
Nature Vol. 292 30 July 1981 413 

REVIEW ARTICLE 

Actions of cholera toxin and the 
prevention and treatment of cholera 

Jan Holmgren 
Institute of Medical Microbiology, University of Goteborg, S-413 46 Goteborg, Sweden 

The drastic intestinal secretion of fluid and electrolytes that is characteristic of cholera is the result of 
reasonably well understood cellular and biochemical actions of the toxin secreted by Vibrio cholerae. 
Based on this understanding it is possible to devise new techniques for the treatment and prophylaxis of 
cholera to complement those based on fluid replacement therapy and sanitation. 

CHOLERA patients have characteristically watery diarrhoea 
which leads to dehydration and metabolic acidosis. If untreated, 
this fluid loss rapidly leads to death. The disease is caused by an 
intestinal infection with Vibrio cholerae. These bacteria adhere 
to and colonize the small intestine and secrete an exotoxin­
cholera toxin-that binds to receptors on the mucosa! cells and 
stimulates intestinal adenylate cyclase activity. The resulting 
increase in cyclic AMP then causes diarrhoea and fluid loss by 
inhibiting uptake of sodium chloride by the villi as well as by 
stimulating active chloride secretion by crypt cells 

1
. 

Koch, who identified V. cholerae as the causative agent of 
cholera, had in 1887 already proposed that the disease was 
toxin-mediated but it was not until 1959 that the Indian scien­
tists De2 and Dutta3 convincingly demonstrated the existence of 
a cholera toxin. This was purified4·5 , and its effect on the 
adenylate cyclase-cyclic AMP system soon established6-10. 
Since then, activation of adenylate cyclase by cholera toxin has 
been shown to occur in most mammalian cell types, the struc­
ture-function relationship of the toxin has been defined, the cell 
membrane receptor identified and, most recently, the mode of 
action of the toxin on adenylate cyclase explained in consider­
able detail. 

This knowledge of the cholera toxin has made it a useful tool 
for cell biologists, biochemists and physiologists interested in 
aspects of cell membrane and cyclic nucleotide research that are 
essentially unrelated to cholera. It has also suggested various 
possibilities for novel approaches to prevention and treatment 
of disease. My main intention here is to describe the cellular 
action of cholera toxin and to discuss the possible exploitation of 
this knowledge in the design of vaccines, receptor-prophylactic 
agents, and antisecretory drugs against cholera. 

The cholera toxin molecule 
Cholera toxin is a protein with two types of subunit: a single 
'heavy' subunit of molecular weight (MW) 28,000 nonco­
valently attached to a 58,000-MW aggregate of 'light' subunits 
(Fig. 1). 

The demonstration that choleragenoid, a protein immuno­
logically related to cholera toxin and able to bind to intestinal 
epithelium without having toxic activity4, contains the same 
'light' subunits as the toxin but lacks the 'heavy' subunit strongly 
suggested that the 'light' subunits are responsible for cell binding 
(B subunits) and the 'heavy' subunit for the direct toxic activity 
(A subunit) 11 -14 . Experiments with toxin subunit fractions, pre­
pared by gel filtration in acidic buffer and dialysed to allow 
renaturation and reassociation of subunits, confirmed that B 
subunit bound strongly both to the cell and to the isolated cell 
receptors, but was nontoxic. Purified A subunit neither bound to 
nor was toxic for intact cells. However, A reassociated with B 
had both binding and toxic activity in various whole-cell 
systems 11-13,1s.16_ 
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The requirement for membrane binding by the B subunits can 
be circumvented by using disrupted cells; in these conditions 
purified A subunit and also its A 1 fragment (see Fig. 1) can 
activate adenylate cyclase 17-19 . Furthermore, the characteristic 
lag period of 10-60 min observed in intact cells before any effect 
of cholera toxin on adenylate cyclase is seen6-10, essentially 
disappears in broken cells. Reduction of the disulphide bond 
between the A1 and A2 regions, but not the physical separation 
of the two fragments, seems to be necessary for the activity of A 
on adenylate cyclase20. 

