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ABsTrAaCT The effects of acute volume expansion
and of intraluminal administration of cholera toxin have
been examined in rabbit jejunum. '

Acute volume expansion was shown to reverse the
normal reabsorptive flux of water and cause significant
fluid secretion. Phase and electronmicroscopic examina-
tion of the jejunal epithelium showed that marked dis-
tension of the intercellular spaces had occurred. Ex-
amination of the jejunal epithelium after treatment with
cholera toxin showed that, in association with high rates
of fluid secretion, the intercellular spaces were ex-
tremely small and lateral membranes of adjacent cells
were in close apposition to one another. Thus the mech-
anisms of fluid secretion in these two situations would
appear to be quite different. The secretion associated
with volume expansion, and accompanied by a rise in
venous pressure and bullous deformations of terminal
junctions, could well be due to hydrostatic pressure
applied through intercellular channels. The secretion of
cholera appears to be unrelated to hydrostatic pressure
and is more likely due to body-to-lumen active ion
transport.

INTRODUCTION

Cholera toxin and expansion of extracellular fluid vol-
ume are both known to reverse net reabsorption of fluid
in the small intestine and to cause fluid secretion (1-4).
Several explanations have been proposed to explain the
mechanisms of these effects. In the case of cholera
toxin, it is known that adenylate cyclase activity in
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the intestinal epithelial cells is elevated and an increased
intracellular concentration of cyclic AMP is thought
to mediate the movement of fluid from body to lumen
(5-10). The precise details of the bidirectional elec-
trolyte flux changes resulting in osmotic water flow are
still subject to discussion. Stimulation of active anion
secretion or secretion via a neutral coupled pump is
possible, and it is uncertain whether the active sodium
reabsorptive mechanism is or is not inhibited simul-
taneously. The mechanism of secretion during expan-
sion of fluid volume is also controversial (4, 11). The
possibility of a natriuretic hormone causing decreased
lumen-to-body sodium reabsorption has been postulated
(12), as has the possibility that the effects are due to
hydrostatic pressure changes and increased passive,
body-to-lumen movement of water and electrolytes (11).

Recent studies have stressed the importance of the in-
tercellular spaces in the mechanism of fluid movement
across epithelial tissue. For instance, intercellular spaces
can be seen to be open during active sodium re-
absorption when fluid is being reabsorbed, and closed
when such movement is inhibited or prevented (13).
Thus, it seemed worthwhile to study the intercellular
spaces in situations where the movement of fluid and
electrolytes was in the direction of body to lumen, and
in which dissimilar mechanisms might be contributing
to the effects; that is, stimulation of active secretion

-during cholera, and body-to-lumen movement gener-

ated either by hydrostatic pressure changes or by a
natriuretic factor in the case of intracellular fluid
expansion. '

METHODS

Volume loading studies. New Zealand white rabbits
weighing from 1.8 to 2.5 kg were given food and water
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ad lib until the day of study. After anesthesia with intra-
venous pentobarbital (20 mg/kg), the animals were placed
on a surgical table with a heating blanket to maintain a
constant body temperature. A tracheotomy was performed
and the right jugular vein was catheterized with polyethylene
tubing (i.d. 0.3 in) connected to an intravenous infusion
containing sterile normal saline. The intravenous line was
kept open at a rate which did not exceed 0.2 ml/min until
volume loading commenced. Through a midline incision the
small intestine was exposed and a 10-cm loop of jejunum
was isolated beginning 8-10 c¢m caudad to the ligament of
Treitz. Polyethylene catheters (ID 2.5 mm) were inserted
into the cephalad and caudad ends of the loop via small in-
cisions along the antimesenteric surface. The catheters
were gently tied into place with silk sutures, while care
was taken to preserve normal blood supply to the study
loops. The small intestine was then returned into the
abdominal cavity with the catheters leading through the
incision in the body wall, and the opening closed with
metal clips. The cephalad catheter was connected to a
Sigmamotor pump (Sigmamotor, Inc.,, Middleport, N. Y.),
and the caudad catheter drained into a graduated cylinder.
All solutions infused into the loop were prewarmed to 37°C
in a constant temperature water bath. The loop was cleaned
by infusion of normal saline until the drain fluid was
completely clear.

To begin the water flux studies, the infusion solution
was changed to a perfusate containing: 137 mM NaCl;
27 mM KCl; 12 mM NaHCO,; 0.4 mM NaH,PO,; 1.8
mM MgCl:; and phenolsulfonphthalein (PSP),* 2 mg/
100 ml (280 mosmol/kg H:O; pH 7.8). The pump rate was
calibrated to deliver 1 ml/min of perfusate into the loop.
After an equilibration period of 20-30 min, control net
water flux studies were performed by collecting the effluent
from the cauded catheter for 15 min. Two to four such
15-min collections were made for control flux measurements.

