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Cholera toxin (CT) increases intestinal secretion of water and electrolytes and modulates the mucosal im-
mune response by stimulating cellular synthesis of arachidonic acid (AA) metabolites (e.g., prostaglandin E2),
as well as the intracellular second messenger cyclic AMP (cAMP). While much is known about the mechanism
of CT stimulation of adenylate cyclase, the toxin’s activation of phospholipase A2, which results in increased
hydrolysis of AA from membrane phospholipids, is not well understood. To determine whether CT activation
of AA metabolism requires CT’s known enzymatic activity (i.e., ADP-ribosylation of GSa), we used native CT
and a mutant CT protein (CT-2*) lacking ADP-ribose transferase activity in combination with S49 wild-type
(WT) and S49 cyc2 murine Theta (Th)1.2-positive lymphoma cells deficient in GSa. The experimental results
showed that native CT stimulated the release of [3H[AA from S49 cyc2 cells at a level similar to that for S49
WT cells, indicating that GSa is not essential for this process. Further, levels of cAMP in the CT-treated cyc2

cells remained the same as those in the untreated control cells. The ADP-ribosyltransferase-deficient CT-2*
protein, which was incapable of increasing synthesis of cAMP, displayed about the same capacity as CT to
evoke the release of [3H]AA metabolites from both S49 WT and cyc2 cells. We concluded that stimulation of
arachidonate metabolism in S49 murine lymphoma cells by native CT does not require enzymatically func-
tional CT, capable of catalyzing the ADP-ribosylation reaction. These results demonstrated for the first time
that stimulation of adenylate cyclase by CT and stimulation of AA metabolism by CT are not necessarily
coregulated. In addition, the B subunits purified from native CT and CT-2* both simulated the release of [3H]
AA from S49 cyc2 cells and murine monocyte/macrophage cells (RAW 264.7), suggesting a receptor-mediated
cell activation process of potential importance in enhancing immune responses to vaccine components.

The mechanism of action of cholera toxin (CT) has contin-
ued to intrigue investigators ever since it was discovered that
this protein toxin stimulates adenylate cyclase activity (8, 38,
39) and chloride ion transport (12, 13). CT is an enzyme with
dual nonlethal effects on eukaryotic cells (i.e., NAD1 glyco-
hydrolase and ADP-ribosyltransferase activities) (26). New
information about additional molecular events involving the
synthesis and/or release of other potent mediators (e.g., pros-
taglandins [PGs] and 5-hydroxytryptamine) in cells exposed to
CT has emerged (3, 15, 27, 29–32, 40). The physiological effects
of these signals have been the target of intense investigation in
several laboratories (3, 27, 29, 40). CT’s most important phys-
iological effect is in evoking the hypersecretion of water and
electrolytes from the small intestines of patients with cholera,
an infectious disease limited to humans, who acquire Vibrio
cholerae from contaminated food or water. The precise series
of molecular events initiated after CT binds to its membrane
receptor (GM1 ganglioside) depends on the hydrolysis of CT’s
substrate, NAD1, and the transfer of ADP-ribose to a target
protein(s). One such well-studied target protein is GSa, a GTP-
binding regulatory protein (G protein) that normally increases
the catalytic activity of membrane-bound adenylate cyclase,
which in turn converts ATP to cyclic AMP (cAMP) (6, 21–23,
26).

