On the Role of the lleal Epithelium in the Pathogenesis
of Experimental Cholera

H. Thomas Norris, M.D., and Guido Majno, M.D.

Stupies on the pathogenesis of human cholera have been
greatly facilitated by several advances: three experimental models
have become available to study the disease, and it has become possible
to produce a syndrome indistinguishable from that of the infectious
disease by using highly purified nonviable products of the vibrio.

Dutta and Habbu ! demonstrated that rabbits less than 10 days old
would uniformly respond with diarrhea to the instillation of viable
organisms into the lumen of the small bowel. De and Chatterje *
showed that ileal loops of the adult rabbit would produce large amounts
of fluid in response to intraluminal instillation of the organism. These
models* also produce fluid in response to nonviable moieties of the
vibrio.>* Recently a canine model® has also been introduced that
responds in a similar manner.

Although several nonviable preparations of cholera vibrio will cause
experimental cholera,3”# only one, choleragen,®® has been purified to
such an extent that 0.5-1.0 pg./gm. of body weight will produce
diarrhea in the infant rabbit; 5 xg. will cause fluid production in ileal
loops of the adult rabbit. In addition, choleragen causes a syndrome in
human volunteers indistinguishable from the infectious disease.1®

Of the many concepts that have been proposed to explain the ac-
cumulation of fluid,''* five have the most significance. The oldest
concept, epithelial denudation,'® received its coup de grace when
Gangarosa et al.!* demonstrated by biopsy that the intestinal epithelium
was intact in patients with cholera. Despite this, speculation continued
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that, using more refined techniques, epithelial abnormalities might be
found to be present.}517

A second concept called for an inhibition of the sodium pump: the
vibrio allegedly inhibited active transport of sodium across the epithelial
lining of the bowel.!81® Recently it has been demonstrated that there is
no inhibition of active sodium transport in the experimental model; 202!
similar preliminary findings have been reported in patients with
cholera.22

A third concept holds that the microcirculation of the lamina propria
is primarily affected in cholera. Two possible mechanisms have been
proposed: (1) There is an altered endothelium in the vessels of the
villus 151723 with resulting increased permeability to macromolecules.
This concept received indirect support from the observation that various
choleragenic agents caused a delayed and prolonged type of increase in
vascular permeability in the vessels of the skin.”-2* It has also been
suggested that similar alterations are present in the vessels of the
choleraic small bowel of the infant rabbit.2® (2) The response is a
simple increase in capillary blood flow, resulting in increased produc-
tion of fluid.26

The fourth concept, hyperproduction of gastrointestinal hormones,
postulates that the vibrio causes excessive production of gastrin and
secretin,?”?8 and that these two hormones increase the secretion of the
pancreas, liver, and upper gastrointestinal tract with resulting diarrhea.

The fifth concept, direct stimulation of the epithelial cell, was initially
proposed by Cohnheim in 1889.2° It had little support until recently,
when it was re-emphasized that secretion by the epithelial cell, per se,
may play a significant role in the production of fluid.8-3°

The purpose of this communication is to explore these concepts
in relation to experimental cholera induced with choleragen in the
rabbit.

Materials and Methods

Preparation of Rabbits

Adult Rabbits. These were females, 2-3 kg. in weight. Under Diabutal (sodium
pentobarbital) anesthesia, a laparotomy was performed and constricting ligatures
were applied to the ileum so as to segment it into a series of closed loops, 6 cm.
in length. Care was taken not to compromise any of the vascular arcades. Between
adjacent test loops a 4-cm. segment of ileum was interposed. Control loops re-
ceived 1 ml. of physiologic saline or were left empty. Doses of choleragen ranging
from 5 to 150 ug. were diluted in physiologic saline, so that a total volume of
1 ml was instilled into the lumen of each of the experimental loops (referred
to hereafter as choleraic loops). These were then returned to the abdominal
cavity, and the abdominal wall was closed with sutures. Most rabbits were
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sacrificed by intravenous injections of Diabutal 2, 4, 6, 9, and 12 hr. after the
instillation of choleragen. Because the adult rabbit loop model is more versatile,
the majority of the studies were performed with it; over an 11-month period, a
total of 352 ileal loops were studied in 70 animals.