The cholera toxin receptor 
The first event in the action of cholera toxin on cells is the rapid, 
tight binding to receptors on the cell surface. Studies with 
125l-labelled toxin have shown that binding occurs almost 
instantaneously, is saturable and initially reversible ' 5

·
21

. The 
number of binding sites per cell varies widely with the cell type 
but affinity of binding varies very little (KA - 1 x 10

9 
mo! 

1
) 

indicating that the receptor is the same for various cell types 21
-2:1. 

It is now known that the membrane receptor for cholera toxin 
is a specific ganglioside (Fig. 2). Van Heyningen et al. 24 observed 
that a crude ganglioside mixture inactivated cholera toxin; J.H. 
et al. 25

, Cuatrecasas21 and King and van Heyningen26 showed 
that this inactivation resulted from specific binding between the 
toxin and a single ganglioside, GMt· GM1 neutralized cholera 
toxin in about equimolar proportions and gave a specific 
precipitation band with cholera toxin in gel-diffusion tests

25
. 
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Fig. 1 Model of cholera toxin subunit structure. The toxin has 
one 28,000-MW A subunit and five 11.600-MW B sub­
units 11 -16·29·62·102- 107. The B subunits, which contain 103 
residues 9 and 86 (refs 105, 106), are aggregated in a ring by tight, 
noncovalent bonds. The A subunit is linked to and partial!;' 
inserted in the B ring through weaker noncovalent interactions

4 
. 

A subunit, although synthesized as a single polypeptide chain (one 
gene) 108, is usually 'nicked' between its two cysteine residues by 
bacterial protease(s) and thus splits into fragments A1 (MW 
-21,000) and A2 (MW -7,000) when treated with thiol-reducing 
agents 11 -15·62. Reduction of whole toxin releases the A1 fragment 
from the A2-5B comf.lex, indicating that A is attached to the B ring 
by its A2 portion10 ·109. Electron micrographs show the outer 
diameter of the Bring to be 90-100 A, and the size of the separated 
A and B subunits as -35x55 A and -24x30A (refs 110, 45). 
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Subsequent studies in several laboratories have provided 
further evidence that ganglioside GMi is the natural biological 
receptor for cholera toxin. 

(1) Studies of various cell types, including small intestinal 
mucosa! cells of different species, have demonstrated a direct 
relationship between the cell content of GM1 and the number of 
toxin molecules that the cells can bind22·21·28. In each cell type 
studied there have been about five molecules of GM1 per toxin 
binding site27, which supports data from in vitro fixation stu­
dies29-32 that each toxin B subunit binds to one GM1 molecule. 

(2) Exogenous GM1 ganglioside can be incorporated into the 
cell membrane, there to act as a functional receptor. This was 
first shown by Cuatrecasas33, who observed an increased cholera 
toxin-binding capacity and lipolytic responsiveness of fat cells 
which had been soaked in GM1, Using 3H-labelled GM1, J.H. et 
al. 22 demonstrated the incorporation of GM1 into epithelial 
membrane of small intestine from humans and other species and 
showed that the increase in GM1 was associated with a cor­
responding increase in the capacity of the intestine to bind 
cholera toxin. In vivo tests in rabbits showed parallel increases 
of GM1 and susceptibility of the gut to the diarrhoeogenic action 
of the toxin22. Incorporation of GM 1 into transformed cells 
deficient in this ganglioside has restored cell responsiveness to 
cholera toxin34'35 . 

(3) Pretreatment of cell membranes with cholera toxin has 
been found to block specifically the membrane GM 1 from reac­
ting with galactose oxidase36. 

(4) Incubation of certain tissues with V. cholerae sialidase 
increases the number of toxin-binding sites in proportion to the 
additional GM1 produced by the enzyme from more complex 
gangliosides in the membrane: cellular sensitivity to the toxin is 
simultaneously enhanced 21·113-115 . However, V. cholerae siali­
dase has failed to create new receptors for cholera toxin in 
intestinal epithelium22 even though after extraction, the 
intestinal gangliosides are normally hydrolysed by this 
enzyme22 . Thus intestinal epithelium seems to possess a means 
of preserving its structural integrity from enzymatic attack. 