Patients with cholera have increased amounts of cAMP in

their small-intestinal mucosae (8, 9). In addition, intestinal
fluids from patients with acute cholera contain increased levels
of PGE2, which can affect the secretion of water and electro-
lytes (41). These observations are supported by numerous
studies, with both animal models and cultured cells, indicating
that CT increases eicosanoid synthesis (3, 7, 25, 29, 30, 37).
Soon after exposure of cells to CT, the synthesis of eicosanoids
(e.g., PGs and leukotrienes) (30, 31) and other lipid metab-
olites (e.g., platelet-activating factor [PAF]) increases (17).
Although Burch et al. (7) demonstrated that CT stimulates
phospholipase A2 (PLA2) activity in a murine monocyte/mac-
rophage cell line (RAW 264.7) and Peterson et al. (33) recently
reported that CT induces expression of a gene encoding the
PLA2-activating protein PLAP) in several types of cells, the
precise mechanism by which CT stimulates arachidonic acid
(AA) metabolism is unclear. It was not known whether CT’s
effect on AA metabolism emanated from the increased cAMP
levels in cells (26) or occurred by another mechanism. Mem-
brane-permeable cAMP derivatives have been shown to stim-
ulate eicosanoid synthesis in eukaryotic cells (30), and PGE2,
in turn, stimulates adenylate cyclase activity (24, 31). In clinical
cholera, a combination of these events provides an enhance-
ment loop that heightens and prolongs the secretory response.

Studies separating the cellular effects of CT on the adenylate
cyclase system from AA metabolism have been fraught with
difficulties. Early studies with drugs that block the cyclooxy-
genase pathways and PG synthesis revealed that indomethacin
reduced the secretory effect of CT in the small intestine of the
rabbit (16). For example, indomethacin exerted a suppressive
effect on jejunal secretion in V. cholerae-infected patients (44),
although the clinical benefit of indomethacin in the treatment
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of patients with severe cholera was disappointing (35). While
this collective information supported a role for PGs in cholera,
it was well known that indomethacin was not always specific in
its inhibitory effect on cyclooxygenase (28). Indeed, indometh-
acin reduced adenylate cyclase activity, thereby reducing the
level of cAMP accumulation in the intestine during experimen-
tal cholera (28). Further, reports showed that the local arterial
concentration of exogenous PGE2 required for half-maximal
stimulation of fluid secretion was 2 orders of magnitude below
the concentration required for stimulation of adenylate cyclase
in vitro (2).

Consequently, we designed experiments to determine wheth-
er the ADP-ribosylating activity of CT (26) for GSa was nec-
essary for CT to stimulate AA metabolism. In these studies, we
used both native CT and a mutant CT protein, known as CT-2*
(19), which contains two amino acid substitutions in the active
site of the A subunit, rendering it ADP-ribosyltransferase in-
active (19). To determine the importance of CT-induced levels
of cAMP on the capacity of CT to stimulate AA metabolism,
we selected S49 wild-type (WT) murine lymphoma cells and a
mutant S49 cell line, cyc2, in which the gene for GSa had been
deleted (21). In cyc2 cells, GSa was not produced, which ren-
dered them insensitive to stimuli that normally increase cAMP
levels (e.g., CT) (21). These experiments examined the molec-
ular mechanism by which CT stimulates arachidonate metab-
olism and determined whether increases in cAMP levels are
essential for this stimulation to occur. These results are impor-
tant in determining the mechanism by which CT stimulates
intestinal secretion as well as the mucosal immune response.

MATERIALS AND METHODS

Sources of CT and mutant CT-2* protein. Native CT was purchased from
Sigma Chemical Co. (St. Louis, Mo.), and native CT-B subunit was from List
Laboratories, Inc. (Campbell, Calif.); after hydration, both were maintained at
4°C without agitation. CT-2* is a CT analog in which two codon substitutions
altered the CT-A subunit (Arg73Lys and Glu1123Gln) and eliminated the
toxin’s ADP-ribosylation activity (19). The CT-2* protein was purified to homo-
geneity from V. cholerae CVD103[CT-2*] culture filtrates, as described and
characterized previously (4). Briefly, the modified CT-2*-encoding gene was
subcloned into V. cholerae CVD103 (ctxA ctxB1), and a recombinant strain that
secreted inactive CT, referred to as CT-2*, was selected (4). The basic elements
of purification included concentration of proteins from the culture medium by
sodium hexametaphosphate precipitation (36), affinity purification on galactose-
agarose (43), and Sephadex G75 gel filtration chromatography (14). Both
native CT and CT-2* preparations were diluted in Dulbecco’s modified Ea-
gle’s medium (DMEM) prior to performance of the assay.