Infant Rabbits. These were prepared by lavaging the stomach to remove all
remainders of milk. Choleragen, in a dose of 1 ug./gm. of body weight, was then
instilled into the stomach. A total of 42 rabbits less than 10 days old were studied
by this method.

Choleragen was received in lyophilized form and diluted with physiologic
saline so that the standard stock solution contained 1000 pg./ml. This was kept
frozen and thawed immediately before use when aliquots were removed. Initially,
doses between 5 and 40 pg./ml. would cause fluid production in the ileal loops.
After repeated freezing and thawing of the stock solution, higher doses were
needed.

Morphologic Studies

The majority of control and choleraic loops were surveyed histologically after
fixation in chilled, buffered formalin, embedding in paraffin, and staining with
hematoxylin and eosin.

To study changes in vascular permeability, 47 choleraic loops and 58 control
loops were examined in nine animals. The choleraic loops were inoculated with
four different doses of choleragen (5, 10, 20, and 40 ug./ml.). The control loops
were inoculated with physiologic saline or left empty. Both choleraic and control
loops were studied 2, 4, 6, and 12 hr. after instillation of various test solutions.
Multiple areas from at least two loops were studied at each time and dose interval.
At 1 hr. prior to sacrifice, each animal received an intravenous injection of Evans
blue (2.5% solution diluted in 0.45% NaCl, 30 mg./kg.) and saccharated iron
oxide (409 solution diluted in sterile distilled H,O, 2.5 ml./kg.). All the loops
were examined grossly for the extravasation of Evans blue dye into the bowel
wall, or for discoloration of the loop effluent. Histologic examination of all the
loops was carried out after routine fixation, processing, and staining for iron by
the Turnbull blue method,?* as well as with hematoxylin and eosin. In addition,
the mucosa and submucosa of 5 choleraic and 5 control ileal loops from 3 animals
were studied by electron microscopy. The animals were sacrificed 2 and 6 hr.
after the instillation of choleragen, either 20 or 40 pg./ml, into their choleraic
loops.

Tissues for electron microscopy were fixed in modified Kamovsky fixative 22
for 4 hr. at room temperature, washed four times in chilled 0.1 M sodium
cacodylate buffer (pH 7.4), and left at 4° C. overnight. Thereafter, they were
postfixed in osmium-Veronal 33 for 2 hr. at 4° C., then slowly brought to room
temperature, dehydrated in graded alcohols through four changes of absolute
alcohol, and placed in 1:1 (v/v) mixture of propylene oxide and Epon 812 (4:6)
for 2 hr., before being left overnight at room temperature in undiluted Epon 812.
New Epon was then substituted and the tissues were polymerized at 56° C.
Sections were cut on an LKB 2 Ultrotome with glass or diamond knives, placed
on parlodion-coated grids, stained with uranyl acetate and lead citrate, carbon
coated, and studied in a Philips 200 electron microscope.

Dry Weights

The dry weight of portions of 54 choleraic and 41 control loops from nine
rabbits was determined. At least two loops were examined at each dose and time
interval. Wet weights were determined after blotting the tissue carefully. Portions
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of loops were dried in an oven at 120° C. until constant weights were obtained
(7-8 days); the percentage of dry residue was then calculated.

Analytic and Metabolic Techniques

Sodium and potassium concentrations of the efluent and serum were determined
by flame photometry, chloride by the mercuric chloranilate method,** bicarbonate
by the microgasometric procedure, phosphorus by the method of Fiske and
Subbarow,3s and protein content of the effluent by the Lowry modification of the
method of Folin and Ciocalteu.®

Oxygen utilization was studied by classic manometric techniques with the
Warburg apparatus. Four choleraic loops and 5 control loops from 5 rabbits were
studied. Effluent production was induced by choleragen, 50, 100, or 120 pg./ml
Control and choleraic loops were immediately removed from rabbits that had been
sacrificed with intravenous Diabutal 6 hr. after instillation of choleragen. The
tissue was placed on moistened filter paper and laid over a cooling plate kept
at 4° C. Wet weights were determined after blotting the tissue carefully; 30-150
mg. of tissue was placed in each vessel.

