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FIG. 2. Electron microscopy of PMN-Streptococcus interaction. The sample without bacteria (A) showed
intact viable PMN (99%o trypan blue exclusion) containing many granules. When leukotoxic streptococci were
added (B), the PMN became rounded and swollen, and the cell degranulated extensively into the cytoplasm,
destroying the cell interior, even though few of the unopsonized leukotoxic bacteria were phagocytized. In
contrast, PMN remained intact and viable afterphagocytizing unopsonized heat-killed leukotoxic streptococci
(C). Bars represent 1 ,tm.
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TABLE 1. Blocked exocytosis ofPMN with no bacteria
Mean % ± standard errora

Addition Trypan blue up- Lysozyme /3-D-Glucuroni-
take release dase release

None.3.4 ± 0.9 (9) 12.1 ± 2.1 (8) 6.1 ± 2.8 (8)
80 mM TEA 12.5 ± 3.5 (2) 8.5 ± 1.5 (2) 6.0 ± 2.0 (2)
2 mM dibutyryl cyclic adenosine monophosphate 10.0 ± 0.0 (1) 7.6 ± 0.0 (1) 2.8 ± 0.0 (1)
1 mM theophylline 8.0 ± 0.0 (1) 9.1 ± 0.0 (1) 2.1 ± 0.0 (1)
2 mM dibutyryl cyclic adenosine monophosphate + 1 mM

theophylline + 5 ,ug of cytochalasin B per ml 3.2 ± 1.7 (4) 8.3 ± 0.6 (4) 3.8 ± 0.5 (4)
Ca2+-free Hanks balanced salt solution 5.5 ± 1.0 (6) 9.2 ± 0.9 (5) 1.4 ± 0.8 (5)
Ca2+-free Hanks balanced salt solution + 2 mM
magnesium ethylene glycol-bis(,j-aminoethyl ether)-
N,N-tetraacetate..... 7.6 ± 1.9 (5) 10.6 ± 0.8 (5) 5.8 ± 1.1 (5)
a Numbers of separate experiments are in parentheses.

TABLE 2. Blocked exocytosis ofPMN with leukotoxic streptococci
Trypan blue uptake Lysozyme release fl-D-Glucuronidase release

Addition % (mean ± pb % (mean ± ph % (mean ± ph

SEM)- SEM)" SEM)a
None .. .. 92.8 ± 2.0 (18) 46.2 ± 5.6 (18) 24.7 ± 3.1 (18)
80 mM TEA 98.5 ± 0.3 (4) 0.104 57.2 ± 6.8 (4) 0.191 2.7 ± 0.8 (4) 0.002
2 mM dibutyryl cyclic adenosine
monophosphate 88.5 + 3.5 (2) 0.253 26.5 ± 2.4 (2) 0.154 4.8 ± 0.0 (2) 0.028

1 mM theophyline 92.0 ± 0.0 (2) 0.450 45.6 ± 9.7 (2) 0.487 4.6 ± 2.1 (2) 0.026
2 mM dibutyryl cyclic adenosine
monophosphate + 1 mM
theophylline + 5 ,ug of
cytochalasin B per ml 98.5 ± 0.4 (8) 0.039 16.7 ± 1.7 (8) 0.001 7.7 ± 1.2 (8) 0.001

Ca2+-free Hanks balanced salt
solution 86.8 + 9.5 (10) 0.217 19.3 ± 2.9 (11) <0.001 8.9 ± 0.9 (11) <0.001

Ca2+-free Hanks balanced salt
solution + 2 mM magnesium
ethylene glycol-bis(f8-
aminoethyl ether)-N,N-
tetraacetate . .. 99.7 ± 0.1 (10) 0.009 9.4 ± 1.1 (10) <0.001 10.7 ± 1.1 (10) 0.002
a SEM, Standard error of the mean. Numbers of separate experiments are in parentheses.
b For results compared with those with no addition; calculated by Student's t test with unpaired data.

streptococci caused granules to rupture in the
cytoplasm of the cell despite blocked exocytosis
(Fig. 3).