Sources of cell lines. S49 WT cells are a subclone of S49 murine lymphoma
cells (10), and S49 cyc2 is a subclone known to lack the guanine nucleotide-
binding regulatory component GSa of adenylate cyclase (5). The S49 WT and
cyc2 cell lines were obtained from the Cell Culture Facility at the University
of California at San Francisco. These cell lines were maintained as stationary
suspension cultures in flasks containing DMEM plus 10% fetal calf serum (FCS),
supplemented with penicillin (100 U/ml), streptomycin (100 mg/ml), and genta-
micin (50 mg/ml), at 37°C in an atmosphere of 5% CO2. The Th1.2-positive S49
cells (American Type Culture Collection, Rockville, Md.) were negative for
CD3, CD4, and CD8 surface antigens, as determined by flow cytometry (per-
formed by G. Klimpel, University of Texas Medical Branch, Galveston), and
produced little or no interleukin-2 (IL-2) (50 pg/ml) with or without exposure to
CT or CT-2*, as determined by enzyme-linked immunosorbent assay (Perseptive
Diagnostics, Cambridge, Mass.). The murine monocyte/macrophage cell line
(RAW 264.7) was purchased from the American Type Culture Collection, and
cultures were grown in the same medium and under the same conditions as the
S49 cell lines.

[3H]AA release assay. The phospholipids in the S49 cells (2 3 105/ml) were
labeled by a modification of a procedure used previously (37) and consisted of
adding [5, 6, 8, 9, 11, 12, 14, 15-3H(N)]arachidonic acid ([3H]AA; American
Radiolabeled Chemicals, Inc., St. Louis, Mo.) to a final concentration of 1
mCi/ml in DMEM containing 10% FCS and subsequently incubating overnight at
37°C in an atmosphere of 5% CO2. The cells were centrifuged at 300 3 g and
washed three times with fresh DMEM containing 0.1% fatty acid-free bovine
serum albumin in lieu of FCS. The cell suspension was dispensed into 35-mm-
diameter culture dishes in quadruplicate and incubated for 30 min before addi-
tion of native CT or CT-2* (1 mg/ml) (18). After 2 h or 4 h, the suspension

cultures were centrifuged (300 3 g), and the radioactivity in aliquots of the
supernatants was determined with a liquid scintillation counter.

Assays for cAMP and PGE2. S49 WT and cyc2 cells (2 3 105/ml) were dis-
pensed into duplicate 35-mm-diameter plates and incubated with CT or CT-2*
(1 mg/ml) for 2 to 6 h at 37°C in an atmosphere of 5% CO2. Radioimmunoassay
kits for measuring cAMP and PGE2 were purchased from Perseptive Diagnos-
tics. Extraction and assay of cAMP and PGE2 were performed in duplicate as
recommended by the manufacturer.

Separation of [3H]AA metabolites by high-performance liquid chromatogra-
phy (HPLC). Separation of 3H-labeled PGs was accomplished essentially as
described previously (25). Briefly, the culture media (2 ml) from triplicate 35-
mm-diameter culture dishes containing S49 WT or cyc2 cells that had been
exposed to native CT or CT-2* were pooled and lyophilized. Subsequently, the
samples were each hydrated with 1 ml of water and mixed with 3 ml of cold
acetone to precipitate proteins. Two milliliters of petroleum ether was added to
each of the supernatants, the tube contents were shaken, and the top layer
(petroleum ether) was discarded. All samples were acidified to pH 3 with HCl,
and then 3 ml of ethyl acetate was added to each. After sample agitation and
phase separation, the top (organic) phase was collected and evaporated to
dryness under a vacuum. Each sample was hydrated in 100 ml of 27% acetonitrile
in 0.1% trifluoroacetic acid (TFA) and chromatographed through a C18 reverse-
phase column (4.6 by 250 mm, 5 mm; Serva Biochemicals, Westbury, N.Y.)
equilibrated with the same solvent (25). Fractions (1 ml) were evaporated under
a vacuum, and their radioactivity levels were determined with a liquid scintilla-
tion counter. PG standards were purchased from Sigma Chemical Co., and their
elution profiles were determined by monitoring the eluant at 192 nm.

