
tween cytoplasm and cell membrane has 
been demonstrated in proton-secreting renal 
epithelial cells (14). In keeping with evi- 
dence that resorptive cells do not effectively 
attach to unmineralized bone matrix (15), 
H+-ATPase was absent at all sites where 
osteoclasts were juxtaposed to osteoid (un- 
mineralized bone). Finally, we used irnrnu- 
noelectron microscopy to show that the 
ruffled border, the highly convoluted cell 
membrane characterizing the site of bone 
resorption, contains the H+-ATPase (Fig. 
3, C and D). 

Thus, the osteoclast has a vacuolar-type 
proton pump that is physiologically and 
structurallv identical to the kidnev H + -  
ATPase and that appears to be responsible 
for creation of the acidic microenvironment 
fundamental to bone resor~tion. The osteo- 
clast's ruffled membrane has a dense array of 
cytoplasmic proteinaceous studs (16) similar 
to those found on the plasma membrane of 
renal proton-transportIng epithelia, which 
represent the cytoplasmic domain of the 
vacuolar H+-ATPase (1 7). As in the kidney 
intercalated cell, osteoclastic proton pumps 
are polarized to one plasma membrane do- 
main, allowing vectorial proton secretion. 
The mechanism bv which the osteoclast 
maintains the polarity of the proton pump at 
the osteoclast-bone interface is unknown 
and is an intriguing problem, since osteo- 
clasts, unlike epithelial cells, do not form 
tight junctions. However, when epithelial 
cells attach to substrate, polarization begins 
before the formation of tight junctions and 
is associated with cytoskeletal reorganiza- 
tion (18). The development of the osteoclas- 
tic attachment site. which is rich in cvtoskel- 
etal elements, may represent a similar polar- 
ization process. 
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Role of Prostaglandins and CAMP in the Secretory 
Effects of Cholera Toxin 

JOHNNY W. PETERSON AND LAURA G. OCHOA 

The role of adenosine 3',5'-monophosphate (CAMP) and prostaglandins in the 
pathogenesis of experimental cholera was evaluated. Fluid accumulated in the rabbit 
intestinal loop model after 16 hours of incubation with cholera toxin, prostaglandin 
El, or  prostaglandin E2, but not with membrane-permeable derivatives of CAMP or  
forskolin. Dibutyryl CAMP triggered a small, transient intestinal fluid accumulation 
response by 4.5 hours; however, the fluid was completely absorbed by 9 hours. After 
exposure of intestinal loops to  cholera toxin, prostaglandin E was released into the 
intestinal lumen in a concentration-dependent manner independent of CAMP. Thus, 
not only CAMP, but also prostaglandins may regulate water and electrolyte secretion in 
cholera. 

T HE PATHOGENIC MECHANISM OF 

cholera and several other intestinal 
enteropathies caused by Escherichia 

coli, Salmonella species, Campylobacter jejuni, 
and other enterotoxin-producing bacteria is 
thought to be mediated by CAMP (1). The 
Al subunit of cholera toxin possesses both 
nicotinamide adenine dinucleotide glycohy- 
drolase and adenosine diphosphate (ADP)- 
ribosyltransferase activities. Cholera toxin 
catalyzes the ADP-ribosylation of the a sub- 
unit of the stimulatory G protein (G,,) of 
adenylate cyclase (2). The guanosine tri- 
phosphate-binding activity of G,, is altered 
by covalent linkage to ADP-ribose, which 
causes the catalytic site of adenylate cyclase 
to increase CAMP production. The cAMP 
content of cholera toxin-affected cells in- 
creases markedly and in proportion to the 
amount of cholera toxin stimulation (3). 

Clinically, the only important cell types 
naturally affected by cholera toxin reside in 
the intestinal mucosa. After exposure to 
cholera toxin, the CAMP content of the 
crypt epithelial cells of the small intestine 
increases, and water and electrolyte trans- 
port is altered (4, 5 ) .  Application of dibu- 
tyryl CAMP to stripped intestinal mucosa in 
Ussing chambers increases chloride ion 
transport (4). Thus, fluid and electrolyte loss 
in cholera patients is associated with in- 
creased CAMP concentrations. 