(5) Chemical modifications of cholera toxin by various 
reagents have consistently and proportionally affected binding 
to cells and to plastic-adsorbed GM 1 ganglioside37. 

Membrane penetration and activation of 
adenylate cyclase 

As already indicated, the lag between cell binding of cholera 
toxin and activation of adenylate cyclase mainly reflects the time 
taken for the toxin A subunit to penetrate the cell membrane. In 
comparison, the generation of A 1 and the subsequent effect on 
adenylate cyclase are rapid events that occur in< 1 min (ref. 17). 
The cell penetration process is poorly understood; the time it 
takes is markedly influenced by the incubation temperature and 
the composition of the cell membrane (J.H. et al., unpublished 
results). Lateral diffusion and capping of cholera toxin in the 
membrane have been demonstrated 15

·
38

-4° and have been pro­
posed to be critical for action of the toxin38'41 . Lateral diffusion 
seems to have a much greater influence on the lag time in 
GM1 -poor cells than in those with more receptors. Thus, cell 
incorporation of exogenous GM1 significantly shortened the lag 
period in C6 cells which bind 7,000 toxin molecules per cell

42
, 

while no such effect was seen for mouse thymocytes (J.H. et al., 
unpublished results) which bind 150,000 toxin molecules per 
cell and exhibit a much shorter lag period

37
. 

Moss et al.43 and Tosteson and Tosteson44 have shown that 
both cholera toxin and its B region can create pores in synthetic 
lipid bilayers containing GM1; however the observed capping of 
cholera toxin in viable cells suggests that the initial GM1-toxin 
complex makes contact with an integral membrane protein. As 
discussed in detail elsewhere45, the association of toxin with the 
membrane GM1 receptors might induce a conformational change 
in the B subunits, resulting in exposure of otherwise hidden 
hydrophobic B-subunit regions which then fuse with hydro-
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phobic protein or lipid components of the plasma membrane. 
This could result in entry of the A subunit into the cell by one of 
at least three possible mechanisms. First, it is possible that the B 
subunits form a hydrophilic channel through the membrane, 
allowing A to pass; second, a channel for A subunit, may be built 
by the B subunits and an integral membrane protein; the third 
possibility is that a hydrophobic interaction between the A 
subunit and an integral membrane component may transpose A 
to the inner face of the membrane where intracellular glu­
tathione would reduce the A 1-A2 disulphide linkage, thereby 
releasing A1. Membrane-bound cholera toxin is partly endocy­
tosed27.46, Recent studies have suggested that for diphtheria 
toxin (the action of which resembles that of cholera toxin 
although the metabolic and clinical effects are very different47

), 

adsorptive endocytosis is required for membrane penetration 
and cytotoxicity at physiological pH; lysosomotropic agents 
protect the cells, probably by neutralizing the acid pH in 
lysosomes, thus preventing the acid-dependent conformational 
change of endocytosed toxin in secondary lysosomes that is 
necessary for the translocation of the diphtheria toxin A frag­
ment48·49. Lysosomotropic agents, such as ammonium chloride 
and chloroquine, should also be tested for their effect on the 
activity of cholera toxin. 

The intracellular biochemical events that lead to activation of 
adenylate cyclase are known. Gill50 showed that, in broken cell 
preparations, activation depends on NAO, undefined cellular 
cytosol factors and ATP, in addition to the A1 fragment and cell 
membrane. Moss et al. 51 showed that cholera toxin, like diph­
theria toxin, has ADP-ribosyltransferase activity, that is, it 
catalyses the reaction: 

NAO+ acceptor protein-+ ADP-ribose-acceptor protein 

+ nicotinamide + H+ 

The protein that is ADP-ribosylated by cholera toxin has 
recently been identified as the guanyl nucleotide-binding 
component of the membrane-bound adenylate cyclase52·53 , 
Cassel and Selinger54 have shown that adenylate cyclase is active 
while GTP is bound to the GTP-binding component but reverts 
to an inactive state as GTP is hydrolysed to GDP by GTPase; 
cholera toxin blocks the GTPase action which stabilizes 
adenylate cyclase in an active conformation. Alternatively, 
cholera toxin may stimulate adenylate cyclase by enhancing an 
exchange reaction in which stimulatory GTP replaces inhibitor{ 
GDP at a rate higher than that of hydrolysis of GTP to GDP5 

B subunit cholera vaccine 
Can recent knowledge about cholera toxin be used to improve 
prevention or treatment of disease? Although the development 
of the highly successful water and electrolyte substitution 
therapy was essentially an empirical process, three rather more 
specific approaches have given promising results in animals and 
are now being used in clinical trials. 

