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A B S T R AC T We have found that in rat thymocytes
binding of ['JI] choleragen is followed by cellular ac-
cumulation of cyclic 3',5'-AMP which, in turn, is fol-
lowed by stimulation of amino acid transport. Binding
of cholera toxin was complete by 30 min and remained
constant for the subsequent 150 min. After stimulation by
choleragen, cellular cyclic 3',5'-AMP became maximal
by 30 min, after which it declined steadily so that by 90
min of incubation, cellular cyclic nucleotide levels were
only 20% of those seen at 30 min. Stimulation of amino
acid transport, although detectable by 15 min, did not
become maximal until 120 min (by which time cellular
cyclic 3',5'-AMP had decreased by more than 80%). We
have also used this system to delineate the step at which
various pharmacologic agents and hormones act to alter
the sequence of events mediating the response of rat
thymocytes to cholera toxin. The ability of cyclohexi-
mide to abolish choleragen-stimulated amino acid influx
without reducing [JI]choleragen binding or cellular
cyclic 3',5'-AMP suggests that cyclic nucleotide stimu-
lation of amino acid transport includes a step involving
protein synthesis.

INTRODUCTION
Cholera toxin stimulates adenylate cyclase activity and
tissue cyclic 3',5'-AMP in small intestinal mucosa, leu-
kocytes, lymphocytes, platelets, fat cells, thyroid, and
liver (1-14). The particular functional alterations pro-
duced by cholera toxin in each of these tissues presum-
ably reflect those cellular functions under the control of
cyclic 3',5'-AMP (4). In contrast to other agents that
act by stimulating adenylate cyclase, cholera toxin has
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generally been found not to increase adenylate cyclase
activity in broken cell preparations obtained from tis-
sues that, when intact, respond to cholera toxin (2, 8).
Furthermore, a substantial delay has been noted between
the time at which tissue is first exposed to cholera toxin
and the time at which an effect can be detected (2, 4, 7,
12). Finally, the effect of cholera toxin has been diffi-
cult or impossible to reverse after exposing tissue to
cholera toxin for a period as short as a few minutes and
then removing the unbound toxin by adding antiserum
or by washing the tissue (1, 2). In an effort to begin to
elucidate the basis of these characteristic features, we
have studied directly the interaction of cholera toxin
with intact lymphocytes obtained from rat thymus. Rat
thymocytes constitute a particularly advantageous tis-
sue because they can be obtained readily in large num-
bers, free of other cell types, without the use of digestive
enzymes, and can be manipulated in vitro for as long as
6 h. We have also explored the sequence of events initi-
ated by the interaction of cholera toxin with rat thymo-
cytes, as well as the point in this sequence at which vari-
ous pharmacologic agents act to alter the effect of
cholera toxin on cell function.

METHODS

Suckling Sprague-Dawley rats, 11 days old, were purchased
from Taconic Farms, Inc. (Germantown, N. Y.); [1-uC]-
a-aminoisobutyric acid (AI,B) ' (5.3 mCi/mmol), from
.New England Nuclear (Boston, Mass.); ['1I]sodium
iodide (carrier-free) from Amersham/Searle Corp. (Ar-
lington Heights, Ill.); chloramine-T from Eastman Kodak
Co. (Rochester, N. Y. ); ethacrynic acid from Merck,
Sharpe and Dohme, Inc. (West Point, Pa.); polymyxin B
sulfate from Burroughs Wellconie & Co., Inc. (Tuckahoe,
N. Y.); cycloheximide, dibutyryl cyclic 3',5'-AMP, DL-iSO-
proterenol, L-epinephrine, and L-phenylephrine from Sigma

'Abbreviations used in this paper: AIB, a-aminoisobu-
tyric acid; PGE,, prostaglandin E1.
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FIGURE 1 Time courses for binding of ["lJIcholeragen,
cellular cyclic 3',5'-AMP, and stimulation of ['4C]AIB
influx in rat thymocytes. Specific [""I]choleragen binding
was determined in thymocytes (4 X 10' cells/ml) incubated
at 37'C with ["'I] choleragen (10-10 M). Cellular cyclic
3',5'-AMP and AIB influx were determined with thymo-
cytes incubated with and without choleragen (10-' M). AIB
influx is expressed as the percent by which influx in
choleragen-treated cells is increased above that in cells
incubated without toxin. Cellular cyclic 3',5'-AMP and AIB
influx in thymocytes incubated without choleragen did not
change significantly during the 3-h incubation period. Re-
sults shown are the means of duplicate determinations and
this experiment is representative of three others.

