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We previously reported that the aerolysin-like hemolysin of Aeromonas sobria stimulates T84 cells to produce
cyclic AMP, which then emerges in the culture medium. In order to clarify the mechanism of action of the
hemolysin, we examined the involvement of adenosine nucleotide. The results show that the hemolysin
stimulates T84 cells to release ATP, which is then converted to adenosine by ectonucleotidase. The adenosine
generated might stimulate the P1 adenosine receptors of T84 cells to produce cyclic AMP.

We purified the enterotoxin from the culture supernatant of
Aeromonas sobria and found that it possessed hemolytic activ-
ity in addition to enterotoxic activity (5). The analysis of the
DNA sequence (GenBank accession number AY157998)
showed that the hemolysin is homologous with aerolysin pro-
duced by Aeromonas hydrophila. Homology between the two
toxins is 68.5% at the amino acid level (5). The aerolysin-like
hemolysin and aerolysin bound to cells act to form small pores
in the membrane and induce cell damage (5, 11). These results
suggest that the mode of action of the hemolysin is identical to
that of aerolysin. Since cultured intestinal cells are destroyed
by incubation with the hemolysin, we had predicted that the
diarrhea caused by the hemolysin was a result of such cytotoxic
action of the hemolysin. However, micropathological examina-
tion showed that the diarrheic syndrome appeared before the
cell damage occurred (5). So, we speculated that the diarrhea
was not due to the cytotoxic action of the hemolysin but rather
that the hemolysin stimulated the intestinal cells to send some
signal(s) to induce diarrhea. Thus, we examined the levels of
cyclic nucleotides in T84 cells, i.e., human colonic epithelial
cells, after incubation with the hemolysin to obtain a clue as to
the signal and found that the level of cyclic AMP in the culture
medium increased after the incubation (6). However, it has
remained unsolved how the hemolysin induces the elevation of
the level in the extracellular cyclic AMP.

In the meantime, the action of adenosine existing outside of
the cell has been studied extensively and its receptor, P1, has
been found (4). At present, P1 receptors are divided into three
groups, A, to A;. A, is divided into two subtypes: A, , and A, .
These P1 receptors couple to adenylate cyclase, whose activity
is regulated by G proteins. A, and A5 function to inhibit the
cyclase and A,, both A,, and A,g, functions to activate the
cyclase (3, 4). It was also shown that T84 cells, which we used
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to examine the activity of the hemolysin, possessed the A,g
receptor (14). Thus, we suspected that the adenosine was in-
volved in the action of the hemolysin.

Addition of papaverine to the medium. We reported that the
level of cyclic AMP in the medium increased on incubation
with the hemolysin (6). The excess cyclic AMP produced by the
cells is decomposed by phosphodiesterase. Therefore, the
amount of cyclic AMP reported in a previous study should be
the residual amount after the attack by phosphodiesterase. To
examine accurately the effect of hemolysin on the production
of cyclic AMP by cells, it is best to eliminate the interference
from phosphodiesterase. For that, we added papaverine, a non-
xanthine phosphodiesterase inhibitor, at a concentration of
20 uM into the medium 20 min before starting the incubation
with hemolysin. The cells were then incubated with the hemo-
lysin for 30 min, and the extracellular cyclic AMP level was
measured. The concentration of hemolysin added to the me-
dium ranged from 10 to 320 ng/ml.

As shown in Fig. 1, the preincubation with papaverine had a
remarkable effect on the extracellular level of cyclic AMP. The
amount increased linearly with the concentration up to 80
ng/ml in the presence of papaverine. The increase reached
almost a plateau at 80 ng of hemolysin/ml. The level of cyclic
AMP reached ca. 20 ng/ml with the incubation. In contrast, the
increase of cyclic AMP was up to 3 ng/ml without papaverine
under the conditions examined (Fig. 1). We added 20 pM
papaverine into the culture medium in the subsequent exper-
iments.