(ii) Degranulation of PMN before contact
with streptococci. Degranulation ofPMN spe-
cific granules before contact with streptococci
was studied. Nonphagocytizing PMN treated
with 100 ng of phorbol myristate acetate per ml
released significantly more lysozyme than did
PMN not exposed to phorbol myristate acetate.
There was no increase in /8-D-glucuronidase
release compared with nonstimulated PMN.
Predegranulation of specific granules did not
significantly diminish streptococcal toxicity (Ta-
ble 3).

Predegranulation of PMN specific plus pri-

mary granules was also studied. Incubation with
10% zymosan-activated serum plus 5 ,ug of cyto-
chalasin B per ml released significant amounts
of both lysozyme and f8-D-glucuronidase from
PMN, and leukotoxicity was diminished signifi-
cantly. Calcium ionophore A23187 plus cyto-
chalasin B (5 ,ug/ml) stimulated the release of
significant amounts of both lysozyme and 8l-D-
glucuronidase from PMN, and leukotoxicity was
significantly reduced (Table 3). These agents did
not directly affect the toxin, as evidenced by the
observations that leukotoxic streptococci pre-
treated with calcium ionophore and cytochalasin
B remained highly leukotoxic.

Predegranulation appeared to reduce leuko-
toxicity to both aggregated and nonaggregated

VOL. 33, 1981
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FIG. 3. Electron micrographs showing the effect of blocked exocytosis on leukotoxicity. Resting PMN in the
absence of calcium (A) contained many granules and excluded trypan blue (100%)o. When the PMN were

interacted with leukotoxic streptococci in the absence of calcium (B), the PMN were destroyed and degranu-
lated, although there was little appearance of granule enzymes in the surrounding media (0%o trypan blue
exclusion). Bars represent 1 pm.

TABLE 3. Predegranulation ofPMN
Trypan blue uptake

PMN of PMN + leukotoxic
streptococci

Addition Trypan blue Lysozyme release 8-D-Glucuronidase
uptake release % (mean ± pb

(mean %+SEM)-
)a % (mean pb % (mean ± pbSEM ~ SEM)' SEM)a

None 3.4 ± 0.9 (9) 12.1 ± 2.1 (8) 6.1 ± 2.8 (8) 92.8 ± 2.0 (18)
100 ng of phorbol myristate acetate

per ml 3.7 ± 2.2 (3) 33.7 ± 2.6 (3) <0.001 7.3 ± 0.7 (3) 0.402 96.3 ± 1.8 (6) 0.174
5 ltg of cytochalasin B per ml 6.3 ± 1.6 (7) 14.4 ± 3.6 (5) 0.246 29.5 ± 2.3 (4) <0.001 83.9 ± 2.6 (17) 0.005
5,uM A23187 22.6 ± 1.3 (5) 63.2 ± 17.3 (5) 0.002 20.6 ± 3.7 (5) 0.005 70.1 ± 7.9 (10) <0.001
5 MuM A23187 + 5 Mg of cytochalasin B

per ml 15.7 ± 4.6 (3) 114.0 ± 16.8 (3) <0.001 35.0 ± 0.0 (3) <0.001 60.5 ± 2.6 (6) <0.001
10% zymosan-activated serum
+ 5Ag of cytochalasin B
per ml 4.0 ± 0.6 (3) 43.3 ± 2.8 (3) <0.001 20.0 ± 2.5 (3) 0.010 71.2 ± 3.0 (6) <0.001

aSEM, Standard error of the mean. Numbers of separate experiments are in parentheses.
bFor results compared with those with no addition; calculated by Student's t test with unpaired data.

PMN. This indicated that these substances pre- tococci. He noted that leukotoxic streptococci
vented toxicity by more than just reducing con- caused PMN death and that this was character-
tact between PMN and bacteria. ized by several events, including cessation of

PMN granule motion, granule lysis with marked
DISCUSSION increases in random motion of remaining gran-