Rabbit intestinal-loop assay. Ten-centimeter segments were constructed with
OO silk suture in the small intestines of two New Zealand albino rabbits as
described previously (29, 31). One milliliter of CT or CT-2* (1 mg/ml) diluted in
phosphate-buffered saline (PBS) was injected into the lumen of the intestinal
loop in triplicate in each animal. After 16 h, the rabbits were euthanized, the
lengths of the loops were determined, and luminal fluid that had accumulated
was collected and measured. When no fluid was present, 10 ml of cold PBS was
injected and gently used as a lavage fluid. The concentration of PGE2 in the
intestinal fluid samples was determined by radioimmunoassay as specified by the
manufacturer (Perseptive Diagnostics).

Statistical analysis. We used the Student’s t test or Dunnett’s multiple group
comparison test to establish the significance of differences between experimental
and control groups.

RESULTS

cAMP responses of S49 WT and cyc2 cells to CT and CT-2*.
The cAMP content of S49 Cyc2 cells should not be affected by
native CT because of the deletion of the gene encoding GSa

(21), and CT-2* should not increase cAMP levels of S49 WT
cells because of the mutations in the active site of the A sub-
unit that eliminate the toxin’s ADP-ribosylation activity (26).
The data shown in Table 1 validate these assumptions. In fact,
the amount of cAMP extracted from the S49 cyc2 cells, as well
as from the culture medium, after exposure to native CT for
4 h was unchanged (P . 0.05). In contrast, cAMP levels in S49
WT cells exposed to native CT increased 2.4-fold (P , 0.01),
and the amount of cAMP released from the cells into the me-
dium increased by 2.6-fold (P , 0.01). Exposure of the S49 WT

TABLE 1. Effect of native CT and CT-2* on total cAMP levels
in cultures of S49 WT and S49 cyc2 cellsa

Treatment
group

Mean amt of cAMP 6 SD (pmol) for:

S49 WT S49 cyc2

Cells Medium Cells Medium

Control 6.9 6 1.3 20.0 6 0.5 1.2 6 0.3 14.8 6 3.1
CT, 1 mg/ml 16.6 6 1.1b 51.7 6 7.8b 1.3 6 0.2d 15.3 6 2.7d

CT-2*, 1 mg/ml 5.0 6 0.3c 16.9 6 0.9b 1.4 6 0.3d 13.1 6 1.5d

a Cells growing in duplicate 35-mm-diameter plates were treated with native
CT or mutant CT-2* for 4 h at 37°C in an atmosphere of 5% CO2. cAMP was
extracted from the cells, as well as the culture medium, and the mean amounts
of cAMP (6 the standard deviation) in duplicate aliquots from each sample were
estimated by radioimmunoassay.

b P , 0.01 relative to the respective control, Student’s t test.
c P , 0.05 relative to the respective control, Student’s t test.
d P . 0.05 relative to the respective control, Student’s t test.
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cells to the mutant CT-2* protein did not increase the amount
of cAMP in the cells or in the medium compared to the con-
trols. Rather, a small decrease in cAMP level was observed in
both the cells and the medium. In general, the cAMP content
of the S49 WT control cells was 5.8-fold higher than that of the
S49 cyc2 cells, while the cAMP level in the medium of the S49
WT control cells was 1.4-fold higher than that of the S49 cyc2

cells. Further, the amount of cAMP in the S49 WT control cells
was 2.9-fold less than that present in the culture medium, while
the cAMP content of the S49 cyc2 control cells was 12-fold less
than that detected in the culture medium.