Chemical Co. (St. Louis, Mo.). All other chemicals were
of the highest grade of purity commercially available.
The following were provided as gifts: choleragen, cho-

leragenoid, and equine antiserum to choleragenoid prepared
by Dr. Richard Finkelstein and distributed by the Na-
tional Institute of Allergy and Infectious Diseases; pros-
taglandin El (PGE,) from Dr. John Pike of the Upjohn
Co., (Kalamazoo, Mich.); and porcine insulin (25 U/mg)
from Dr. Ira Goldfine.
Preparation of [125I] choleragen. ['25I] choleragen was

prepared according to the technique of Hunter and Green-
wood (15), with 10 ,ug of choleragen, 2 mCi of 'II, and
5 gg of chloramine T in 110 ,l of 0.5 M phosphate buffer,
pH 7.5 at 23'C. 30 s after the addition of chloramine T,
500 ,tg of sodium metabisulfite was added. 200 IAI of a
buffer containing 120 mM NaCl, 25 mM Tris HCl (pH
7.5), and 10 mg/ml of bovine serum albumin were then
added, and ["lI]choleragen was isolated by gel filtration on
Sephadex G-25. The labeled choleragen had a specific ac-
tivity of approximately 25 ,tCi/,gg and one atom of 'I
per molecule of choleragen.

Preparation of thymocytes. Thymocyte suspensions were
prepared according to the procedure of Goldfine, Gardner,
and Neville (16). Thymus glands were removed from

suckling rats of either sex and were teased apart with
dental forceps in 5 ml of buffer in a plastic petri dish.
The standard buffer contained 120 mM NaCl, 5 mM
KCl, 1 mM CaCl2, 2.5 mM MgC92, 1.5 mM NaH2PO4, 15
mM glucose, 25 mM Tris HCl (pH 7.5), and 5 mg/ml
bovine serum albumin. After the glands were teased apart,
the cells were filtered through nylon screen and then cen-
trifuged at lOOg at 4°C for 10 mill. The superniate was
discarded and the cells were resuispenide(d in the standard
buffer. Over 95% of the cells were viable as judged by
trypan bluie exclusioni.

[..1] choleragen binding. Cholerageni binding was deter-
mined by methods similar to those described previously
for insulin binding (16). Suspensions of thymocytes (ap-
proximately 5 X 10- cells/ml) were incubated with ["LI]-
choleragen (approximately 10`0 M) at 37°C. At appro-
priate times 100-,Al samples were taken and washed three
times with 300 dul of iced (4°C) buffer by alternate cen-
trifugation at 10,000g for, 15 s in a Beckmani Microfuge
(Beckman Instruments, Inc., Spinco Div., Palo Alto, Calif.)
and resuspension. The centrifuge tube an-d its contents
were then placed in a vial for determination of radio-
activity. Specific binding of [LI]choleragen was calculated
as the difference between the number of counts bound with
anid without 10' M nonradioactive choleragen. In all ex-
periments sufficient ['"I] choleragen was added to the in-
cubation solution so that at most 10% of the total radio-
activity was bound by the cells.

Cyclic nucleotide assay. Thymocytes (approximately 5
X 107 cells/ml of standardl buffer) were incubated at 37°C.
At the end of the incubation period the cells were sedi-
mented by centrifugation and the supernate was discarded.
1 ml of 50% glacial acetic (vol/vol) was added and the
tube was mixed vigorously on a Vortex (Vortec Corp.,
Cincinnati, Ohio) mixer. After cenitrifugation at 2,500g
for 10 min, 300-,ul samples of supernate were transferred
to test tubes and evaporated to dryness at 80°C. The
resulting residue was resuspended in 1 ml of 0.05 M so-
dium acetate (pH 6.2), and samples were taken for de-
termination of cyclic 3',5'-AMP or cyclic 3',5'-GMP by
a modification (17) of the radioimmunoassay described by
Steiner, Kipnis, Utiger, and Parker (18).
AIB influtx. Influx of the nonmetabolizahle amino acid

AIB was measured by the technique described previously
(16). Thymocytes (2-8 X 10' cells/ml) were incubated at
37°C in standard buffer containing ["C] AIB (usually 30
,uM). At zero and 15 min l00-,u samples were taken and
the cells were washed three times with 300 Iul of iced
(4'C) buffer containing no ["C]AIB. Washing was ac-
complished by alternate centrifugation for 15 s at 10,0009
with a Beckman Microfuge, and resuspension. 100 pil of
109 (vol/vol) perchloric acid was added to the washed
cells. The mixture was agitated, centrifuged at 10,00Og
for 45 s and dispersed into 20 ml of liquid scintillation
solution. AIB influx was calculated from the net uptake
of radioactivity during the 15-min incubation period,2 the
concentration of cells, and the specific activity of ["C]AIB
in the incubation solution.