We have reevaluated the cause-effect rela- 

Department of Microbiology, University of Texas Medi- 
cal Branch, Galveston, TX 77550. 

tion of cAMP formation, prostaglandin E 
(PGE) release, and intestinal fluid secretion. 
The possible participation of prostaglandins 
in the pathogenesis of cholera was suggested 
by Berrnett (6); both PGEl and PGE2 stimu- 
late intestinal adenylate cyclase (7). The 
effects of cholera toxin on secretion and on 
CAMP accumulation are inhibited by drugs 
that inhibit prostaglandin formation (for 
example, indomethacin, aspirin, and ibupro- 
fen) (5-11). The PGE2 content of jejunal 
aspirates from individuals with acute cholera 
is significantly higher than in those from 
convalescent patients (12). Concentrations 
of PGE increase in the intestinal mucosa of 
rabbits challenged with cholera toxin, Vibrio 
cholerae, or Salmonella species (13). Cholera 
toxin also increases the release of PGE2 and 
5-hydroxytryptamine in rat jejunal segments 
(14, 15). A murine macrophage cell line 
releases PGE2 when exposed to either chol- 
era toxin or pertussis toxin, but not when 
exposed to dibutyryl CAMP (16). We used 
the rabbit intestinal loop model (17) to 
investigate the relation of cAMP and PGE 
to the cholera toxin-mediated secretory re- 
sponse:. 

To  compare the effects of CAMP, PGE, 
and ch~olera toxin on net fluid secretion, we 
injected the lumina of rabbit intestinal seg- 
ments with various agents (18) and mea- 
sured the mean fluid accumulation respons- 
es of intestinal loops after an overnight (16 
hours) exposure (Table 1). Cholera toxin 
caused, approximately 1.5 ml of fluid per 
centimeter of intestine to accumulate. When 
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Table 1. Effect of cholera toxin, CAMP, and prostaglandins on the responses of rabbit intestinal loops. 
Values of mucosal tissue CAMP are mean + SEM derived from intestinal loops of seven rabbits. After 
cutting open the intestinal segments and washing in three changes of ice-cold PBS, the cAMP content 
per milligram of mucosal tissue protein was determined. Luminal PGE values are also means t SEM 
derived from the same animals. Values reflect the amount of PGE in intestinal fluid or washings of the 
intestinal lumen per milligram of mucosal tissue protein. 

Fluid Mucosal MUCOSal tissue Luminal Luminal 
accumu- Substance tissue CAMP PGE PGE 

lation CAMP (fold (fold 
(mVcm) (pmolimg) increase) (pgirng) increase) 

PBS-MIX* 0 12.8 + 0.6 7.5 t 1.5 
control 

Cholera toxin 1.5 r 0.3 29.1 t 2.31 2.3 46.2 + 5.81 6.2 
(350 ngiml) 

Dibutyryl CAMP 0 39.4 + 4.51 3.1 8.3 + 2.81 1.1 
(100 w 

8-Bromo CAMP 0 24.0 + 4.2t 1.9 4.5 + 1.5$ -0.6 
(10 w 

PGE, (250 pgiml) 1.0 + 0.4 21.9 * 3.51 1.7 93.1 + 10.7t 12.4 
PGE, (250 pglml) 1.0 * 0.4 25.6 * 3.4t 2.0 47.5 + 5.41 6.3 
Forskolin (10 mhl) 0 26.2 + 2.1t 2.1 13.8 * 4.4$ 1.8 

*All substances injected into the intestinal lumen in 1 ml of PBS containing 0.1 rnM MIX. ?Value significantly 
different from control. Analysis of variance procedures were used separately for the CAMP and PGE data. The data 
were analyzed by the Scheffk test by using a square root scale to better homogenize variability. +Value not 
significantly different from control. Statistical method was as described above. 

dibutyryl CAMP, over the concentration 
range of 0.1 to 100 mA4, was instilled into 
intestinal segments there was no fluid accu- 
mulation at 16 hours. Similarly, dibutyryl 
CAMP from several different commercial 
sources and 8-bromo CAMP did not cause 
fluid accumulation. When another potent 
stimulator of adenylate cyclase, forskolin, 
was injected into the rabbit intestinal loops, 
it failed to elicit fluid accumulation (at 16 
hours). We have also observed that pertussis 
toxin (10 ~ g l m l )  failed to elicit fluid accu- 
mulation at 16 hours. In contrast, PGEl and 
PGE2 caused marked fluid accumulation 
approaching 1 mlicm; PGE2 was effective at 
10 ~g/;iml. Much lower doses of PGEz can 
cause fluid secretion when administered 
through the mesenteric vasculature (15). 
The gross appearance of the fluid from loops 
treated with PGE was identical to that of 
loops exposed to cholera toxin. Further, 
histological sections of the loops exposed to 
PGE were indistinguishable in appearance 
from those of the control. 