Release of [3H]AA metabolites from S49 WT and cyc2 cells.
The native-CT-induced [3H]AA release response (24) of S49
WT cells should be similar to that of other cells (7, 25, 29, 30,
37); however, the response of S49 cyc2 cells was not predict-
able. The data in Fig. 1 illustrate the mean responses (6 stan-
dard error) of S49 WT (Fig. 1A) and cyc2 (Fig. 1B) cells that
had been loaded with [3H]AA before exposure to native CT or
the mutant CT-2* protein. The percentage increases in release
of [3H]AA metabolites from the cells into the culture medium
relative to the controls after either 2- or 4-h incubation periods
with the stimuli were plotted (Fig. 1). After a 2-h exposure to

native CT, the percentages of [3H]AA metabolites released
from the S49 WT and cyc2 cells were similar (45% 6 12% and
46% 6 12%, respectively), and the amounts of CT-induced
[3H]AA released from both cell types were significantly higher
than those of the controls (P , 0.01) (Fig. 1). In comparison,
the percentages of [3H]AA metabolites released in 2 h from
the two cell types after exposure to the mutant CT-2* were
approximately the same (67% 6 24% and 62% 6 16%, re-
spectively) (Fig. 1), and as with CT, the CT-2*-induced re-
sponses were significant (P , 0.01) compared to those of the
respective cell controls. By 4 h, the overall increase in percent-
age release of [3H]AA metabolites remained essentially un-
changed from that seen at 2 h (Fig. 1).

Since mutant CT caused the release of [3H]AA metabolites
from S49 cyc2 cells, we wanted to determine whether CT-B
subunit alone would evoke a similar response. Table 2 sum-
marizes results from four experiments in which CT-B from
native CT or CT-2* was tested for its capacity to evoke the
release of [3H]AA from either S49 cyc2 cells or RAW 264.7
cells. Clearly, CT-B from either CT or CT-2* stimulated AA
metabolism, as evidenced by increased [3H]AA release (Table
2). Irrespective of cell type, the amount of [3H]AA release
evoked by CT-B was usually about 50% of that caused by the
respective parent molecule (CT or CT-2*); the B subunit from
CT-2* was the exception on S49 cyc2 cells (Table 2).

HPLC separation of [3H]AA metabolites released from S49
WT and cyc2 cells. In an attempt to identify the [3H]AA
metabolites released from the S49 WT and cyc2 cells after
native-CT treatment, PGs were extracted from the culture su-
pernatants and chromatographed on a C18 reverse-phase col-
umn, using an isocratic gradient of 27% acetonitrile in 0.1%
TFA. Figure 2 shows the positions at which selected PG stan-
dards eluted. The data illustrated in Fig. 2 indicate that mini-
mal amounts of PGs were formed by the S49 WT and cyc2 cells
after exposure to native CT. Rather, most of the 3H radiolabel
was associated with the AA peak, with minimal incorporation
into eicosanoids. The chromatographic results shown in Fig. 2
were extended by testing culture supernatants of S49 WT and
cyc2 cells exposed to native CT for PGE2 by a radioimmuno-
assay for PGE2, but the levels of PGE2 were too low for reli-
able quantitation (data not shown).

Effect of CT and CT-2* in rabbit intestinal loops. The results
summarized in Table 3 indicate that CT, but not CT-2*,
evoked a secretory response when injected into rabbit intesti-
nal segments. Further, only CT increased the concentration of
PGE2 detectable in the luminal fluid.

FIG. 1. Release of [3H]AA from S49 WT (A) and S49 cyc2 (B) cells after
exposure of the cells to native CT or CT-2* for a period of 2 or 4 h. The
percentage of [3H]AA released into the culture supernatants, exceeding that of
the respective untreated control cells, was plotted for seven experiments in which
cells were plated in quadruplicate. The standard error is indicated above and
below each mean. The average amount of [3H]AA released in response to native
CT or CT-2* was significantly more than the amount spontaneously released
from untreated control cells, as determined by Student’s t test (P , 0.01).