RESULTS

When rat thymocytes were incubated with ['"I]cho-
leragen, the labeled toxin bound to the cell within min-

2 We have found that uptake of ["C] AIB is a linear
function of time for at least 20 mim (16).
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utes (Fig. 1). This binding was followed by cellular
accumulation of cyclic 3',5'-AMP and later, by stimu-
lation of amino acid transport (monitored by measuring
the influx of ["C]AIB). Approximately 50% of [V2I]-
choleragen binding occurred within 2 mim. Binding was
complete by 30 min and remained coinstant for the sub-
sequent 150 min. Cellular cyclic 3',5'-AMP increased
during the initial 30 min, after which it declined steadily.
By 90 min of incubation cyclic nucleotide levels were
only slightly greater than those in cells incubated with-
out choleragen. Choleragen did not alter detectably cellu-
lar levels of cyclic 3',5'-GMP during the 180-min incu-
bation period (0.06±0.01 pmol/106 cells, mean ±1 SD,
n = 6). Amino acid transport increased more slowly and
did not reach maximum levels until 120 min, by which
time cellular cyclic 3',5'-AMP had decreased by more
than 80%. When the incubation temperature was re-
duced to 4°C, the time-course of [JI]choleragen binding
was identical to that observed at 37°C, except that at
4°C the amount of tracer at the steady-state was re-
duced by approximately 20% (Fig. 2). At 4°C cho-
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FIGURE 2 Time courses for binding of ['I]choleragen,
cellular cyclic 3',5'-AMP, and stimulation of [14C]AIB
influx in rat thymocytes incubated at 4°C. Specific binding
of ['lI]choleragen was determined with thymocytes (4 X
107 cells/ml) incubated with ['uI]choleragen (10' M) at
4°C (open circles) and at 37°C (closed circles). Cellular
cyclic 3',5'-AMP was measured in cells incubated at 4°C
with choleragen (10-7 M). To measure AIR influx, thy-
mocytes were incubated at 40C with and without choleragen
(10' M). At the indicated times a sample of the cell
suspension was taken and influx of [14C] AIB was deter-
mined during a 10-min period at 37°C. Results shown are
the means of duplicate determinations and this experiment
is representative of two others.
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FIGURE 3 Stimulation of cellular cyclic 3',5'-AMP and
AIB influx in rat thymocytes exposed to PGE1. Cellular
cyclic 3',5'-AMP and AIB influx were determined with
thymocytes incubated at 37°C with and without PGE1 (104
M). AIB influx is expressed as the percent by which influx
in PGE1-treated cells is increased above that in cells in-
cubated without PGE1. Cellular cyclic 3',5'-AMP and AIB
influx in thymocytes incubated without choleragen did not
change significantly during the 3-h incubation period. Re-
sults shown are the means of duplicate determinations and
this experiment is representative of five others.

leragen did not stimulate cellular accumulation of cyclic
3',5'-AMP or AIB influx. When rat thymocytes were
incubated with PGE1 (10 M), cellular cyclic 3',5'-
AMP increased by more than 50-fold during the first
3 min of incubation (Fig. 3). Thereafter, cellular cyclic
nucleotide levels decreased steadily and by 150 min of
incubation were not significantly different from control

TABLE I
Absence of Effect of Cations on Binding of

[E251]Choleragen to Rat Thymocytes

[125I]choleragen
Incubation bound

Control 100412
Minus sodium 93d8
Minus potassium 964i11
Minus calcium 93 + 14

Binding of [E25I]choleragen to thymocytes (6 X 107 cells/ml)
was measured after incubation for 30 min at 37°C. Control
values were obtained with the standard incubation solution
(see Methods). When a particular cation was removed from
the standard incubation solution, isosmotic choline chloride
was used as replacement. Values are expressed as percent of
specific [u251]choleragen binding observed in the standard- in-
cubation solution. Each value is the mean of three experi-
ments 41 SD.
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FiGuRE 4 Loss of bound ['I]choleragen from rat thymo-
cytes. Thymocytes were preincubated at 37°C with ['1'I]-
choleragen (1tO- M) for 60 min. One portion of cells
was washed four times with 100 vols of iced (40C)
standard buffer containing no radioactivity and resuspended
in buffer at 370'C. Choleragen-specific antiserum at a con-
centration sufficient to abolish the effects of 10-' M cho-
leragen (see Table III) was added to another portion of
cells. Each value is expressed as the fraction of the counts
bound at the beginning of the incubation. Results shown
are the means of three experiments.

values. The time course for AIB influx followed that
for cellular cyclic 3',5'-AMP. Stimulation of AIB in-
flux could be detected by 15 min after addition of PGEL;
however, maximal stimulation of AIB influx was not
observed until 120 min (by which time cellular cyclic
3',5'-AMP had decreased by more than 90%). Binding
of choleragen did not appear to be dependent on the
cation composition of the incubation solution, since re-
placing extracellular sodium, potassium, or calcium with
choline did not alter ['I]choleragen binding (Table I).