The first of these is the development of an oral cholera vaccine 
based on enterotoxin B subunit. In contrast to clinical cholera 
disease, which gives rise to long-lasting immunity56, the whole­
cell cholera vaccines give only partial immunity for <6 
months57

• Animal studies have shown that antitoxic and anti­
bacterial cholera immunity cooperate synergistically in the gut 
giving a multiplicative protective effect by interfering with 
separate pathogenic events-toxin binding and bacterial 
adhesion and colonization58-60. The whole-cell vaccines prob­
ably fail both because they lack any toxin-derived antigen and 
because the injection route may be relatively inefficient in 
stimulating local immunity in the gut mucosa

61
. 

Purified cholera B subunit, which spontaneously reassociates 
to the pentamer ring60, is a logical 'toxoid' immunogen against 
cholera, especially for oral immunization. It is immunologically 
unrelated to A subunit13'29'62 and is a much stronger 
immunogen63. Furthermore, isolated antibodies to B subunit 
have considerably higher cholera toxin-neutralizing activity 
than antibodies to the A subunit63 '64. The separation of B 
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Fia. 2 Structure of the cholera toxin receptor, G,0 ganglioside. The 

oligosaccharide moiety of GM, carries the binding determinants for cholera 

toxin , and studies have shown that both the terminal galactose and the sialic 

acid residues, positioned as in GM,, are required for receptor activity"· '"; 

the removal or masking of any of these residues effectively inhibits the 

cholera toxin binding activity25
• Decarboxylation of the sialic acid residue 

destroys the receptor activity of GM, (ref. 30 and L. Svennerholm et al. , in 

preparation), while oxidation with sodium periodate or exchange of the 

N-acetyl group by N-glycolyl does not affect activity (ref. 34 and L. Sven­

nerholm et al., in preparation). The lipid moiety of GM, is also important. A 

sufficiently long hydrocarbon chain is needed for stable fixation of cholera 

toxin31
·
112

• Lyso-GM,, in which the fatty acid has been replaced by an acetyl 

group, has been shown both to have intact toxin-binding activity31 and to be 

even better than GM, in promoting subsequent toxin-membrane inter-

actions necessary for activation of adenylate cyclase34
• 

subunit from A excludes any risk of reversion to toxicity but 

does not lead to significant loss of protective antigen deter­

minants60. B subunit is particularly well suited to oral 

immunization because it retains the ability to bind to the 

intestinal epithelium, which has been shown to be important for 

stimulating mucosa! immunity in animals, including local 

immunological memory61 . Finally, as will be further discussed, B 

subunit given orally may also provide nonimmunological pro­

tection by blocking receptors before stimulating local immuno­

globulin A (IgA) antitoxin formation. Purified B subunit is a 

strong protective antigen against experimental cholera in rabbits 

when given either alone or in combination with somatic 

antigens60. It was recently tested65 for its ability to stimulate 

mucosa! immunity in humans; a single oral administration sti­

mulated a marked local secretory IgA antibody response in 80% 
of the recipients. The response was comparable to that evoked in 

cholera patients by the natural disease66. In further studies, two 

oral immunizations with a mixture of B subunit and whole-cell 

vaccine have produced secretory lgA antibody responses in 

intestine both to the toxin and the bacterial cell-wall lipopoly­

saccharide antigens in almost all people vaccinated67 . These 

results are promising but protective efficacy of an oral combined 

B subunit-whole cell vaccine in people living in areas in which 

cholera is endemic will require evaluation by field trials. The 

production of sufficient amounts of B subunit should not pose 

any problem, due to the recent development of affinity chroma­

tography purification using a GM1 column68. 
Genetic methods may also supply V. cholerae strains which 

selectively lack the gene for the 'toxic' A subunit. By retaining 

the ability to colonize the intestine and produce immunogenic B 

subunit, such strains could be useful as live oral cholera·vaccines. 