TABLE 2. Responses of S49 cyc2 cells and RAW 264.7 murine
monocyte/macrophage cells to the CT-B subunits from native

CT and mutant CT, in comparison to CT and CT-2*

Elicitor
% of [3H]AA metabolites released bya:

cyc2 S49 cells RAW 264.7 cells

Native CT 35.9 6 9.1 54.6 6 15.4
CT-B subunit 18.2 6 12.2b 28.5 6 9.8c

CT-2* 25.4 6 13.9b 27.0 6 8.5c

CT-2* B subunit 28.8 6 15.3b 13.6 6 8.4c

a The values shown, which are percentages above the respective controls, are
the means 6 standard deviations of data from four experiments in which the
release of [3H]AA metabolites from cells was measured 6 h after stimulation.

b P . 0.05 relative to the respective CT control, Dunnett’s multiple compar-
ison test.

c P , 0.05 relative to the respective CT control, Dunnett’s multiple compar-
ison test.
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DISCUSSION

Distinguishing between CT-induced effects on the synthesis
of cAMP and AA metabolites has been challenging because
both molecular events occur simultaneously in virtually all
cells. Therefore, it has been difficult to define the independent
physiological or immunological impact of cAMP and PGs on
the small intestinal mucosa. Indeed, prior to this study, it was
uncertain whether CT-induced eicosanoid synthesis (3, 29, 30)
resulted simply from the CT-induced increase in cAMP con-
centration in intestinal epithelial cells. Since no intestinal cell
line that contained a mutation in a gene encoding a protein
component required for the synthesis of PGs or cAMP was
available, we selected the S49 murine lymphoma cyc2 cell line,

which, unlike its isogenic Th1.2-positive S49 WT parent cell
line, lacks GSa. By comparing the effects of CT on AA metab-
olism in these cells, we were able to separate CT’s stimulatory
effect on [3H]AA release from its effect on cAMP synthesis.
Since the cyc2 cells lack the gene encoding GSa, the cells do
not produce an effective protein target that could be ADP-
ribosylated by native CT. Consequently, CT could not upregu-
late the enzymatic activity of adenylate cyclase. The data sum-
marized in Table 1 were consistent with an earlier report that
the S49 cyc2 cells are deficient in GSa (21), since cAMP levels
increased only in the S49 WT cells and not in the S49 cyc2 cells
exposed to native CT. Basal cAMP levels were approximately
fivefold lower in the S49 cyc2 cells than in the S49 WT cells.
The lower level of cAMP was likely due to the absence of the
GSa in the S49 cyc2 cells, which diminished the responsiveness
of these cells to stimuli requiring this G protein.

When the native CT-induced [3H]AA release responses of
S49 cyc2 cells were compared with those of the S49 WT cells,
it was clear that the S49 cyc2 cells released essentially the same
percentage of [3H]AA as did the S49 WT cells after 2 or 4 h of
incubation (Fig. 1). Therefore, an increased amount of cAMP,
which was not present in the native-CT-treated S49 cyc2 cells,
was not essential for the mechanism by which native CT stim-
ulated PLA2 activity. Although these data showed no correla-
tion between CT-induced release of [3H]AA and cAMP syn-
thesis in S49 cyc2 cells, dibutyryl cAMP could stimulate [3H]
AA release in other cell lines (e.g., Chinese hamster ovary cells
and murine monocyte/macrophage cells) (7, 25, 30, 37). We
also determined that addition of dibutyryl cAMP (10 mM) to
the culture media of S49 WT and cyc2 cells plated in quadru-
plicate resulted in release of 40% 6 6% and 37% 6 6% [3H]
AA, respectively, in a 2-h period (data not shown). After 4 h,
dibutyryl cAMP-induced [3H]AA release diminished to 28% 6
5% and 25% 6 4% above control levels in S49 WT and cyc2

cells, respectively. These data indicated that increases in cAMP
in S49 cells indeed could cause release of [3H]AA metabolites;
however, the S49 cyc2 cells showed no increase in cAMP levels
after exposure to native CT (Table 1). Thus, the low levels of
cAMP had a permissive effect but were not needed for the [3H]
AA metabolite release response to CT (Fig. 1). It is also in-
teresting that CT-2* significantly decreased cAMP levels in
S49 WT cells and their culture medium compared to the con-
trol levels (Table 1). The basis for this effect could have been
due to the PGE2 formed in response to CT-2*. Thielman et al.
(42) observed that addition of PGE2 to Chinese hamster ovary
cell cultures caused a modest increase in cAMP within 10 min
but that the cAMP level decreased between 1 and 4 h. The
mechanism of this effect is not known.