Others (1, 2, 4) have found that after the first few
minutes of incubation with choleragen, it has been im-
possible to reverse the toxin's effect on cell function
either by adding antitoxin or by washing the tissue and

'We noted that the amount of cellular cyclic 3',5'-AMP
produced in response to choleragen or to PGE1 tended to
vary among different litters of rats (compare results in
Figs. 1, 3, and 6, and Table II with those in Table IV).
We are unable to account for the source of this variation;
however, appropriate controls were performed to take this
variation into account. Furthermore, each experiment was
performed on at least two different litters of animals.

resuspending it in toxin-free solution. We found that
after incubating thymocytes with ['I]choleragen, ad-
ding choleragen-specific antiserum or washing and re-
suspending the cells in choleragen-free medium produced
only minimal dissociation of the bound tracer (approxi-
mately 10-15% by 100 min) (Fig. 4).
To estimate the apparent affinity of rat thymocytes

for choleragen' we tested its ability to inhibit binding
of [mI]choleragen (Fig. 5). Half-maximal inhibition
was observed at approximately 2 X 10' M choleragen
and binding was inhibited completely at 10' M. Cho-
leragenoid, a natural toxoid of choleragen, also inhibited
binding of ['I]choleragen with a potency equal to that
observed with choleragen. The ability of choleragen and
choleragenoid to inhibit binding of ['I]choleragen to
rat thymocytes was abolished by boiling (100°C) either
agent for 30 min. Choleragenoid, at concentrations that
produced maximal binding to rat thymocytes, did not
stimulate cellular cyclic 3',5'-AMP or amino acid trans-
port but could inhibit the effects of choleragen (Table

* Cholorogen
* Chotesrgenoid

a Boiled Cholergn
9
%Boiled Cholerogenoid

-9 -8 -7 -6
INHIBITOR CONCENTRATION (Log M)

FIGURE 5 Inhibition of specific ["'I]choleragen binding to
rat thymocytes by choleragen and choleragenoid. Thymo-
cytes (1 X 107 cells/ml) were incubated at 370C for 30
min with ['lI]choleragen (110' M) and various concen-
trations of choleragen and choleragenoid. Values are ex-
pressed as percent of the counts bound in the absence of
choleragen or choleragenoid. Results shown are the means
of duplicate determinations. This experiment is representa-
tive of two others.

'The molecular weights used for choleragen and cho-
leragenoid were 84,000 and 56,000, respectively.
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II). As might be expected from its inability to inhibit
binding of [tI]choleragen, boiled choleragen did not
stimulate cyclic 3',5'-AMP or AIB influx.

Fig. 6 illustrates the "dose-response" curves for the
effect of choleragen on cellular accumulation of cyclic
3',5'-AMP and on AIB influx. Stimulation of cyclic
3',5'-AMP and of AIB influx was detectable with 10- M
choleragen and was maximal at 10 M. Choleragen
iodinated with 'I was equipotent with native choleragen
in terms of its ability to inhibit binding of [I]cho-
leragen and to stimulate cellular cyclic 3',5'-AMP and
AIB influx (Table III).
Adding choleragen-specific antiserum to the thymo-

cyte suspension just before adding [I]choleragen
abolished binding of the labeled toxin (Table IV). Anti-
toxin alone did not alter cellular cyclic 3',5'-AMP or
AIB influx but abolished the stimulation of these two
cellular functions by choleragen.

Since PGE5 and insulin have both been shown to
stimulate AIB influx in rat thymocytes (16, 19) we were
interested to see if either of these agents altered the
effects of choleragen (Table IV). Neither agent altered
binding of ['I]choleragen. In agreement with previous
studies (19) PGE1, but not insulin, stimulated cellular
cyclic 3',5'-AMP; however, both hormones produced a
significant increase in AIB influx. The value for cellular
cyclic 3',5'-AMP in thymocytes exposed to PGE1 plus
choleragen was not significantly different from the sum
of the values obtained with each of these agents alone,
i.e., the effects of PGE1 and choleragen on cellular cy-
clic 3',5'-AMP were additive. The value for AIB influx
in thymocytyes exposed to PGE1 plus choleragen was the
same as that obtained with either agent alone. Insulin
did not alter the effect of choleragen on cellular cyclic
3',5'-AMP. The value for AIB influx with choleragen
plus insulin was not significantly different from the

TABLE I I
Effect of Choleragen and Choleragenoid on Cellular Cyclic

3',5'-AMP and AIB Influx in Rat Thymocytes

Cellular cyclic AIB
3',S'-AMP influx

pmol/106 cells % control

Control 0.13±0.06 100±3
Choleragen (10-8 M) 7.0±0.38 141±6
Choleragenoid (10-7 M) 0.1240.04 10247
Choleragen (10-8 M) 1.9±0.30 128±5
+ choleragenoid (10-7 M)

Boiled choleragen (10-6 M) 0.1140.06 10746

Thymocytes (7 X 107 cells/ml) were incubated at 37°C with
the agents shown above. Cellular cyclic 3',5'-AMP and influx
of [14C]AIB were determined at 30 and 120 min, respectively.
Results are the mean of at least three determinations±41 SD.
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FIGURE 6 Effect of choleragen on cellular cyclic 3',5'-AMP
and AIB influx in rat thymocytes. Thymocytes (3X 107
cells/ml) were incubated at 370C with the indicated con-
centrations of choleragen. Cyclic 3',5'-AMP and [14C] AIB
influx were determined at 30 and 120 min, respectively.
AIB influx is expressed as the percent by which influx in
choleragen-treated cells increased above that in cells incu-
bated without toxin. Results are the mean of four separate
experiments.

sum of the values obtained with each of these agents
alone, i.e., the effects of insulin and choleragen on AIB
influx were additive.

