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Introduction

Mortality from cholera and cholera-like diarrheal
diseases can be reduced to less than 1% by replacement oI
fluid and electrolyte deficits (1). Even when appropriat
f£luids and antibiotic therapy are given, however, the 1
duration of the disease remains 36 hours because the e.lccl
of cholera enterotoxin persists after Vibrios are
eliminated (2). Analogous observations have been madc Wi
regard to the E,coli LT enterotoxin (3). Ka enterotoxin
antagonist capable of quickly reducing diarrhes %o ne; .’
levels could simplify therapy by dininishing duration
volume of diarrhea and, consequently, the volume of th
fluids required for treatment. Except for glucose and 0.0
agents which enhance absorption, only cycloheximide arnc
ethacrynic acid have been reported to reduce enterotoxi i~
induced intestinal fluid accumulation when given after
accunulation has begun (4,5). Both of these compounds hav
undesirable effects which preclude a clinical trial in
cholera patients.

Since nucleotides which are believed to mediate
action of enterotoxins are hydrolyzed at acid pi's, (6)
effect of low lumenal pH on the intestinal Tresponse to
enterotoxins was studied in dog Jjejunal loops.

Methods

Studies were carried out primarily in ligated
cannulated 15 em. dog jejunal loops of a Type previous.,
described (7). In addition a series of studies was carric
out using loosely ligated "loops" consisting of between ¢
half and three-quarters of the entire length of the do.
small intestine. '

After creation of loops and replacement into the

peritoneal cavity, loops were exposed to cholera or to l.coli

LT enterotoxins, which were administered via plastic canuls
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and withdrawn after ten minutes. Cholera loops pacelved 0:15

or 0.25 ml. of 2.5 gm.% freshly reconstituted Wyeth 002
cholera toxin (frozen at -20°C and used within 5 doya 1T noi
used on day of reconstitution.)B.coli loops received 4,0 mls
of one hundred fold concentrated B.coll (strain QR 10400

oulture filtrate (3). Three to four hours later fiuid
accumulation began and an initial rate of fluid accumulation
was measured during a one nour collection period. After this
most loops were treated for one-half or for two hours with
single doses of acid or control solution (one milliliter per
centimeter of loop length). Then the rate of post—acid (or
post-control solution) fluid accumulation was measured during
an additional four %o nine hours. At the termination of
studies, loops were biopsied. Most dogs were painlessly
sacrificed on termination of studies but in the case of dogs
with long, loosely ligated loops, the animals were allowed

to recover and biopsies were obtained after two, five, ten ov
twenty-eight days. 4

Results

Reduction of lumenal pH to 1 by treatment with 0.3
normal HC1 or 300 millimolar Zirconyl chloride (2r0Ci12),
which have identical pi's, reduced loop fluid accumulation
rates by 60% within one hour compared to pre-treatment rates
in the same loops. In contrast the fluid accumulation rates
in control loops actually increased gignificgnﬁly during the
gsame period. Data on typical studies sonducted in nine dogs
(six loops were constructed in most animals) are presentcd
in Table 1. Periods A. B, and C in this table represent the
initial post—enterotoxin period (A), the first hour post-acid
period (B) and the later (4-9 hours) post-acid ¥ 5d (C)e

- The decrease in fluid accumulation persisted for the
duration of the studies, which lasted up to nine hours after
treatment with acid. In addition to HC1 and Zr0C1s_ 0.3 normal
HoS 04 oOr HNOZ were also tested and found effective. The
duration of exposure of loops to acid was thirty minutes for
all loops presented in Table 1.

Data from studies in which the exposure periocd o acid

or to control solutions was two hours are presented i
Figures one and two. These data show that while 300 milliuolar
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2r0Cip reduced fluid accumulation when piven. as a single d
of 15 ml. (1 ml./cm. loop length) a single dose of 100

millimolar HC1 was not markedly effective. In control 1o
£luid accumulation increased as in previous studies. Sin

doses of 100 millimolar 2rOCip, ljke 100 miliimolar HCI,
no marked effect; and 4r Citrate ?even up to 300 milliwol

per liter in the latter case) actually increased 1o0p
accumulation (Table II).

