes.??> Only
when the particle is completely engulfed (Figure 3) and the contractile
proteins have been removed can evidence of lysosome approach to, and
fusion with, the phagosome be obtained. In fact, we have been unable to
obtain any examples of “premature” lysosome fusion in macrophages (al-
though one such example was suggested by Ackerman %). Admittedly, it
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could be argued that macrophages and neutrophils discharge their con-
tents by different mechanisms. Nevertheless, the similarities in cell re-
sponse (Text-figure 1), the increasing evidence of common secretory
mechanisms among different cells,”* and my own bias toward examining
the simple suggestion first have prompted a search for a mechanism that
might occur in both cell types.

Lack of Evidence for Release During an Excretion Phase

Berlin et al *® have shown that ingestion of paraffin oil particles by neu-
trophils is followed by their subsequent discharge from the cell and sug-
gest that this involves a mechanism resembling reversal of the initial
phagocytic event. The process is depicted schematically in Text-figure 7.
If phagosome-lysosome fusion occurs during the sojourn of the particle
within the phagosome, subsequent discharge of lysosomal (granule) con-
tents to the exterior would be expected.

In order to test this possibility, the experiments depicted in Text-figure
8 were performed, using *'Cr-labeled opsonized erythrocytes as particles
and human monocytes as phagocytic cells. The monocytes were pre-
loaded with *'Cr-EACs for 30 minutes at 37 C, unbound **Cr-EACs were
removed by washing and externally adherent *Cr-EAC by ammonium
chloride lysis. The cells were then incubated for 60 minutes and the kinet-
ics of lysosomal enzyme release compared with that of erythrocyte (chro-

TEXT-FIGURE 7—Diagrammatic repre-
sentation of possible enzyme release
accompanying expulsion of previously
ingested particles from neutrophils.?
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mium-51) discharge. Release of *>'Cr occurred in the first 10-15 minutes. It
is not clear at this point whether this represents excretion of erythrocytes
from inside the monocyte (as occurred for paraffin oil particles in Berlin’s
experiments), or whether this is release of *'Cr-labeled membrane frag-
ments from the monocyte surface. In either case, the release of 5'Cr
(erythrocytes) was complete by 20 minutes; yet the secretion of S-glucosa-
minidase extended from 20 to 60 minutes. Identical results were obtained
with neutrophils. This data is not easily compatible with the release of
lysosomal enzymes accompanying the excretion of preingested particles.

Possible Fusion of Lysosomes With Invagination of the Plasma Membrane

During the course of particle uptake by alveolar macrophages, as in-
dicated above, we could find no evidence of lysosome fusion with the de-
veloping phagosome. On the other hand, as shown in Figure 4, lysosome
discharge into what appeared to be vacuoles was not infrequently ob-
served. Evidence for this phenomenon was strengthened by our pre-
loading the macrophages with horseradish peroxidase (HRP) (which local-
izes in the secondary lysosomes) and observing discharge of HRP into
apparent vacuoles, not into developing phagosomes (Henson and Henson,
manuscript in preparation).

The possibility was raised, therefore, that these “vacuoles” represented
invagination of the plasma membrane (see Text-figure 9) that were open
to the outside and resembled the deep invaginations seen in neutrophils
and monocytes (Henson and Henson, unpublished observations) after
treatment with a stimulus in the presence of cytochalasin B. The process
might involve imbalance of opposing contractile elements * and might
provide a common link between physiologic secretory processes and the
massive enhancing effect of the cytochalasins. This is an attractive possi-
bility, and was supported by similar morphologic observations of dis-
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TEXT-FIGURE 9—Diagrammatic represen-
tation of possible discharge into membrane
invaginations.

charge into “vacuoles” (though with less frequency) in monocytes and
neutrophils (Figure 5). However, attempts to date to demonstrate that
these “vacuoles” were open to the outside by penetration of cationized
ferritin or ruthenium red following fixation have been unsuccessful (Hen-
son and Henson, manuscript in preparation). Admittedly, more com-
plicated explanations may exist; eg, the external opening of the vacuoles
may be transient. This idea is being examined. Nevertheless, the data sug-
gest that it might be more fruitful at this point to seek alternative possi-
bilities.