TABLE I II
Effect of Iodinated Choleragen on [USI]Choleragen Binding,

Cellular Cyclic 3',5'-AMP, and AIB
Influx in Rat Thymocytes

Cellular
[125I]choleragen cyclic AIB

Agent added bound 3'.5'-AMP influx

% pmol/106 cells
None 100 +11 0.154+0.03 1.00 +9
Choleragen 10-9 M 97+9 1.840.3 1.1845

10-8 M 8145 3.6+0.2 1.34412
5 X 10-8 M 18+4 4.640.5 1.4547
10-7 M 842 5.0+0.4 1.54+8

E1271]choleragen 10-9 M 101+11 2.1+0.2 1.20+6
10-8 M 7846 3.8+0.4 1.3744
5 X 10-8 M 16+3 4.4+0.5 1.434+9
10-7 M 7+1 6.3+0.5 1.52 +11

Thymocytes (6 X 107 cells/mi) were incubated at 370C with the agents
indicated. [l12I]choleragen binding and cellular cyclic 3',5'-AMP were
measured at 30 min. E"4C]AIB influx was determined at 120 min. Each
result is the mean of four experiments1l SD. [127I]choleragen was pre-
pared by the same technique that was used to prepare [E2&1]choleragen
except that [E27IJsodium iodide was used instead of [1251]sodium iodide
(see Methods).

Cholera Toxin and Rat Thymocytes 1153



TABLE IV
Effect oJ Various Agents on [E251]Choleragen Binding, Cellular Cyclic 3',5'-A MP,

and A IB Influx in Rat Thymocytes

Cellular cyclic
3',5'-AMP AIB influx

[E251]choleragen Control +Choleragen Control +Choleragen
Agent added binding 10-7 M 10-7 M

%o pmol/106 cells

None 100+8* 0.1940.06 12.7+3.1 100+7t 140+-8
Antitoxin 3+4 0.22+0.07 0.23+0.06 98+6 101 +9
PGE1 (10-4 M) 94+9 24.9+2.1 39.3 +5.2 153+8 148+7
Instilin (3 X 10-6 M) 102+7 0.13+0.08 13.5+1.8 151+9 198+17
Theophylline (3 X 10-.1) 97+8 0.44+0.07 18.1+2.3 163+11 151+9
Ethacrynic acid (2.5 X 10-4 M) 100+410 0.05+0.03 0.10+0.04 28+4 30+6
Cycloheximnide (10-4 M) 95+7 0.25+0.09 17.6+2.3 59+2 63+4
Polymyxin (1 mg/ml) 168+13 0.31+0.08 10.2+2.8 38+2 38+4
Isoproterenol (10-5 M) 103 + 7 0.244+0.06 10.6+3.0 97 +9 146+7
Phenylephrine (10-5 M) 97 i+10 0.20+0.05 13.2 +3.1 105+411 147 +:8

* Results are expressed as percent of the value in the standard buffer.
t Results are expressed as percent of control valtie in the standard buffer. Each value is the mean of five determinations
41 SD.
[E251]Choleragen bindinig and celltilar cyclic 3',5'-AMP were measured at 30 miin. [14C]AIB influx was determiined at
120 min.

Theophylline, an inhibitor of cyclic nucleotide phos-
phodiesterase (20), did not alter binding of ['I]cho-
leragen to thymocytes, produced a small but significant
increase in cellular cyclic 3',5'-AMP, and potentiated the
stimulation of cyclic nucleotide produced by choleragen.
Although theophylline produced only a small increase in
cellular cyclic 3',5'-AMP, it stimulated AIB influx to
levels similar to those obtained with choleragen, PGE1,
or insulin. The value for AIB influx with choleragen
plus theophylline was the same as that obtained with
either agent alone. Since phosphodiesterase(s) inhibited
by theophylline also hydrolyzes cyclic 3',5'-GMP, it
seemed possible that the stimulation of AIB influx pro-
duced by theophylline alone might reflect increased lev-
els of cellular cyclic 3',5'-GMP. However, we detected
no effect of theophylline, choleragen, PGEi, or insulin
on cellular levels of cyclic 3',5'-GMP in rat thymocytes
(results not shown).
Several agents have been found to alter the effects

of cholera toxin in vitro and in vivo; however, the pre-
cise step at which these agents modify the action of
cholera toxin has not been elucidated. Ethacrynic acid,
a diuretic agent that inhibits the effects of cholera toxin
on salt and water transport in the gut (21, 22) and on
glycerol production in fat cells (5), did not alter binding
of ['I]choleragen to rat thymocytes. Ethacrynic acid
reduced cellular cyclic 3',5'-AMP and AIB influx and
abolished the effect of choleragen on these two functions.