Additional studies showed that 100 millimolar iiC]
be effective when two or three successive 15 ml. dose
administered (to loops with over 0.1 ml./min. of pre-
£luid accumulation) as needed to maintain loop pH av o
sixty minutes. In ten such loops fluid accumulation decr
from 0.22 + 0.07 to 0.13 t 0.03 ml./min./loop after ik
hour HCl treatment (mean +.S.D., p = less than 0.01).

Table III shows that pre-mixture of 0.25 ml. of 00z
toxin with 5 ml. of 0.3 normal HC1 (followed by neuirall
tion of the mixture to PH 7.0 with 5% NaHCO03) could conpl
block the toxin effect on loop fluid accumulation. Pre-~
exposure of loops to 300 millimolar HC1l or ZrOCl2 was
effective in reducing the loop response to enterotoxin. in
all studies included in Table II, loop fluid accumulat.on ¢
measured from four to s8ix hours after loop exposure iC
enterotoxin or enterotoxin-acid mixtures.

With the exception of loop fluid protein conten.
loop fluid composition before and after acid treatment di
not change markedly. Loop fluid protein loss was low belor
and after acjd treatment but rose during the period of
exposure to acid (Table IV). Some of the protein los%
deposited as g thin white membrance over the mucosal ©
which was observed on dissection of loops at the end ol
studies. The membrane. in Zr0Ci, loops was more adhercit,
granular and evenly distributed over the loop mucosa 1
HC1 treated laops. Zirconium deposited in the protein
the loop lining radioopaque in ZrOClZ-treated loops, and .
convalescent dogs treated this way and observed ("long Loor
4 animals), the radioopaque material was passed in the .
after several days. a5

The transient increase in loop protein loss indic
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some degree of mucosal damage and led us 1O ptudy the
accompanying changes in mucosal morphology. ¥indings
similar in toxin-treated loops exposed to effective do
HC1 or of Zr0Cip and consisted of damage confined 1o
tips associated with dilatation of crypte (whiich were
otherwise of unremarkable appearance). Tha villous tip:
showed pale staining (with eosin) and tip cells showed
of structural integrity and shedding, indicating necroo
the tips (Figures 3 and 4). In addition to shedding o
villous tips, regeneration of tip epithelium was evid

early as 4-6 hours after exposure to acld. (Fijgure five).

Sections from biopsies taken after two, five, ten or -
eight days shaqwed virtually complete healing of the lo«
mucosa a8 early as day two. (Figure 8ix).

Discussion

The effect of acidity could be due to acid hydro:
of nucleotides which may be mediators of the enteroto:
effect (8,9). This type of hydrolysia ogccurs in vitro
catalyzed by zirconium (6). However, in equimolar conc
tions the effect of Zr0C1p does not seem to be more mo
than that of HC1; its only special characteristic is ©
radioopacity makes its distribution along the mucosa
on X ray.

The neutralization of enterotoxin by pre-mixtu
acids suggests that a direct effect on membranc-bour.
could also play a role, gssuming that such toxin reuc
a location where it is vulnerable to changes in lumcr
A previous report showed that permeability factor of
toxin was more sensitive to HCl (pH2) than loop activ:
factor, but the concentration required to decrease 1loC;
activity was mt studied (10).