Each Warburg vessel (main chamber) contained 3 ml. of Krebs-Ringer solution
buffered with phosphate; glucose was added to raise the osmolarity to 300 mosm;
a 5.09% KOH solution was placed in the center well (0.2 ml.). Fifty-one analyses
were carried out; in 15 the side arm of the reaction flasks contained 21-28 pug.
of additional choleragen in 0.2 ml. of solution. This was tipped into the main
chamber after initial readings had been taken. Oxygen uptake was expressed as
ul. O, per 100 mg. fresh tissue per 60- or 90-min. interval.

Results

Gross Observations on Intestinal Loops

In the adult rabbits, both the choleraic and the control loops be-
came dry (i.e., the injected fluid was absorbed) within 1 hr. after
laparotomy. The control loops remained dry throughout the experiment.
The choleraic loops, instead, began to accumulate new fluid toward
the fourth hour. By the sixth hour they were noticeably distended, and
by the twelfth hour even more so; their walls, however, did not show
evidence of gross ischemia until the eighteenth hour. At this time,
most of the animals were comatose.

Light and Electron Microscopy

By the sixth hour, the villous and submucosal vessels were severely
congested. No inflammatory cells were present in the lamina propria.
The goblet cells had discharged their mucus.

By electron microscopy, no abnormal separation was seen between
individual epithelial cells or between the epithelial cells and the lamina
propria (Fig. 1). The apical portion of the epithelial cells contained
the usual complement of rough endoplasmic reticulum and longi-
tudinally oriented mitochondria (Fig. 2). Numerous unaltered desmo-
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somes and tight epithelial junctions were present. There were no altera-
tions in the microvilli.

Vascular Permeability

No extravasation of Evans blue into the wall of the ileum or into
the effluent could be seen (Fig. 3). In histologic sections, using the
Turnbull blue stain, only 1 of 47 choleraic loops showed any extravasa-
tion of saccharated iron oxide (S.I.O.) into the lamina propria. No
extravasation was seen in the lamina propria of any of the control
loops.

There was an occasional extravasation of S.I1.O. into the serosa and
muscular layers, probably as a result of operative trauma. By electron
microscopy, with rare exception, no deposition of tracer particles was
seen in the junction between individual endothelial cells, against the
vascular basement membrane, or in the extravascular spaces. There
were no alterations in the organelles of the endothelial cells or in the
junctions (Fig. 4). The basement membrane and surrounding pericytes
appeared unaltered.

Protein determinations on the effluent revealed very low amounts
of protein (Tables 1 and 2). The dry weights (Tables 3 and 4) of the
small bowel were studied statistically (analysis of variance); they

Table 1. Effluent of Choleraic Loops: Average Fluid Content and Total Protein

Post choleragen (6 hr.) Post choleragen (12 hr.)

Dose Volume Protein Volume Protein
(=g.) (cc.) (mg.) L/A® (cc)) (mg.) L/A®
5 45 23 1/1 3.0 13 1/1
10 4.0 15 1/1 11.0 32 1/1
20 5.0 15 2/2 12.0 40 2/2
40 145 12 2/2 26.3 60 2/2
80 104 24 5/3 223 35 2/2

® L/A: number of loops studied/number of animals used.

Table 2. Average Concentration of Protein

Protein
Condition (mg./100 ml.) L/A®
Choleraic effluent
6 hr. ’ 274 11/4
12 hr. 281 8/2
Passive congestion ¥ 400 —
Inflammatory edema * 6000 —_

® L/A: number of loops studied/number of animals used.
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Table 3. Tissue Fluid in Control and Choleraic lleum

9% Tissue fluid post choleragen Mean
Condition 2 hr. 4 hr. 6 hr. 12 hr. (%)

Choleraic lleum

Dose (xg.)
5 82.1 80.5 75.7 75.5
10 80.6 80.4 77.8 78.4
20 81.3 80.2 79.9 80.2
40 823 793 80.1 80.7
Mean 81.6 80.1 79.1 78.4 79.6
Control lleum
Empty 80.0 789 77.2 763
Saline 818 80.6 80.4 73.1
Mean 80.9 79.8 78.7 74.7 78.4

Table 4. Analysis of Variance for Dry Weights of Small Bowel

Source of variance DF Sum of squares Mean square F P
Doses 5 17.16 343 0.46 NS
Hours

Regression 1 39.61 39.61 5.30 < 0.05

Deviations from

regression 2 6.61 331 0.44 NS

Doses X hours 15 149.63 9.97 133 NS
Residual 24 179.55 7.48 —_ —_

Total 47 392.56

showed that there was no accumulation of fluid in the wall of the bowel
during the first 12 hr. of the experiment.