Effects of ADA and XAC on the hemolysin-induced increase
in cyclic AMP. Stimulation of the P1 adenosine receptor of the
cell membrane enhances the production of cyclic AMP (3, 4).
To examine whether this receptor is involved in the action of
the hemolysin, the effect of two reagents was examined. One
was adenosine deaminase (ADA), which catalyzes the de-
amination of adenosine into inosine, and the other was 8-(4-
[[[[(2-aminoethyl)amino]carbonyl]methyl]oxy]phenyl]-1,3-
dipropylxanthine (XAC), which is an antagonist of the P1
adenosine receptor. Since ADA promotes the conversion of
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FIG. 1. Effect of papaverine on extracellular cyclic AMP concen-
tration after incubation with the hemolysin. T84 cells were seeded in
petri dishes (30 mm in diameter) and grown to 70 to 80% confluence
on culture dishes in Dulbecco modified Eagle medium-Ham F-12
(DMEM-F12; 1:1 [vol/vol]) containing 5% fetal bovine serum. The
medium of T84 cells was exchanged with 2 ml per culture dish of
DMEM-F12 containing 1% fetal bovine serum 60 min before the
incubation with hemolysin. At 20 min before the addition of the he-
molysin, papaverine was added to half of the dishes ((J) at a final
concentration of 20 M. The hemolysin was then added to the medium
at the concentration indicated in the figure. After incubation for 30
min at 37°C, the culture medium was recovered. The medium was
centrifuged, and the culture supernatant was separated from insoluble
materials. To determine the concentratrion of cyclic AMP in the cul-
ture supernatant, the culture supernatant was treated with trichloro-
acetic acid. The insoluble materials yielded were removed by centrif-
ugation, and the concentration of cyclic AMP in the supernatant was
determined by using a cyclic AMP enzyme assay kit (Amersham Phar-
macia Biotech, Uppsala, Sweden). Data are the means = the standard
error of the mean (SEM) from four independent determinations. [,
P < 0.05 compared to the control value obtained by incubation without
the hemolysin.

adenosine, the amount of adenosine in solution decreases in
the presence of ADA. The presence of XAC attenuates the
stimulation of P1 adenosine receptors by the stimulants. These
agents were added to the medium at concentrations of 1 [U/ml
of ADA and 1 pM XAC 10 min before the hemolysin.

As shown in Fig. 2, these agents reduced the activity of
hemolysin to raise the level of cyclic AMP in the culture su-
pernatant. This indicates that adenosine and the P1 receptor
are involved in the actions of the hemolysin.

ATP efflux on incubation with the hemolysin. The results
described above suggested that the level of adenosine in the
medium increased after exposure to the hemolysin. However,
how the increase occurred is still unknown.

It has been reported that the level of ATP in the medium of
some epithelial cells increases when the cells are damaged (1,
2, 8, 15) and that the extracellular ATP is hydrolyzed to aden-
osine by a cascade of ectonucleotidases involving ecto-ATPase,
ecto-ATP diphosphohydrolase, ectonucleotide pyrophospha-
tase, and ecto-5'-nucleotidase (16). We suspected that T84
cells responded to the release of ATP into the medium after
incubation with the hemolysin. To confirm the hypothesis, T84
cells were incubated with hemolysin for 30 min, and the extra-
cellular ATP level was measured (Fig. 3A). The concentration
of hemolysin used in this experiment ranged from 5 to 300
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FIG. 2. Effects of ADA, XAC, and AOPCP on hemolysin-induced
cyclic AMP production. T84 cells were preincubated with ADA (1 IU/
ml), XAC (1 uM), or AOPCP (100 uM) for 10 min at 37°C. After the
preincubation, the hemolysin was added to the medium at 30 ng/ml,
and the incubation was continued. Thirty minutes later, the incubation
was stopped, and the concentration of cyclic AMP in the medium was
determined as described in the legend of Fig. 1. Neither hemolysin nor
reagent was added to the medium of cells in the columns labeled as
none. Data are the means * the SEM from four independent deter-
minations. [, P < 0.05 compared to experiments with hemolysin alone.

ng/ml. The increase in extracellular ATP was progressive from
0.15 to 0.75 pg/ml, where a plateau was formed (Fig. 3A).

The time course of the elevation of ATP was also examined
(Fig. 3B). The amount of hemolysin used was 100 ng/ml. The
extracellular ATP level increased in the initial 5 min of incu-
bation and continued to increase for up to 15 min of incuba-
tion. The level had almost reached a plateau by 15 min of
incubation and was maintained until the end of the incubation
period (i.e., 60 min).

Participation of ATP in the action of the hemolysin. We
examined the effect of «o,B-methyleneadenosine-5'-diphos-
phate (AOPCP), which is an inhibitor of ectonucleotidases, on
the hemolysin-induced increase in cyclic AMP. AOPCP was
added to the medium at 100 uM 10 min before the hemolysin.
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FIG. 3. Dose-dependent (A) and time-dependent (B) ATP produc-
tion by T84 cells exposed to hemolysin. (A) T84 cells were incubated
with different amounts of hemolysin for 30 min at 37°C. The concen-
tration of hemolysin in the medium is indicated in the figure. After the
incubation, the extracellular fraction was prepared as described in the
legend of Fig. 1, and the concentration of ATP in the medium was
determined with a bioluminescence ATP kit (Toyo Ink., Mfg. Co.,
Tokyo, Japan). Data are the means + the SEM from four independent
determinations. (B) T84 cells were incubated at 37°C with hemolysin
(100 ng/ml) for the period indicated in the figure, and the concentra-
tion of ATP in the medium was determined. [J, P < 0.05 compared to
the value for the samples prepared without the hemolysin (A) or at 0
min in the presence of hemolysin (B).
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FIG. 4. Production of cyclic AMP by T84 cells in response to ex-
ogenous ATP. T84 cells were incubated for 30 min at 37°C in the
presence of ATP. The concentration of ATP in each sample is indi-
cated in the figure. After incubation, the concentration of cyclic AMP
in the medium was determined as described in the legend to Fig. 1.
Data are the means * the SEM from four independent determina-
tions. [0, P < 0.05 compared to the control value obtained for incu-
bation without ATP.