While elucidation of the mechanism of the effect
reported here requires further study, the microscopic
in loops treated with acids after the omset of fluld
accumulation suggest that mucosal damage, possibly loc
chiefly at the villus tips, could be an important fact
leading to reduction in enterotoxin-induced fluid los
these loops.
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The rapid healing process, already evident 4 hour
after acid treatment may replace shed toxin damaged ce¢
with new cells and this could account for the rapid ret
to normal intestinal absorption. A previou# report sug
that the crypt cells might be chiefly respohsible for I

loss (11): After acid treatment the erypti: alftheugh di’
appear morphologically intact; this suggests that up Lo

of the fluid loss may come from cells at the tips of the
villi. However, crypt dilatation was prominent only when

was given after fluid accumulation had begun; loops ex
to acid alone (no enterotoxin) had little or mno crypt
dilatation. This suggests that at least part of the £a
being produced in the crypts. Plugging of the crypts |

edema and debris) may increase crypt pressure and result
dilatation due to continued f£luid accumulation in the c=r

lumen. Back pressure might then inhibit further fluid
accunulation.

The reduction in response to enterotoxin follow:
pre-exposure of loops to acid could possibly be explail
an alteration in membrane binding sites for toxin; it 1is
possible that the acid-induced protein membrane OVer 11
mucous may 8imply block access of toxin to intact menmbr
binding sites,

The rapid return to0 normal of mucosal morphologzy
acid treatment and the healthy ocondition of ten animal
observed in convalescence indicate the superficial na!
the acid-induced charges. In previous studies HC1 (100
millimoles per liter) has been infused by plastic tub
the small intestine of human volunteers without ill e@
(11,12). The effectiveness of 100 millimolar HC1l in =
£1luid accumulation when infused over sixty minutes su
a possible therapeutic role for dilute HC1 in cholera
related voluminous diarrhoeal diseases. In addition i

study suggests that other agents which can plug orypts or
cause rapid shedding of tip epithelium should be tested Lor

potential therapeutic value in cholera.
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Caption to Table One

Effect of single exposure to 15 ml. of 7Zr0Cl, (300 !
or 0.3N HC1 persisted over 7-9 hour observation period i
40 loogs of 9 dogs (6 cholera, 5 B.coli) but in the s
aege fiuid aeeumuiatien econtinued unabated 1n 12 1oopes tye
with toxin alone. (Data in this table not iuciuded in
Figures I and II). Exposure period was shoitenad froa 60
30 min. in 22 of 34 cholera loops and all f.coll loops.
Cholera loops each received a high (0.25 ml.) Gose of OUZ
toxin and E.coli loops received 6 ml. of concentrated cult
filtrate. A = initial post-toxin fluid collection period;
B = 1 hour gfter and C = 7-9 hours after Zr0Ci, or HCI
treatment; when tested by Wilcoxon's matched pairs ranked
sign test, P (A minus B) and (A minue C):7» 0.1 and®> C.10
(cholera toxin alone); >» 0.7 and £0.05 (E.coli toxin alone);
£0.01 and £ 0.01 (choléra + Zr0Clp); £ 0.05 and < 0.05
(E.coli + ZrOCiZ); £ 0.01 and 4_0.81 (cholera + HC1); £ 0.05
and > 0.10 (E.coli plus HC1).
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Caption to Table Two

Fluid accumulation induced by 0.15 or 0.25 ml. of 002
cholera enterotoxin was measured before and after exposure
of loops to low concentration of Zr0Ci, or higzh concentration
of Zr Citrate. At a concentration of 100 millimoles per liter

Z rOCl, had little or no effect in reducing fluid accunulatlion;

Zr Citrate increased fluid accunulation.

Caption to Tgble Three

Effect of pre-mixing. I. Toxin and acid. Mixture v
incubated at room temperature for five minutes and place(
loop after neutralization to pH 7 with 5% NaHCOz. Toxin
premixed with acid this way caused no fluid accumulation.

-

II. Exposure of loops to 300 millimolar HC1 or Zr(OC1-
before enterotoxin reduced loop: fluid outputs compared 1
outputs in loops treated with enterotoxin alone. Toxin doces
were 0.25 ml. of 002 or 4 ml. of 100 fold concentrated
10400 filtrate.