There was no significant change in the rate of oxygen utilization by
the small bowel which had been exposed to choleragen in vivo for 6
hr. However, there was slight but significant increase in oxygen utiliza-
tion when control tissue was exposed to choleragen in vitro (Table 5).

Table 5. Oxygen Utilization by lleal Loops
Oxygen utilization (mean + S.D.)*

To(hrnlig.')". a?lz:'dein vivo adcg:.d in vitro e:):tt,rgtls [
90 106.6 = 19.1 —_ 975 =114 > 0.05
60 73.8 £ 12.0 —_ 68.2 =+ 9.2 > 0.05
60 —_ 80.6 = 10.0 68.2 = 9.2 < 0.01

® Measured in xl. 02 100 mg. wet tissue. There was no significant oxygen utilization
when choleragen was added to reaction skwlthnoﬁssuo,andnolncm when tissue
exposed to choleragen in vivo was again exposed in
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Electrolyte Concentrations in Effluent. There appears to be very
little variation in the electrolyte content of effluents produced in
response to various doses of choleragen (Table 6). The amount of
fluid, however, does appear to be somewhat dose dependent ( Table 1).

Table 7 compares the sodium, potassium, chloride, bicarbonate, and
phosphorus concentrations in the blood, in the choleraic efluents, and
in the fluid that accumulates in the lumen of the gastrointestinal tract
above the highest loop, 6 and 12 hr. after the instillation of choleragen.
The predominant cation and anion present in the choleraic effluent
are sodium and bicarbonate. When compared with rabbit serum, the
effluent also shows a concomitant decrease in chloride. The osmolarity
of the choleraic effluent at 6 hr. is 305 mosm.

Discussion
In our experimental models, choleragen induced important fluid
production, but no change that could be recognized by electron micros-
copy in the epithelium or endothelium of the ileal lamina propria.
There was no visible increase in the permeability in the ileal vessels,
as studied by intravenous markers—Evans blue, which binds with

Table 6. Electrotyte Concentrations in Loop Effluents at 6 hr.

Dose of Electrolyte concentrations (mEq./L.)
choleragen
*g.) Na+ K+ HCO CH L/A®
5 140 6.0 45 86 1/1
10 140 6.0 57 79 1/1
20 145 6.4 60 72 2/2
40 151 49 66 63 6/4
80 149 5.7 69 60 9/6
> 80 153 49 70 60 23/12
Mean 151 5.2 67 62 42/19

® L/A: number of loops studied/number of animals used.

Table 7. Electrolyte Concentrations of lleal Loop Effluents in Experimental Cholera

Electrotyte concentrations (mEq./L.) mg./100 ml.
Specimen Na+ K+ HCO Cr phosphorus L/A®

6 hr.

Serum 135 59 24 100 6.0 —/19

Cholera loop effiluents 151 5.2 67 62 6.1 42/19

Fluid above loops 145 7.6 74 59 20.5 3/3
12 hr.

Serum 136 7.0 20 100 6.2 2/2

Cholera loop effluents 168 6.1 106 72 9.1 8/2

Fluid above loops 165 11.3 95 53 25.5 2/2

® L/A: number of loops studied/number of animals used.
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albumin; and saccharated iron oxide, the smallest colloidal vascular
tracer presently available for study by electron microscopy (diameter
25-75 A). This observation correlates well with the finding that very
little protein is present in the choleraic effluent—on the average, 274
mg./100 ml., which is well below that seen in passive congestion or in
inflammatory edema.?” The lowest protein concentrations corresponded
to the most abundant effluents.