If cAMP is not required for CT-induced release of [3H]AA
from S49 cyc2 cells, what can be concluded about the mecha-
nism by which CT stimulates AA metabolism in these cells? To
provide some answers to this question, we used CT-2*, which

TABLE 3. Rabbit intestinal responses to CT and CT-2* after 16 ha

Treatment
group

Fluid accumulation
(ml/cm)

PGE2 concn
(ng/ml)

PBS control 0 9.1 6 0.9b

CT, 1 mg/ml 1.9 6 0.17 33.1 6 5.0c

CT-2*, 1 mg/ml 0 8.4 6 1.7b,d

a The values shown are mean responses from three intestinal loops constructed
in each of two rabbits, 6 the standard deviations.

b Reflects the concentration of PGE2 in 10 ml of lavage fluid.
c P , 0.05 relative to the respective control, Student’s t test.
d P . 0.05 relative to the respective control, Student’s t test.

FIG. 2. HPLC separation of [3H]AA metabolites released from S49 WT and
S49 cyc2 cells exposed to native CT. After extraction of eicosanoids from the
culture supernatants of three cultures, samples were chromatographed through
a C18 reverse-phase column, using an isocratic gradient of 27% acetonitrile in
0.1% TFA. All fractions were evaporated to dryness in a vacuum centrifuge and
hydrated with 50% acetonitrile, and their levels of radioactivity were then mea-
sured in a liquid scintillation counter. The positions of selected PGs are indicated
on the profiles.
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lacks the enzymatic capacity to catalyze the ADP-ribosylation
reaction (26). The data in Fig. 1 indicate that the capacity of
the mutant CT protein (CT-2*) to induce [3H]AA release in
both S49 WT and cyc2 cells was not noticeably diminished by
the mutation in the active site of the CT-A subunit (Arg73Lys
and Glu1123Gln) (19). Thus, the capacity to catalyze ADP-
ribosylation was not essential for CT to evoke the release of
[3H]AA from S49 WT and cyc2 cells, and GSa was not the
target of ADP-ribosylation that led to [3H]AA release from
S49 cyc2 cells. Alternatively, CT could have stimulated AA
metabolism in the S49 cells by a direct mechanism of PLA2 ac-
tivation. Recently, we reported that CT induced the expression
of the gene encoding PLAP (33). The mechanism by which the
PLAP gene is induced by CT was not clear, but increased PLA2
activity occurred within minutes to hours depending on the cell
type (33). The cellular response to the PLA2-catalyzed hydro-
lysis of membrane phospholipids and AA release resulted in a
generalized enhancement of cyclooxygenase activity, e.g., pro-
duction of PGE2. The latter eicosanoid is known to exert
potent stimulatory effects on ion transport. Indeed, the results
in Table 3 indicate that PGE2 production correlated with CT-
induced fluid accumulation in rabbit intestinal segments; how-
ever, CT-2* neither evoked intestinal fluid loss nor increased
PGE2 synthesis in the small intestine. Our in vitro results in-
dicated that S49 murine lymphoma cells and RAW 264.7 cells
responded to CT-2* (Table 2) but the intestinal mucosa in vivo
(Table 3) did not. The reasons for this apparent discrepancy
are not clear, but there are several variables that are different.
For example, the cell types used in vitro were T lymphocytes
and macrophages, because of their potential role in the im-
mune response. The in vivo results were derived with intestinal
segments, which contain many cell types. Further, the cell cul-
ture experiments were performed within 4 to 6 h, while the
intestinal loops were examined after 16 h. Importantly, we
should consider the possibility that CT stimulates AA metab-
olism, leading to PGE2 synthesis, by at least two differ-
ent mechanisms. The results observed here with murine lympho-
cyte and macrophage cell lines suggest that the CT-B subunit
and the mutant CT (CT-2*) activate receptor-mediated signal
transduction, which results in PGE2 formation. While this ef-
fect may be occurring in lymphoid cells in vivo, such a direct
effect does not appear to occur in enterocytes involved in water
and electrolyte transport. On the other hand, CT catalyzes the
ADP-ribosylation of GSa of adenylate cyclase, which stimulates
cAMP formation. Since cAMP can elicit PGE2 synthesis, it
appears from our results that the PGE2 in the intestinal loops
could be secondary to cAMP formation. In effect, the secretory
response during cholera likely results from a combination of
cAMP and cAMP-induced PGE2, while adjuvant effects of
CT-B subunit preparations likely involve activation of AA me-
tabolism in macrophages and lymphocytes (1, 20, 34, 45). It is
not clear why in this study (Table 1) S49 cells exposed to CT-B
or CT-2* evoked just as much [3H]AA release as did CT. It is
possible that cAMP formed in the CT-treated cells is down-
regulating the amount of [3H]AA released, since we observed
earlier that addition of dibutyryl cAMP to rabbit intestinal
loops decreased the amount of PGE2 formed in response to
CT (31).