To determine the effects of each of the 
above substances on tissue cAMP concentra- 
tions, we prepared mucosal scrapings from 
each intestinal segment (19). The agents 
were diluted in 0.1 mM l-methyl-3-isobu- 
tylxanthine (MIX) (to inhibit mucosal phos- 
phodiesterase activity) and then injected 
into the intestinal segments. Dibutyryl 
CAMP, 8-bromo CAMP, and forskolin sig- 
nificantly increased tissue cAMP concentra- 
tions to values achieved with cholera toxin, 
but did not induce fluid accumulation in the 
intestinal loops, in contrast to cholera toxin 
and PGE. Both PGEl and PGE2 increased 

cAMP concentrations, although the increase 
was statistically significant only for PGE2. 
Thus. tissue cAMP concentrations can be 
increased in the mucosal cells by several 
means without eliciting a sustained secretory 
response. 

The amount of PGE released into the 
intestinal lumen after injection of rabbit 
intestinal loops with cholera toxin was de- 
termined (Fig. 1) .  Cholera toxin increases 
the PGE content of intestinal tissues (13); 
however, in our study we observed that 
intestinal fluids yielded more reliable esti- 
mates of PGE concentration than did tis- 
sues. This may be due to the rapid export of 
prostaglandins from cells after synthesis 
(20). The amount of PGE present in the 
fluid secreted in response to cholera toxin 
increased approximately in proportion to 
the amount of fluid that accumulated in the 
loops and was related to the dose of cholera 
toxin injected. The release of PGE required 
the A subunit of cholera toxin; iniectibn of , , 
an equivalent amount of B subunit failed to 
cause PGE release or fluid accumulation 
(Fig. 2). Thus, mere binding of the B 
subunit to the host cell membranes did not 
initiate nonspecific release of prostaglan- 
dins, indicating that the holotoxin is neces- 
sary for I'GE release and fluid accumulation. 

We conducted experiments to determine 
whether cAMP derivatives could cause PGE 
release. Neither dibutyryl cAMP nor 8-bro- 
mo CAMP significantly increased the PGE 
content of washings from the negative intes- 
tinal loops (Table 1). Thus, the PGE that 
was released when intestinal loops were 
exposed to cholera toxin did not appear to 

0 100 200 300 400 500 
Cholera toxin (nglml) 

Flg. 1. (A) Fluid accumulation and (B) amount 
of PGE released into the intestinal fluid after 
exposure to cholera toxin. Each intestinal loop 
was injected with 1 ml of each cholera toxin dose. 
Measurements were made at 16 hours. Values are 
means t SD of duplicate loops from two rabbits. 

l o  0 L 
PBS CT 

(500 nglml) 

0 .5  
G 

0.0 
B subunit 
(500 nglml) 

Flg. 2. Comparison of the effects of cholera toxin 
(CT) and cholera toxin B subunit on net fluid 
secretion (hatched bars) and PGE concentrations 
(open bars) in intestinal loop fluid. Values are 
means * SD of duplicate loops from two rabbits. 
Measurements of PGE were made on accumulat- 
ed intestinal fluid or PBS washes of the negative 
loops. 

be dependent on the synthesis of CAMP. 
This !inding confirmed a report (16) in 
which cholera toxin and pertussis toxin in- 
duced the release of PGE from a macro- 
phage cell line, whereas dibutyryl CAMP was 
ineffective. In our study forskolin did not 
significantly increase the amount of PGE 
released, although it did significantly in- 
crease the intestinal tissue content of CAMP. 
Our data (Table 1) indicate that only chol- 
era toxin caused PGE release into the intesti- 
nal lumen. The PGE detected in the PGEl 
and PGE2 loop washes merely reflects the 
residual PGE initially injected into the 
loops. In general, intestinal fluid accumula- 
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tion correlated better with the PGE content 
of the intestinal fluids or washes than to the 
tissue concentration of CAMP. 

We performed preliminary kinetic experi- 
ments to determine the effects of dibutyryl 
CAMP on fluid accumulation at earlier time 
intervals with two rabbits per time point. 
After 4.5 hours, 100 mM dibutyryl CAMP 
caused 0.2 ml of fluid accumulation per 
centimeter, whereas cholera toxin (350 
nglml) caused 0.4 mllcm. After 9 hours, the 
fluid in the dibutyryl CAMP-treated loop 
was completely absorbed, whereas fluid in 
loops treated with cholera toxin, PGEI, or 
PGE2 progressively increased (to rl 
d c m ) .  The stimulatory effects of dibutyryl 
CAMP on early secretory events in vivo is 
known (21,22), but the above reversal to net 
absorption did not coincide with the sus- 
tained secretory effects of cholera toxin. 