Cycloheximide, an inhibitor of protein synthesis that

inhibits choleragen-stimulated intestinal secretion (23-
25) and edema in the rat footpad (26), did not alter
binding of ["lI]choleragen to thymocytes, and did not
alter cellular levels of cyclic 3',5'-AMP, but increased
by 50% cyclic nucleotide levels produced by choleragen.
Cycloheximide reduced control AIB influx by 40% and
abolished choleragen-stimulated AIB influx. In cells
preincubated for 60 min with cycloheximide, the time
course for [5JI]choleragen binding was identical to that
depicted in Fig. 1. The curve describing the time course
for choleragen-stimulated cellular cyclic 3',5'-AMP had
the same general shape as that illustrated in Fig. 1 (al-
though the values for cyclic 3',5'-AMP were generally
greater than those seen with choleragen alone); how-
ever, no increase in AIB influx was observed during
the 3-h incubation period.

Polymyxin, an antibacterial agent with detergent
properties that can inhibit the effect of choleragen on
intestinal mucosa (27), increased binding of [1JI]cho-
leragen to thymocytes by 70%. This agent did not alter
control or choleragen-stimulated cellular cyclic 3',5'-
AMP, but reduced control AIB influx by 70% and
abolished the effect of choleragen on amino acid trans-
port.
Katz and Greenough (28) have reported an interac-

tionl between epinephrine and cholera toxin in their
stimulation of lipolysis in fat cells. In rat thymocytes
neither the P-adrenergic catecholamine isoproterenol
nor the a-adrenergic agent phenylephrine altered ['NI]-
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choleragen binding, cellular cyclic 3',5'-AMP, AIB in-
flux, or the effect of choleragen on cyclic nucleotide lev-
els or amino acid transport (Table IV).

DISCUSSION

The present results demonstrate directly that biologically
active ['I]choleragen binds specifically to intact rat
thymocytes in vitro and that binding is followed by a
rise in cellular cyclic 3',5'-AMP that, in turn, is fol-
lowed by stimulation of amino acid influx. Peterson,
LoSpalluto, and Finkelstein (29) found that after ex-
posing intestinal mucosa to choleragen, the toxin could
be localized to the intestinal mucosa with immunohisto-
chemical and autoradiographic techniques. Cholera toxin
can also bind to intact sheep erythrocytes, since toxin-
treated cells agglutinate on exposure to cholera toxin-
specific antiserum (30). We have also found that ['I]-
choleragen binds to human erythrocytes and to turkey
erythrocytes; however, adding 10-7 M nonradioactive
choleragen reduced binding by only 20%, indicating
that the apparent affinity with which choleragen binds to
these cells is lower than that observed in rat thymo-
cytes, or that the binding sites are so abundant that they
cannot be "saturated" at 10-7 M choleragen. Further-
more, human erythrocytes contain little or no adenylate
cyclase activity, no detectable cyclic 3',5'-AMP (31),
and do not respond to choleragen with changes in
adenylate cyclase activity, sodium transport, or amino
acid transport. Choleragen (10-7 M) also failed to stimu-
late adenylate cyclase or sodium transport in turkey
erythrocytes, a tissue in which activation of adenylate
cyclase produces a fourfold increase in sodium trans-
port (32). Thus, binding of choleragen to a particular
tissue does not necessarily indicate that choleragen pro-
duces a functional alteration in that same tissue. Instead,
evidence that choleragen binding mediates the alteration
in cell function requires demonstration of a correlation
between binding of choleragen and the choleragen-in-
duced alteration of cell function.
The present studies also demonstrate that choleragen,

once bound to the cell, dissociates very slowly, and con-
firm the previous conclusions of others based on studies
of the effect of cholera toxin on cell function (1, 2, 4).
The slow rate of dissociation of ['uI]choleragen from
the cells after addition of choleragen-specific antiserum
cannot be attributed to an inability of the antibodies
to bind cholera toxin, since antiserum could completely
block binding of ['I]choleragen by rat thymocytes
(Table IV).
There appeared to be a discrepancy between the po-

tency with which choleragen inhibited binding of [I]-
choleragen to thymocytes and the potency with which
the toxin stimulated cellular accumulation of cyclic 3',5'-
AMP and influx of AIB. Effects of the toxin on cyclic

nucleotide levels and on amino acid transport could be
detected readily with 10' M choleragen; however, no
significant reduction of ['I]choleragen binding could
be detected until 10' M. Maximal effects on all three
functions were detected at 10-' M choleragen. These re-
sults may be caused by the existence of two classes of
choleragen-binding sites, each associated with an al-
teration of cellular function, but the class of sites with
higher affinity for choleragen cannot be detected by
measuring inhibition of ['I]choleragen binding, be-
cause these sites are much smaller in number than the
sites with a lower affinity for choleragen. Alternatively,
there may be two classes of choleragen-binding sites but
the procedure used to prepare [t'I]choleragen may al-
ter the molecule so that it interacts only with the class
of sites with low affinity for choleragen. This possi-
bility, however, seems unlikely since choleragen iodi-
nated with "2I was equipotent with native choleragen,
and both agents stimulated cellular cyclic 3',5'-AMP
and AIB influx at 10-' M (Table III). Finally, these
results may reflect a type of "negative cooperation" be-
tween the choleragen-binding sites. That is, binding of
a molecule at one site may produce an alteration in cell
function (i.e., increase cellular cyclic 3',5'-AMP) and
may also reduce the affinity of one or more other binding
sites for choleragen.
Our findings that choleragenoid can inhibit binding of