In this study, we observed that AA metabolism of murine
S49 murine lymphoma cells was stimulated as readily by CT-2*
as it was by native CT (Fig. 1) and CT-B (Table 2). Similarly,
CT-2* and CT-B evoked the release of [3H]AA from murine
monocytes/macrophages (RAW 264.7 cells) (Table 2). Reflect-
ing on the possible immunological significance of these obser-
vations, stimulation of AA metabolism in macrophages could
activate the cells and enhance antigen processing and presen-

tation to lymphocytes. Earlier studies have determined that
addition of AA or PGE2 to pristane-elicited murine macro-
phages increases IL-6 production (45). Indeed, PGE2 serves as
an important stimulus for IL-6 production (1, 20, 34), and IL-6
is an important cytokine in antibody production (20). The fact
that S49 murine lymphoma cells are T lymphocytes (Th1.2)
could also be important in explaining the immunomodulatory
properties of mutant CT proteins that lack enzymatic activity
(46, 47). The observation that AA metabolism in these T cells
is enhanced by CT-2* and CT-B suggests a mechanism of
lymphocyte activation by mutant CT (46, 47). Our results in-
dicate that CT-B stimulated the release of [3H]AA from S49
cells, usually at a level approximately one-half that of the re-
spective CT or CT-2* molecule. This apparent difference could
be important, since some reports indicated that mutant CT, but
not recombinant CT-B, enhanced antibody responses to teta-
nus toxoid, ovalbumin, and influenza virus (46, 47). In response
to vaccination, cells involved in antigen processing could be
stimulated by mutant CT, or possibly by its B subunit under
some conditions. Using identical assay procedures with S49
cyc2 cells, we recently tested the mutant CT and matching B
subunit used by Yamamoto et al. (46, 47) to assess the adjuvant
effect of these recombinant proteins. Both their mutant CT
and mutant CT-B subunit evoked [3H]AA release comparable
to that of CT-2* and the CT-2* B subunit. Based on these
observations, the adjuvant activity described for mutant CT or
its B subunit may involve a combination of receptor-mediated
signaling and/or eicosanoid formation, but it does not require
the enzymatic activity of the CT-A subunit.

In conclusion, CT’s stimulatory effect on AA metabolism in
S49 cyc2 cells constitutes a novel molecular event, indepen-
dent of GSa or cAMP synthesis. Several other receptor-medi-
ated stimuli (e.g., bradykinin, N-methyl-D-aspartate, and 5-hy-
droxytryptamine [11]) are known to stimulate PLA2 activity in
other cells. In S49 cells, CT-2* clearly did not require the
enzymatic activity of the CT-A subunit to stimulate AA me-
tabolism, and a similar mechanism could stimulate other types
of cells. Stimulation of AA metabolism in lymphocytes and
macrophages may be important in the mechanism of the effect
of CT or the CT-B subunit on immune modulation, but addi-
tional studies are needed to define its precise role.
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