In addition, a thorough study of tissue fluid content in the choleraic
bowel wall proper showed that there is no trace of edema during the
time that the gut is producing large amounts of fluid. In fact, there
was a significant trend in the opposite direction; the bowel wall actually
became “drier” during this process.

The findings are in disagreement with observations made in other
models of experimental cholera, in which severe damage of the epi-
thelium,%-17 endothelium,'>17-23 or both 131723 has been reported. Thus,
it became essential to explore the possible reasons for these differences.
In the other experimental models, drastic modification of the animal
is necessary; e.g., starvation for as long as 5-7 days '>16 or the use of
heavy doses of opium.!1¢ Secondary changes due to severe distention
of the loop could also account for the discrepancies. In addition, the
use of the whole vibrio,’>172% rather than a purified protein, may also
complicate the picture.

Furthermore, some of the evidence that has been published in favor
of vascular leakage is susceptible to other interpretations. In one such
study !7 the single electron micrograph purported to show “gaps be-
tween endothelial cells” does not warrant such conclusion. In a study
based on vascular labeling,?® light microscopy alone was used; hence
it was not possible to decide whether the labeling material was truly
within the vascular wall (indicating leakage) or simply in the lumen.
As to the increase in vascular permeability that occurs when choleragen
or similar products are injected into the skin,?* this experimental model
is too far removed from the choleraic loop to be directly pertinent.

In summary, then, there is no inherent contradiction between our
results and those of other investigators. Our studies simply show that
the loss of fluid in cholera can occur in the absence of vascular leakage.

As to the theory ascribing fluid production to a stimulation of the
mucosa by gastrointestinal hormones,26?” it is again not compatible
with our model, because the production of effluent occurs only in those
loops that have received choleragen.

If there is no epithelial abnormality, no increase in vascular per-
meability, and fluid production is not mediated by gastrointestinal
hormones, how does choleragen induce the production of fluid?
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An important clue in understanding the pathogenesis of this disease,
both natural and experimental, is provided by the electrolyte content
in choleraic effluent. If the latter represented a transudate, one would
expect it to resemble serum ultrafitrate with slight modifications due
to the Donnan equilibrium. This is not the case. At 6 hr., choleraic
effluent has a significantly higher concentration of sodium and bi-
carbonate than does the serum, with a concomitant decrease of chloride.
At 12 hr. the difference is even more striking. The serum is not signif-
icantly altered in its electrolyte composition; in the effluent, it is obvious
that the major cation and anion at 12 hr. are sodium and bicarbonate.
On the other hand, the choleraic effluent is similar in electrolyte compo-
sition to the fluid that accumulates above the most cephalad loop.
The fluid consists of the secretions not only of the gastrointestinal tract,
but also of the liver and pancreas, thus accounting for the higher
concentration of phosphorus. Choleragen, therefore, induces the net
accumulation of an isotonic solution of sodium and bicarbonate in the
rabbit ileum.

Is this the natural secretion of the ileum, or is it an abnormal fluid
manufactured only in response to choleragen? The fluids secreted by
the ileums of man and dog have been analyzed: % they contain sodium,
and a significantly higher concentration of bicarbonate than does the
jejunum. Recently, the physiologic secretion of the rabbit ileum has
also been studied: * It is a solution of sodium and bicarbonate with a
small amount of potassium; in fact, it is very similar to the choleraic
effluent.

We can, therefore, collate two separate pieces of information: (1)
The effluent induced by choleragen in the rabbit ileum is a solution
containing large quantities of sodium and bicarbonate with lesser
amounts of potassium; and (2) this is similar to the physiologic secre-
tion of the ileum. This similarity, combined with the other facts dis-
cussed above, leads us to conclude that choleragen has a marked
functional effect on the epithelial cell of the ileum. Whether it be
malabsorption, hypersecretion, or both has yet to be determined. Ev-
idence indicates that the primary effect is probably one of hypersecre-
tion, as the process can be readily reversed by the action of intraluminal
glucose and Diamox.*® This conclusion is similar, in a number of re-
spects, to that of Leitch, Iwert, and Burrows? who induced fluid
production in rabbit loops with whole-cell lysates of the vibrio. In
their study, diminution in efluent production was seen in rabbits who
received Diamox in their drinking water.