['"'I] choleragen with the same potency as choleragen
and that the toxoid can inhibit choleragen-stimulated
cellular cyclic 3',5'-AMP and amino acid influx suggest
that choleragenoid binds to the same cellular sites as
does choleragen. Furthermore, our finding that choler-
agenoid binds to the cell but does not stimulate cyclic
3',5'-AMP or amino acid transport indicates that that
portion of the choleragen molecule that binds to the cell
(and which is also present in the choleragenoid mole-
cule) is different from that portion that stimulates
adenylate cyclase (not present in choleragenoid). In a
similar vein Finkelstein, LaRue, and LoSpalluto (33)
have speculated that the biologically active portion of
the choleragen molecule is a 28,000 mol-wt moiety that
is not present in the choleragenoid molecule. The in-
ability of choleragenoid to alter cell function also im-
plies that binding of choleragen to the cell, although
necessary, is not sufficient to initiate the subsequent
cellular effects. That is, the choleragen binding site(s)
is functionally distinct from the site at which the toxin
acts to stimulate adenylate cyclase. A similar distinction
between binding sites and adenylate cyclase activation
sites has been made for other agents that act by stimu-
lating adenylate cyclase (34-36).

In contrast to its effect on intestinal mucosa (10, 11),
choleragen produced only minimal changes in sodium and
potassium transport in rat thymocytes. This is probably
because cation transport in rat thymocytes is not under
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FIGURE 7 Sequence of events mediating choleragen stimulation of amino acid transport in
rat thymocytes. Initially the choleragen molecule interacts reversibly with its specific cellular
binding site. This interaction is followed by stimulation of adenylate cyclase, which increases
cellular cyclic 3',5'-AMP. The cyclic nucleotide then through a series of presently unknown
steps stimulates amino acid transport. The step at which a particular agent acts to inhibit
this sequence is indicated by a vertical arrow. The hormones PGE1 and insulin can also
stimulate amino acid transport by activity at the steps indicated.

the control of cyclic 3',5'-AMP, since the particular
functional property affected by choleragen appears to
be tissue-specific and to depend on which cell function is
coupled to the adenylate cyclase-cyclic 3',5'-AMP sys-
tem (4).
We found that in contrast to sustained binding of

choleragen, cellular cyclic 3',5'-AMP increased, became
maximal at approximately 30 min, and then decreased
by approximately 80% during the subsequent 60 min.
A similar pattern was observed with PGE1, although
the rise in cellular cyclic 3',5'-AMP was more rapid
than that seen with choleragen. We cannot specify
whether this phenomenon reflects a primary change in
the rate of generation of cyclic nucleotide or a change
in its rate of disposition, and additional experiments are
obviously necessary to elucidate the basis of this
phenomenon.
There was a substantial delay between cellular cyclic

3',5'-AMP accumulation and stimulation of amino acid
transport. After 30 min of incubation with choleragen,
cellular levels of cyclic 3',5'-AMP*were maximal while
the increase in AIB influx was only 25% of that ob-
served at 120 min (by which time cyclic 3',5'-AMP had
decreased by 80%). A similar phenomenon was ob-
served after stimulation by PGE1, indicating that this
relation between cellular cyclic 3',5'-AMP and AIB in-
flux is not peculiar to choleragen but instead is a prop-
erty of the rat thymocyte.

Cycloheximide, an inhibitor of protein synthesis, did
not alter ['I]choleragen binding or the time course of