It must be borne in mind, however, that any living vaccine of this 

sort will require thorough testing for stability, and lack of side 

415 

effects before it can be used in humans. In that respect it is 

disappointing that the first such V. cholerae strain (Texas star)69
, 

produced diarrhoea (although usually very mild) in about 20% 

of recipient American volunteers in spite of producing no 

detectable holotoxin when grown in vitro 70. 

Receptor-specific interference with toxin 

binding 
The second rational approach to cholera prophylaxis is based on 

the identification of GM, as the toxin receptor. In theory, the oral 

administration of large amounts of GM1 or a structural analogue 

could be used to prevent binding of the toxin to cell receptors . 

Alternatively, cell receptors could be blocked by the nontoxic B 

subunit. 
Development of cholera was prevented by giving GM, to 

rabbits30, but for prophylactic medical use, enough GM, would 

have to be given to ensure an excess in relation to the amount of 

toxin produced by the cholera vibrios in the gut. Most clinical 

isolates of V. cholerae produce considerably less than 1 µ.g m1-1 

of cholera toxin when grown in vitro, and toxin concentrations in 

diarrhoeal fluid of patients have not been found to exceed 0.2 µ.g 

mi-1 (refs 71, 116). Assuming a daily production of -10 nmol of 

cholera toxin in -51 of small intestinal juice, neutralization of 

the toxin should be accomplished by a similar amount of GMt· To 

avoid the incorporation of oral GM1 into intestinal cells, which 

would increase their susceptibility to cholera22, the toxin could 

be adsorbed onto medical charcoal71
, or covalently coupled 

to cellulose powder, for example (L. Svennerholm et al., in 
preparation). 

As GM1 cannot deactivate toxin that has already bound to the 

intestine, it would be expected to have a preventive rather than a 

curative effect. However, in a recent clinical trial the amount of 

GM1 -charcoal that completely bound the free, luminal 

V. cholerae enterotoxin also reduced purging in the early stage 

of disease 
71

. The most likely explanation for this observation is 

that, because of the constant and rapid regeneration of 

gastrointestinal cells, there are always new cells available to bind 

cholera toxin or to be protected by an agent that binds the toxin. 

This is probably the first instance in which a specific receptor has 

been used to interfere with an infectious disease. However, it 

should be emphasized that the observed effect of GM1--charcoal 

was too transient and incomplete to be practically useful; rather, 

GM1 given orally would possibly be useful for prophylaxis in 

high-risk groups such as family contacts of cholera patients. 

As the B subunit of cholera toxin binds tightly to GM1 recep­

tors but has no toxic activity, it might be possible to block the 

intestinal receptors by occupying them with purified B subunit 

protomer. It has been shown that pretreatment of the gut of 

rabbits with 0.5 µ.g of B subunit per cm completely protected the 

animals from experimental cholera after challenge with high 

doses of active cholera toxin22
•
72

•
73 . A human trial is conceivable 

now that it is technically possible to prepare purified B subunit in 

sufficient quantities68
; as little as -100 µ.g of B subunit could 

theoretically block all available receptors, based on the deter­

mination of amounts of GM1 in human intestinal epithelium22
• B 

subunit is both safe and specific, and might prevent mani­

festation of disease while inducing local antitoxic immunity and 

allowing the infection to elicit an antibacterial immune 

response. In contrast to prophylactic GM1, B subunit would also 

block toxin which is secreted in close proximity to the microvilli . 