Piecemeal Granule “Dissolution’ and Vesicular Transport Mechanisms

Careful examination of neutrophils undergoing a release reaction in
vitro revealed (Figure 5) a phenomenon of apparent granule dissolution in
situ as well as the discharge into “vacuoles.” Effectively, what this means
is that the electron density of the stained contents of the granules is al-
tered, a process which may indicate physiologic changes in the granule
contents associated with secretion. The observation is similar to pictures
obtained earlier in our laboratory of rabbit basophils undergoing degranu-
lation *" and more recently to basophil degranulation in other species.?® In
the latter context, Dvorak et al ® have suggested a vesicle cycling be-
tween plasma membrane and granule, which can bring material to the
granule, and more importantly for secretion, carry them back to the
plasma membrane. Caulfield et al * have recently shown pictures of ap-
parent granule dissolution in human pulmonary mast cells, and we
showed that a not dissimilar effect can be seen on occasions in rat mast
cells undergoing a relatively prolonged release reaction.>' These data add
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further credence to the commonality of the observation and thus perhaps
to an underlying mechanism of discharge of granule constituents.

Finally, when we went back and reexamined neutrophils in inflamma-
tory processes in vivo, we found striking examples of granule “dissolution”
in these cells and in infiltrating monocytes (see Figure 6) ** (Henson and
Henson, manuscript in preparation). At this point it would be fruitless to
discuss possible mechanisms in any detail, because the phenomenon itself
must be placed upon a firm footing. Nevertheless, some intriguing impli-
cations and possibilities relating to vesicle transport and membrane re-
cycling can be raised, with a view to suggesting further lines of investiga-
tion.

The data and calculations of Steinman ** suggest the need for mem-
brane recycling in phagocytic cells to replenish internalized membrane,
and there is currently a great deal of interest in, and some preliminary
confirmatory data on, this phenomenon.>-*® One of our early suggestions
to explain synthesis-independent discharge of preformed constituents was
related to membrane recycling. Thus, when membrane was recycled from
phagosomes with which lysosomes had fused (perhaps by vesicular trans-
port processes), some of the contents of these phagolysosomes, including
the hydrolytic enzymes, would reach the outside of the cell.

A problem with this simple concept is that enzyme release occurs im-
mediately, before phagosome-lysosome fusion is evident to any degree. (It
should be noted, however, that Segal et al > have provided evidence for
extremely early fusion in neutrophils.) An extension of the above-men-
tioned suggestion that takes this problem into account is depicted in Text-
figure 10, and described below.

Hypothesis. Triggering of membrane receptors, especially via particle-

TEXT-FIGURE 10—Diagrammatic representa-
tion of possible enzyme release accompanying
vesicle transport from lysosomes and phago-
lysosomes to the plasma membrane.
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bound or surface-bound ligands * induces a variety of intracellular
events. Among these is an immediate transport of lysosomal membrane,
or phagolysosomal membrane, to the outside of the cell. The transport
is via vesicles, and some of the contents of the lysosomes or phago-
lysosomes (or granules) are carried along and therefore discharged. This
would explain the stimulus-induced expression of new receptors de-
rived from specific granules on the neutrophil membrane described by
Fletcher and Gallin.*® It would provide an immediate supply of mem-
brane for the anticipated engulfment process. It would also provide an
immediate extracellular supply of lysosomal enzymes, which, we argue,
is important to the physiologic function of the cell (see below). At this
point, for lack of evidence, no distinction is made between the ability of
primary or secondary lysosomes, phagolysosomes, or nonlysosomal
granules to undergo this hypothetical dissolution. Nor is there any evi-
dence to support this concept—the necessary experiments as yet are
lacking.