cellular cyclic 3',5'-AMP accumulation, but abolished
choleragen-stimulated AIB influx. Thus, the mechanism
through which cyclic 3',5'-AMP stimulates AIB influx
may involve protein synthesis and this phenomenon may
be the basis for the 90-min delay between maximal cy-
clic 3',5'-AMP accumulation and maximal stimulation
of amino acid transport. There is also a delay between
binding of insulin to thymocytes and stimulation of
amino acid transport (via a mechanism not involving
cyclic 3',5'-AMP [19]) and the effect of insulin is
abolished by cycloheximide (16). In human leukocytes
treated with cholera toxin there is no delay between
accumulation of cyclic 3',5'-AMP and inhibition of
histamine release (1) and cycloheximide does not alter
the effect of choleragen on either of these functions
(2). Kimberg, Field, Gershon, Schooley, and Hender-
son (37) have recently reported that in intestinal mu-
cosa cycloheximide does not alter basal ion transport or
cholera toxin stimulation of adenylate cyclase and cy-
clic 3',5'-AMP, but does inhibit the effect of the toxin
on intestinal ion transport. Our finding, that cyclohexi-
mide reduces basal AIB transport in rat thymocytes,
raises the possibility that protein synthesis is an integral
part of the amino acid transport mechanism and that
cyclic 3',5'-AMP (as well as insulin) may act not by
stimulating protein synthesis directly but instead by
stimulating a system whose normal operation requires
protein synthesis. Thus, when protein synthesis is in-
hibited, the transport system is inhibited and is refrac-
tory to stimulation by cyclic 3',5'-AMP or insulin. Fi-

1156 J. M. Boyle and 1. D. Gardner

CHOLE
TOXIN



nally, in plants (38) and bacteria (39) cycloheximide
can alter other cellular metabolic processes besides pro-
tein synthesis; therefore, if similar effects occur in rat
thymocytes, cycloheximide inhibition of amino acid
transport may reflect alterations in cellular processes
other than protein synthesis.
Two experimental observations indicate that there

may not be a quantitative relation between total cellular
cyclic 3',5'-AMP and stimulation of AIB influx. In the
presence of choleragenoid, choleragen-stimulated cellu-
lar cyclic 3',5'-AMP was reduced by 70% but AIB in-
flux was decreased by only 30% (Table II). It may be
that in reponse to choleragen much more cyclic 3',5'-
AMP is produced than is necessary for maximal stimu-
lation of AIB influx. This phenomenon has been ob-
served for other cyclic 3',5'-AMP-stimulated functions
in other tissues (20, 32) and our results obtained with
PGE1 and choleragen (Table IV) indicate that cellular
cyclic 3',5'-AMP levels can be increased without a fur-
ther increase in AIB influx. Alternatively, cyclic 3',5'-
AMP may be compartmentalized within the cell, and
only changes within a particular subcellular compart-
ment produce changes in amino acid transport. This
possibility is supported by results obtained with theophyl-
line (Table IV), which produced only a small increase
in total cellular cyclic 3',5'-AMP but stimulated AIB
influx to the same levels seen with choleragen or PGE1.
Bourne, Lehrer, Lichtenstein, Weissmann, Zurier (2)
observed an analogous effect of theophylline in human
leukocytes, but concluded that theophylline might pro-
duce effects in leukocytes as it may in other tissues
(20, 40) through a mechanism not involving cyclic 3',5'-
AMP. The effects which we have observed with the-
ophylline obviously do not exclude this possibility.

Several pharmacologic agents have been reported to
alter the effect of choleragen on various tissues; how-
ever, the precise step at which these agents act has not
been clearly delineated. Fig. 7 illustrates our concep-
tualization of the sequence of events involved in the
mechanism of action of cholera toxin in rat thymocytes
and the particular step in this sequence at which various
pharmacologic agents may act to alter the response to
choleragen. We have also depicted for comparison where
PGE1 and insulin act in this sequence. Choleragenoid
and choleragen-specific antiserum act to prevent the in-
teraction of choleragen with specific cellular binding
sites (probably located on the plasma membrane). The
diuretic agent ethacrynic acid does not alter choleragen
binding but reduces cellular levels of cyclic 3',5'-AMP
and abolishes the stimulation of cyclic nucleotide levels
by choleragen. Although in Fig. 7 we have indicated that
ethacrynic acid inhibits synthesis of cyclic 3',5'-AMP,
this is an unproved hypothesis and it is equally likely
that ethacrynic acid stimulates degradation or disposi-
tion of cellular cyclic nucleotide. Polymyxin, an anti-

bacterial agent with detergent properties, and cyclo-
heximide act at some step after the accumulation of
cyclic 3',5'-AMP to inhibit the stimulation of amino
acid transport. PGE1 can also stimulate AIB influx in
rat thymocytes by stimulating adenylate cyclase and
increasing cellular cyclic 3',5'-AMP. Additive effects of
'PGE1 and choleragen were observed for stimulation of
cellular cyclic 3',5'-AMP but not for stimulation if AIB
transport. Insulin stimulates AIB influx by acting
through a mechanism not involving cyclic 3',5'-AMP
(19). Insulin did not alter the effect of choleragen on
cyclic 3',5'-AMP and the stimulation of AIB transport
by insulin added to that produced by choleragen.

Addendum. Since this paper was submitted for publica-
tion, Cuatrecasas (41-44) has reported that cholera toxin
binds specifically to isolated fat cells (and to liver mem-
branes) from the rat and that this binding correlates with
cholera toxin-stimulated lipolysis. Choleragenoid inhibited
binding of ['5I]cholera toxin to liver membranes and did
not stimulate lipolysis in fat cells, but blocked the stimu-
lation of lipolysis by cholera toxin.
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