The result is shown in Fig. 2. The agent reduced the activity of
hemolysin, suggesting that the ATPs released into the medium
by the action of hemolysin were degraded into adenosine by
ectonucleotidases and that the adenosines generated stimu-
lated the cells to produce cyclic AMP.

Elevation of cyclic AMP levels by exogenous ATP and effect
of reagents. To confirm the participation of ATP in the hemo-
lysin-induced cyclic AMP production, we examined whether
the ATP added to the medium of T84 cells enhanced the
production of cyclic AMP. The amount of ATP used ranged
from 0.25 to 50 wg/ml. The incubation was performed at 37°C
for 30 min. The ATP evoked a significant increase in the level
of cyclic AMP in a concentration-dependent manner (Fig. 4).

To elucidate how the increase is induced by exogenous ATP,
we examined the effects of ADA, XAC, and AOPCP on the
production of cyclic AMP. These agents were added to the
medium 10 min before the ATP. The concentrations of ATP,
ADA, XAC, and AOPCP used were 30 pg/ml, 1 TU/ml,
1 uM, and 100 wM, respectively. After incubation for 30 min
with ATP, the amount of cyclic AMP was measured. These
three agents reduced the action of ATP to stimulate produc-
tion of cyclic AMP (data not shown), indicating that the exog-
enous ATPs are converted into adenosines which stimulate the
P1 adenosine receptor to produce cyclic AMP.

The results obtained in the present study indicate that he-
molysin acts on T84 cells to elevate the level of ATP in the
culture medium and that the ATPs in the medium are con-
verted into adenosines by ectonucleotidases. Finally, the ad-
enosines generated stimulate the P1 adenosine receptor to
produce cyclic AMP. Since it has been reported that T84 cells
possess a functional adenosine A, receptor (14), the receptor
that functioned in our experiment might be the A, receptor.
Thus, prepared cyclic AMPs were released outside of the cell.
However, it is still not known how the cyclic AMP produced in
the cell emerges outside of the cell.

As described previously, a large amount of hemolysin dam-
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ages mammalian cells. We were concerned that the emergence
of cyclic AMP in the medium was due to damage of the cell. To
make clear how severely the cell was damaged by the incuba-
tion with the hemolysin, we examined the release of lactate
dehydrogenase (LDH) from the cells into the medium after
exposure to the hemolysin. On incubation with the hemolysin
at a concentration of <1.45 wg/ml, LDH was not detected
(data not shown). The amount of hemolysin we usually used in
this experiment was 30 ng/ml. The concentration is about one-
fiftieth the minimal amount necessary to induce the release of
LDH. We think that the damage to the cells exposed to the
hemolysin in the present study was slight. It was unlikely that
the cyclic AMP was released because of the cell damage. We
believe that the cyclic AMP is specifically released outside of
the cell.

The reports from Buckley’s group support our hypothesis
about the specific release of cyclic AMP (10, 11, 12, 13). These
authors showed that channels that are relatively nonselective
are formed in the cell membrane after the incubation with
aerolysin. The channels are large enough to allow the move-
ment of molecules in the low-kilodalton range. Our hemolysin
probably can make such channels in the membrane of T84 cells
that are like aerolysin. The cyclic AMP might be released
outside of the cell through the channels.

Hemolysin possesses not only cytotoxic but also enterotoxic
activity (5). However, the mechanism by which it induces di-
arrhea has remained unknown. In the meantime, it has been
shown that cyclic AMP functions as a intracellular messenger
in the diarrhea induced by cholera toxin. The cyclic AMP can
activate the cystic fibrosis transmembrane conductance regu-
lator, which is a Cl~ channel, and the activation causes an
excess efflux of CI™ from the cell. The fluid secretion accom-
panies the efflux of C1™ (7, 9). The action of the hemolysin to
induce the elevation in the content of cyclic AMP in T84 cells
may be closely related to the enterotoxic activity of the hemo-
lysin.
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