Antisecretory drugs 
The third approach, intended for therapy rather than prophyl­

axis, aims at specifically reversing the toxic action after the 

cholera toxin has become bound to the intestinal cells. During 

the past decade oral hydration therapy by means of appropriate 

glucose-electrolyte solutions has greatly simplified the treat­

ment of dehydrating diarrhoea, making effective therapy feasi­

ble in situations where intravenous treatment facilities are 

limited or unavailable 74-76. This treatment takes advantage of 

the presence of an uptake mechanism for sodium in conjunction 
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with certain organic solutes, including glucose, which is not 
regulated by cyclic nucleotides and thus is unaffected in cholera 
and other forms of enterotoxic diarrhoea 77

• In patients with mild 
or moderate dehydration the success rate with oral therapy is 
very high, usually more than 90% . However, in severely affected 
patients purging often occurs at such a high rate that balance 
cannot be maintained by oral fluid only, and intravenous 
replacement of fluid is essential for survival. Drugs that could 
reducP, the rate of fluid loss in the severe dehydrating diarrhoeal 
diseases would obviate the need for much intravenous therapy 
and thus could play an important part in the management of 
severe diarrhoea. Such antisecretory drugs would need a high 
theraµeutic index so that they could be used without extensive 
medical supervision, and they would have to be compatible with 
oral fluid therapy. 

Based on present understanding of the biochemical events 
initiated by cholera toxin, possibilities for specific intervention 
include: (1) prevention of entry of A subunit (although not 
clinically useful as this event occurs before the onset of 
symptoms); (2) use of purines and their analogues to alter the 
NADase action of cholera toxin; (3) use of alternative acceptors, 
such as arginine or imidazoles, for the ADP-ribose generated by 
the toxin; (4) reversal of the ADP-ribose-adenylate cyclase 
association; and (5) removal of ADP-ribose by a specific ADP­
ribosidase. While some of these approaches have reversed the 
action of cholera toxin in vitro in broken cell systems, kinetic and 
other considerations make the likelihood of success of inhibiting 
this stage of the secretory process in vivo extremely remote 78

• 

There seem to be considerably greater opportunities for 
inhibiting the action of cholera toxin subsequent to the ADP 
ribosylation step by interfering with cyclic AMP formation or 
metabolism, or by modulating electrolyte-translocating 
mechanisms of the intestinal membrane. Several drugs have 
been found to inhibit secretion induced by cholera toxin in 
experimental animals, for example, chlorpromazine79 and 
certain related compounds80

, nicotinic acid8
', aspirin82

, 

indomethacin8 3
, ethacrynic acid84

, propranolol85
, lidocaine86 

and berberine' 17 (for review see ref. 118). Chlorpromazine is the 
best studied of these drugs. In mice, treatment intramuscularly 
or enterally with 1-4 mg of chlorpromazine per kg body weight 
completely inhibited the intestinal secretion caused by cholera 
toxin, Escherichia coli LT, prostaglandin E 1 or dibutyryl cyclic 
AMP79

. In similar doses, chlorpromazine reversed fluid loss in 
piglets with enterotoxinogenic E. coli diarrhoea87

• In adult 
patients with severe cholera, treatment with chlorpromazine 
either perorally or intramuscularly, in a single dose of 1 or 4 mg 
per kg, rapidly and drastically reduced the purging volumes by 
-65% (ref. 88). The patients became mildly sedated, were more 
comfortable, and had no nausea or vomiting. A follow-up 
clinical trial has shown that treatment of children with 1 mg per 
kg chlorpromazine increased the success rate of oral hydration 
therapy in patients with severe cholera89

• 

The mechanism of antisecretory action of chlorpromazine is 
not fully known ; however, it does seem to be confined to the 
intestinal epithelium 79

•
90

·
91

• Chlorpromazine was selected for 
testing because of its ability to inhibit hormonal stimulation of 
cyclic AMP formation in various tissues92

·
93

; both the cholera 
toxin- and fluoride-stimulated adenylate cyclase activities of the 
intestinal mucosa! membrane of chlorpromazine-treated mice 
are suppressed79

• However, the activity of the protein kinase of 
mucosa! membranes is also reduced, suggesting multiple effects 
of chlorpromazine79

• In the brain, chlorpromazine and other 
phenothiazines are known to inactivate calmodulin and to 
interfere with transfer of calcium across the nerve-cell 
membrane9 4; if these effects occur in the intestine, they could 
lead to inhibition of secretion

91
•
119

• The action of chlorproma­
zine on calmodulin could possibly be linked to an inhibitory 
effect on adenylate cyclase. 