A Possible Physiologic Role for Inmediate Secretion of Preformed Constituents

Phagocytic inflammatory cells have been shown to exhibit a rapid dis-
charge of preformed hydrolytic enzymes upon reaction with particular
stimuli. In the context of their involvement in inflammatory lesions, it is
reasonable to suppose that their role involves the killing of micro-
organisms or abnormal cells and removal of the debris, both of endoge-
nous (eg, dead and dying cells, disordered and altered connective tissue) as
well as of exogenous origin. Much of this unwanted material is likely to be
in a form that cannot initially be engulfed by the phagocyte (too big or
attached to surfaces). A mechanism for discharge of hydrolases, leading to
extracellular digestion, would be of immense value in such a process. As
mentioned in the introduction, the question of effective action in this ex-
tracellular environment of hydrolases with low pH optima must be con-
sidered. Unfortunately, such a consideration at present is only speculative.
Nevertheless, we know that low pH values are achieved in the phago-
lysosomes,*® and vesicle transport (or other ion transport processes) may
therefore result in extracellular discharge of H* ions as well. Despite the
effective extracellular buffers, local pH at the sites of phagocyte substrate
contact may be transiently lowered to values that allow transient action of
the enzymes. A very effective control mechanism (rising pH due to buffer-
ing capacity of the extracellular fluid) would limit the action of the en-
Zymes.

An additional circumstance in which extracellular enzyme discharge
may be critical is during phagocyte migration into inflammatory lesions.
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Emigration from the bloodstream and movement through tissues must in-
volve crossing basement membranes and other connective tissue barriers.
The mechanisms by which this is achieved are not yet understood, but
early data from our own group (Spears, Henson, in preparation) and from
Muller and Schiffman *' suggest that neutrophils at least may release en-
zymes capable of digesting extracellular matrix proteins (including colla-
gen) when stimulated with chemotactic factors. A localized digestive
process may therefore allow inflammatory cell accumulation in tissues
and may reflect the secretory events discussed herein.
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Figure 1—Pulmonary inflammation induced by instillation of the secreted products of alveolar
macrophages stimulated in vitro. The supernatant fluids from rabbit alveolar macrophages har-
vested and stimulated as described in Reference 7 and Text-figure 1 were instilled into the lungs
of normal rabbits as described.*? The animals were sacrificed after 24 hours. A—Super-
natant from control nonstimulated macrophages. B—Supernatant from macrophages
phagocytosing opsonized zymosan particles. (X 300)



Figure 2—Rabbit alveolar macrophage five minutes after addition of opsonized zymosan.
The conditions were those described in Text-figure 1. A zymosan particle is apparently in
the process of being engulfed, and extensive organelle clearance (asterisk ) can be seen in
the enveloping pseudopods. (X 15,000) Figure 3—Rabbit alveolar macrophage 30
minutes after the addition of opsonized zymosan. The particles are now completely en-
closed, the areas of organelle clearance have dissipated, and phagosome-lysosome fusion
is occurring (arrows). (X 15,000)



Figure 4—Rabbit alveolar macrophage 30 minutes after addition of opsonized zymosan. Appar-
ent discharge of lysosomes into ‘‘vacuoles’ is indicated by the arrows. (X8000) Figure 5—
Human neutrophil undergoing a release reaction in vitro. Apparent in situ dissolution of granules,
as well as possible discharge into ‘‘vacuoles’’ may be seen. (x20,000) Figure 6—Rabbit
neutrophil in an alveolar capillary in a model of immune-complex-induced pulmonary inflamma-
tion. The experimental system is that described by Kaplan et al,*4 and the photomicrograph is
courtesy of Kaplan and Henson. The neutrophil contains ingested immune complexes (asterisks)
and exhibits numerous examples of granule ‘‘dissolution.’’ (xX5300)