We question whether the magnitude and 
duration of the effect of cAMP alone can 
account for the massive loss of water and 
electrolytes in cholera. If cAMP were the 
sole intracellular mediator of the diarrhea 
elicited by cholera toxin, then it might be 
expected that a sustained fluid accumulation 
response would have been observed with 
CAMP derivatives and adenylate cyclase 
stimulators. Instead, only a small, transient 
secretory effect was seen with dibutyryl 
CAMP after 4.5 hours. Neither membrane- 
permeable derivatives of CAMP nor forsko- 
lin caused fluid accumulation in rabbit intes- 
tinal loops after overnight exposure despite 
increased mucosal tissue concentrations of 
CAMP equal to that of tissues exposed to 
cholera toxin. 

Although one possible interpretation of 
our data questions the role of cAMP in the 
cholera toxin-mediated secretory response, 
an alternative explanation is that the cAMP 
derivatives or forskolin may not have 
reached the appropriate secretory cells, pre- 
sumably the crypt cells. To  address this latter 
possibility, we used inordinately large con- 
centrations of these substances to maximize 
their diffusion into the crypts. We did not 
attempt to isolate and measure the cAMP 
content of the crypt cells because of techni- 
cal problems (for example, diffusion of dibu- 
tyryl cAMP from isolated crypt cells). How- 
ever, in these experiments, cholera toxin, 
PGEI, and PGE2 reached the appropriate 
cells and elicited a net secretory response. 

We conclude that enhanced production of 
both CAMP and PGE occurred in cholera 
toxin-treated cells and that cAMP did not 
cause PGE release. The mechanism leading 
to alterations in prostaglandin synthesis re- 
mains to be elucidated. The hypothesis that 
CAMP is the sole mediator of intestinal 
water and electrolyte transport in cholera 
should be reexamined. We observed a poor 

correlation between tissue cAMP concentra- 
tions and net fluid secretion in this model. 
In contrast, PGE release from cholera toxin- 
treated mucosal cells correlated with cholera 
toxin-induced fluid accumulation and in- 
creased in a dose-related manner. Thus, 
CAMP alone might not be responsible for 
cholera toxin-mediated fluid accumulation 
in this in vivo model. Cholera toxin-in- 
duced fluid secretion does not parallel tissue 
CAMP concentrations in rat jejunum, ileum, 
and colon (23). We propose that PGE could 
be an important factor in the secretory pro- 
cess leading to the loss of water and electro- 
lytes during cholera, which could explain the 
effectiveness of several prostaglandin synthe- 
sis inhibitory drugs in reducing cholera tox- 
in-mediated fluid accumulation (8-10). 
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Buprenorphine Suppresses Cocaine 
Self-Administration by Rhesus Monkeys 

Cocaine abuse has reached epidemic proportions in the United States, and the search 
for an effective pharmacotherapy continues. Because primates self-administer most of 
the drugs abused by humans, they can be used to  predict the abuse liability of new 
drugs and for preclinical evaluation of new pharmacotherapies for drug abuse 
treatment. Daily administration of buprenorphine (an opioid mixed agonist-antago- 
nist) significantly suppressed cocaine self-administration by rhesus monkeys for 30 
consecutive days. The effects of buprenorphine were dose-dependent. The suppression 
of cocaine self-administration by buprenorphine did not reflect a generalized suppres- 
sion of behavior. These data suggest that buprenorphine would be a useh l  pharma- 
cotherapy for treatment of cocaine abuse. Because buprenorphine is a safe and effective 
pharmacotherapy for heroin dependence, buprenorphine treatment may also attenuate 
dual abuse of cocaine and heroin. 

C OCAINE ABUSE IS WIDESPREAD IN caine abuse (3) are augmented by the com- 
the general population (1) and has bined use of cocaine and heroin (4). For 
also increased among heroin-depen- example, dual addiction to intravenous 

dent persons, including those in methadone 
maintenance treatment programs (2). ~h~ Alcohol and Drug Abuse Research Center, Harvard 

Medical School-McLean Hospital, Belrnont, MA 
many adverse medical consequences of co- 02178. 
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