Perspective 
It has been estimated that each year about 1,000 million 
episodes of acute diarrhoea occur in children under 5 years of 
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age in Asia, Africa and Latin America, resulting in 5 million 
deaths. In many developing countries one-third to one-half of 
infant mortality can be attributed to diarrhoeal diseases. Even in 
the older age groups diarrhoeal episodes are frequent causes of 
severe illness and death9 5

·
96

. 

Cholera is not the most prevalent of the diarrhoeal diseases, 
but it causes the most severe fluid loss and thus is responsible for 
a large proportion of life-threatening illness and death during 
the cholera season in endemic areas. Furthermore, research 
during the past decade has also made it clear that cholera is a 
prototype of diarrhoeal diseases caused by other enterotoxin­
producing bacteria, especially E. co/i91

. Taken together, the 
enterotoxic enteropathies probably account for at least one-half 
of dehydrating diarrhoeal illnesses. Knowledge of the structure 
and function of cholera toxin has been the main stimulus and 
provided guidelines for recent research in elucidating the 
aetiology and pathogenesis of these related diarrhoeas . Diag­
nostic assays for E. coli LT based on toxin-induced cyclic AMP 
manifestations in animals or cell lines98

·
99

, or more recently, on 
immunological 100 or receptor-immunological methods 101 are 
based on similar methods for cholera toxin. 

Although clean water supplies and safe disposal of human 
sewage would effect a dramatic reduction in cholera and other 
diarrhoeal disease, these two goals cannot be achieved in many 
areas for decades. If effective vaccines could be developed, they 
would no doubt be important components of national control 
programmes against diarrhoeal disease. The same holds true for 
drugs that could prevent or reduce fluid loss in enteric infections 
and thus alleviate the need for intravenous treatment. 

Here I have described some theoretically possible approaches 
to counteract cholera toxin by immunological or pharmacologi­
cal means. While each of these methods have been effective 
against cholera in animal studies, and, to the limited extent to 
which they have been tested, have also given promising results in 
man, much more research is needed to define their place, if any, 
in future prophylaxis and treatment of cholera. They should be 
regarded merely as starting points for further development. For 
example, in relation to vaccine development there is a need for 
better understanding of factors regulating the magnitude and 
duration of intestinal antitoxic as well as antibacterial immunity. 
With regard to receptor-prophylactic agents, basic research 
should be directed to identify specific binding or blocking agents 
for cholera vibrios which might cooperate synergistically with 
those for toxin. In the case of antisecretory agents, the aim 
should be to find drugs which effectively depress secretion but 
lack the sedative action of chlorpromazine. However, it is 
gratifying that cholera toxin research has now reached the stage 
where rational counteractive methods can be both formulated 
on the basic molecular knowledge, and, most importantly, be 
evaluated in controlled clinical and field trials. 
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to immunity and vaccine development, and antidiarrhoeal 
action of phenothiazines, respectively; Dr William B. 
Greenough and his staff at the International Centre for Diarr­
hoeal Disease Research, Dacca for the clinical trials; Institut 
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ARTICLES 
High noble metal concentrations in 

a late Pliocene sediment 
Frank T. Kyte*\ Zhiming Zhou* & John T. Wasson*H 

* Institute of Geophysics and Planetary Physics, tDepartment of Earth and Space Sciences, +Department of Chemistry, University of California, 
Los Angeles, California 90024, USA 

A 2.3-Myr-old layer in a sediment from the Antarctic Oc(!_an contains Ir and Au at levels comparable with those at the 

Cretaceous-Tertiary boundary. A sizable fraction of the noble metals is contained in vesicular, millimetre-sized poly­

mineralic grains that closely resemble ablation debris from chondritic meteorites, and there is little doubt that the noble 

metals resulted from the accretion of a large extraterrestrial object. No massive extinctions or other evidence of environmental 

stress seem to be associated with this accretionary event. 
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