Wilson (22) analyzed cinemicrographic studies ules, and cell swelling. Others made similar ob-
ofPMN that had phagocytized leukotoxic strep- servations when PMN were exposed to the pur-
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ified leukotoxic factor, streptolysin S (11). It has
been shown also that streptolysin S, unlike the
leucocidins from Pseudomonas aeruginosa (17)
and Staphylococcus aureus (23), will lyse iso-
lated granules from rabbit liver cells (21). Our
cinemicrographic, electron microscopic, and
granule enzyme assays confirm that when PMN
interact with leukotoxic streptococci, the PMN
degranulate more extensively than when they
interact with heated leukotoxic streptococci. To
study the relationship between toxin-induced
degranulation and PMN death, in certain exper-
iments exocytosis was blocked and in others
PMN were degranulated before exposure to the
toxic streptococci.
Calcium is essential for phagocytosis-induced

degranulation of the PMN primary granules (8,
10) and degranulation stimulated by other leu-
cocidins (16, 20, 23, 24). In the present study,
removal of calcium from the external medium
effectively prevented the appearance of the
granule enzymes (especially fl-D-glucuronidase)
in the external medium, but still did not prevent
PMN death or extensive internal degranulation,
as revealed by both movie sequences and elec-
tron microscopic examination ofPMN that were
exposed to leukotoxic streptococci. Thus, exo-
cytosis was prevented, but toxin-induced rup-
ture of the granules into the PMN cytoplasm
and subsequent PMN death were not blocked.
Kane et al. (12) found that removal of calcium

blocked the lethal effect of silica ingested by
macrophages. As we observed with streptolysin
S, they observed that degranulation did occur in
the absence of calcium, and thus they separated
intracellular lysosomal rupture from cell death.
But our results differed from those of Kane et
al. in that removal of calcium did not protect the
PMN from the lethal effects of leukotoxic strep-
tococci, and therefore the streptococcal leuko-
toxic factor differs from 10 other cytotoxic mem-
brane-active agents whose toxicity is blocked by
removal of calcium from the medium (15).
Other blockers of degranulation also failed to

prevent PMN death. The TEA ion blocks the
potassium channel in nerves (2) and inhibits the
leukotoxic activity of staphylococcal leucocidin
(25). TEA also inhibits efflux of potassium,
release of /8-D-glucuronidase, and swelling of
PMN. We found that TEA inhibited release of
,8-D-glucuronidase from PMN interacting with
leukotoxic streptococci, but did not diminish
leukotoxicity. This discrepancy suggests differ-
ent modes of action for streptolysin S and staph-
ylococcal leucocidin.

Cyclic adenosine monophosphate inhibits the
release of PMN granules when PMN are stim-
ulated by both particles and soluble agents (27).
In this study, 2 mM dibutyryl cyclic adenosine

monophosphate plus 1 mM theophylline
blocked release of both lysozyme and ,B-D-glu-
curonidase from leukotoxic-Streptococcus-stim-
ulated PMN, but did not diminish PMN death.

Blockage of exocytosis by removal of Ca2"
from the external medium or by other means
did not prevent PMN death or intracellular rup-
ture of granules, but did prevent the appearance
of granule enzymes in the external medium. We
think that the breaks in the PMN membrane
seen in Fig. 2B and 3B are artifacts, since if they
are true "holes," then granule enzymes should
escape to the outside of the cells in all cases.
The lack ofimmediate passive leakage of granule
enzymes to the outsides of the cells is perhaps a
reflection ofthe relatively small, functional holes
produced in membranes by streptolysin S com-
pared with those produced by other membrane-
active agents (1). Therefore, toxin-induced gran-
ule firing was different from the granule firing
that could be blocked by blockers of exocytosis.
We next attempted to fire the granules before

incubation with the leukotoxic streptococci.
Preincubating the PMN with either zymosan-
activated serum or the calcium ionophore
A23187 plus cytochalasin B resulted in dimin-
ished leukotoxicity. Both of these agents stimu-
lated the release of both specific and primary
granules, as expected from previous studies (8,
10). Phorbol myristate acetate, which stimulates
release of only the more labile specific granules
(9), did not affect leukotoxicity. This implies
that it is the primary granules which are impor-
tant in streptococcal leukotoxicity.

It appears that leukotoxic streptococci induce
intracytoplasmic granule lysis (independent of
extracellular calcium), which is distinct from
phagocytosis-stimulated degranulation. Release
of primary granule contents into the cell sap
disorganizes cytostructural elements and results
in cell death.
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