=34a



—n e =

Caption to Table Four

Loop protein loss measurements

before, durins nnd

afier exposure to 300 millimolar HCi: or ZrOClip showed an
increase in loop protein loss primarily during actunl oxposure

40 low pH. Post-exposure levels were
terminating exposure o acid pH.

Cavption to Figure 1

Paired Data on 52 loops (mean
with 200 or 300 mm./L. ZrOCly; or con
hours exposure period. A = Baseline
2-3 hours after toxin (control perio
after Zr0Ci, or control solution (4~
C = rate 4—% nours after ZrGClp or ¢
after toxin). P values for differenc

measured ons hour afltor

T 5.D.) of 9 dogs treated
trol solutions for 2

fluid accumulation rate
d); B = rate 2-3 hours

6 hours aftef texin) and
ontrol solutien {6~% Bours
as {(A~C) and A-B) = £0.01

for toxin mlone, ZrOCl, and NaCI (600 mmol./L.) when tested

either by Wilcoxon's matched pairs s
Student's t test. For O.IN HC1 and n
P = £ 0.05 and P =~0.05, respective
includes all loops ireated with 200

Caption to Figure 1T

Paired Data on 36 loops (mean

" with 300 mm./L. ZrOClg or control 80O

exposure period. A = aseline fluid
rours afier toxin (control eriod);
7r0C1~ or control solutlon 6-7 hour
rate 3-6 hours after Zr0Cl, or after
hours after toxin). P values for d4if

igned rank test (8RT) or
ormal saline groups

1y (SRT). ZrQCi, grorn
and 300 mmole/L. ZrOClz.

¥ 5.D.) of 6 dogs treated
lutions for a 2 hour
gccunulation rate 4-5

B = rata 2-3 hours after
s after toxin) and C =
control solution (8-9
ferences (A minus C) and

(A minus B), respectively: & 0,004 and £ 0.005 (Zr0C1,);
£ 0.031 apd £ 0.016 (toxin alone); ¢0.016 and 0.016 0.1N
HC{ and ASA) and € 0.047 and € 0,047 (NaCl 600 mmole./L.)
when tested by Wilsoxon's matched pairs signed rank test.
P. for comparisons of (A minus ¢) or (A minus B) between

Zr0Cis and toxin alone, 0.1N HC1 and
mmole./L.) £0.001 in all cases exXcep

- (A minus B) in 2r0Clp and hypertonic

p£0.01 (Student's t test). #*#8.D. fo
ASA = Acetylsalicylic acid.
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Cﬁbtion for Figure IIT

Intestine exposed to 300 millimolar HC1 {1 ml. per cm.

. loop length) after induction of cholera. Upper 1/3rd. of the

villi show loss of epithelium and weak staining of their
eores due to necrosls and/or lysis of nuclel conalaotoen: wiih
low pH environment. Lower villi and crypts are intact. Cxypt
lumens are prominently dilated. Findings in HCY or ZxOC1D
treated loops were similar and no difference was found altoxr
HC1 or ZrOCis in cholera or E.colil enterotoxin treated loops.
Dilatation of crypts was most marked 1ln areas where overlying
villi had undergone greatest damage. These observations
suggested that dilatation resulted from obstruction of crypt
openings secondary to edema and inflammation of the lower -~
villi in conjunction with some continued secretion of fluid

from the crypts. Hematoxylin and eosin X70.

Cgption for Figure IV

Typical loop not treated with enterotoxin but exposed
£o 300 millimolar HC1 (1 ml. per cm. loop length) for 30
minutes. Same changes in Figure IIl except that crypt dila-
tation is less marked.

Caption for Figure V

Detail of Figure IV showing early epithelial regenera-~
tion. Tip cells have flattened out as part of reepithelisliza-
tion process.

Caption for Figure VI

Biopsies taken on day two after exposure to cholera
toxin followed by 300 mm. HC1 show that mucosal morpholiogy
has returned to normal.
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