This postulated functional effect has no morphologic equivalent that
we could detect on our electron micrographs. It has been stated that
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ileal epithelium becomes more basophilic in cholera; 3 this would be
compatible with a hyperactivity, but our histologic material showed no
difference.

The concept of epithelial stimulation fits well with the slight but
significant increase in oxygen uptake after exposure of ileal mucosa
to choleragen in vitro. An increased oxygen uptake has been noticed in
vitro when rabbit ileal mucosa was exposed to the cathartic cascara.4®

We are certainly not implying that inflammation of the intestinal
mucosa plays no role in cholera. Some inflammation may well occur,
especially in later stages; certainly a hyperemia of the intestinal wall
is grossly visible in many of the experimental models,3561517 which
suggests that at least a circulatory component should be taken into
account. Our main point, however, is that the primary events occur in
the epithelial cell.

Could this pathogenesis be relevant to the human disease? Evidence
from isolated experiments indicate that a similar process is probably
present in patients with cholera. The rice water stool 4! is quite similar
in its electrolyte concentration (sodium, 140 mEq./L.: chloride, 90.1
mEq./L.; potassium, 10.1 mEq./L.; bicarbonate, 50 mEq./L.; and
phosphorus, 6.7 mg./100 ml) to the choleraic effluent at 6 hr. Intra-
venous injections of Evans blue 2 or 181]-labeled polyvinylpyrrolidone 4
do not appear in the stools of cholera patients, suggesting that vascular
permeability for macromolecules is not increased. An average stool
protein concentration of 85 mg./100 mlL#! is also well below the levels
seen in passive congestion or inflammatory edema.

Furthermore, electron microscopic studies of the small bowel in
a few patients with cholera showed epithelial changes which can be
categorized at best as degenerative and probably secondary.23

So far, intravenous supportive therapy has been the method of
choice in treating cholera. If stimulation of ileal epithelium plays a
major role in fluid production, pharmacologic agents aimed specifically
at decreasing the amount of sodium and bicarbonate in the effluent
might be successful in modifying the amount of fluid produced, not
only in the experimental model, but also in the patient with cholera.
Further studies along these lines are in progress.

Summary

The pathogenesis of fluid production in experimental cholera was
studied in infant and adult rabbits by light and electron microscopy,
by vascular labeling techniques, and by electrolyte analysis of the
effluent.
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Choleragen, a material produced by the cholera vibrio and capable
of eliciting a syndrome identical to the infectious disease, was used to
induce fluid production. No epithelial or endothelial abnormalities or
changes in vascular permeability for macromolecules could be demon-
strated by light or electron microscopy. Choleragen did not cause a
typical mesenchymal inflammatory response, but appeared to act upon
the epithelial cell of the ileum, causing it to secrete its usual product,
but in larger amounts.
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Legends for Figures

Fig. 1. Low-power electron micrograph of intestinal villus from a choleraic ileal loop,
demonstrating the junction between epithelium (E) and underlying lamina propria
(LP). No discontinuity is present between individual epithelial cells (E) or between
the epithelium and lamina propria (LP). Microvilli (MV), Paneth cell (P). X 4500.
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Fig. 2. Apical portion of epithelial cells (E) from Fig. 1. The usual complement of
unaltered mitochondria (m), rough endoplasmic reticulum (ER), and epithelial junc-
tional complexes (J) is present. Terminal web (TW) is devoid of organelles. Microvilli
(MV) are unaltered. X 18,000.
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Fig. 3. Four ileal loops (gross specimens) removed 6 hr. after instillation of choleragen.
One hour prior to sacrifice, vascular markers were given 1.V. Two choleraic loops (C)
are moderately distended by fluid resembling rice water stool. Control loops S and N
are empty: S received 1 ml. physiologic saline; N was left empty at laparotomy.
There was no extravasation of the dye markers in ileal wall or effluent. Fig. 4.
Capillary of lamina propria from segment of choleraic ileum. No extravasation of
saccharated iron oxide, although granules are present in lumen adjacent to erythrocyte
(R)1.4Ir(|)tercellular junction (J) between two endothelial cells (En) appears unaltered.