Volume loading was initiated by infusing sterile normal
saline, at a rate of 5 ml/min, through the jugular catheter.
After reaching approximately 10% of total body weight the
perfusate pump rate was continued at 1 ml/min and another
20-30 min was permitted for full equilibration. Two to
four 15-min collections of effluent constituted the net
water flux studies for the volume-loaded state.

In vivo preparation of jejunal tissue for morphological
studies. Control tissue was obtained immediately after

termination of control flux collections and before volume:

loading. The jejunum was re-exposed and a 2-cm segment
of jejunum proximal to the study loop, but with a dis-
tinctly different mesenteric blood supply, was tied off.
Through the antimesenteric surface 1 ml of 2% glutaralde-
hyde in Tyrode’s solution was injected intraluminally. After
5 min the segment was removed and placed into a large
volume of 2% glutaraldehyde in Tyrode’s solution, where
several small (ca. 1 mm®) pieces were cut from it. The
small pieces were fixed an additional hour in glutaralde-
hyde (at 4°C), post-fixed in osmium, dehydrated in a
graded series of ethanols and embedded in an Epon-Aral-
dite mixture (Ciba Products Co., Summit, N. J.) (14) for
subsequent microscopic examination. All tissue samples
were coded and interpreted blind. Intestinal bleeding was
minimized by tying the mesenteric circulation supplying the
removed segment. After completion of the net water flux
studies during volume loading, another 2-cm segment was

1 Abbreviation used in this paper: PSP, phenolsulfonph-
thalein.
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removed in a similar fashion. The volume-loaded tissue was
adjacent to the control tissue. Cephalad and caudad posi-
tions of the control and volume-loaded tissues were varied

from one study to another. :

Cholera studies. The animal preparation and net water
flux measurements were made in an identical manner to the
volume-loading studies, with the following exceptions. After
control flux studies, the loops were drained and both cath-
eters were clamped. 10 ug of purified cholera enterotoxin
(15) in 3 ml of normal saline was injected intraluminally.
After 45-60 min the catheters were opened and the loops
were permitted to drain freely. 3 h after cholera enterotoxin
exposure, two to four 15-min flux studies were performed.
Tissue was removed from both control and cholera-treated
loops for morphological studies in the manner described
previously.

Measurement of portal venous pressure. After animal

preparation the mesenteric vein draining the ascending
colon was isolated and catheterized with polyethylene tubing
(ID 0.03 in) and connected to a three-way stopcock. One
outlet of the stopcock permitted infusion of a 5% dextrose
solution containing 20 ug/ml Heparin to keep the line
patent. The second line was connected to a water man-
ometer for pressure determinations. Venous pressure was
measured before and after volume expansion.
. Calculation of net water flux. The effluent was diluted
1:4 with 1.0 N NaOH and PSP concentration was deter-
mined colorimetrically in a Zeiss spectrophotometer (Carl
Zeiss, Inc, New York). True PSP concentration was de-
termined by the following formula, with three wavelengths
to correct for any possible interference.

(PSPs2) + (PSPen)
2

C = (PSPss0) —

where C =colorimetric reading directly proportional to
concentration, (PSPsw) = optical density at 560 nm,
(PSPsx) = optical density at 520 nm, and (PSPex) =
optical density at 600 nm.

Net water flux, expressed as microliters per centimeter of
jejunum per. hour was determined by the following formula:

PSP\ 1
H,0 — Pt P
o™ R(l PSP,)L 60

where Jue:®® = net water flux in microliters per centimeter
per hour, R =pump rate in microliters per minute, PSP,
= PSP concentration, PSP, = PSP concentration in the
effluent, L =length of loop in centimeters.

Compensation for osmotic effects during fixation. While
current evidence suggests that fixation artifacts are mini-
mized when the fixative is added to an already isotonic
vehicle (16), there was a possibility that initial exposure
to a subsequently hypertonic solution could cause a sys-
tematic change in the morphology of the jejunal intercellu-
lar spaces. For this reason additional experiments were
performed with both volume expansion and cholera toxin,
where initial fixation was by injection into the isolated
loop of an isotonic fixative composed of a 2% solution of
glutaraldehyde (200 mM) in a threefold dilution of Ty-
rode’s solution (final osmolality of ca. 300 mosmol/kg H.O
in the resulting fixative). Tissue was otherwise processed
as before, where subsequent solutions are presented equiva-
lently to each side of the epithelium and thus no osmotically
induced configurational changes are anticipated.
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TasBLE I
Rabbit Jejunal Net Water Flux during Control Conditions
and after Treatment with Cholera Toxin

Net water flux

Rabbit Control Cholera A
wl/cm/h

1 —420 +232 652

2 —104 +312 416

3 —369 +296 665

4 —152 +416 568

5 —136 +268 404
Mean —236 +304 541456
P <0.01

RESULTS

In Table I are shown the net water fluxes during con-
trol conditions and after 3 h exposure to cholera toxin.
In Table II the net water fluxes during control condi-
tions and after volume loading are shown. The differ-
ence in fluid movement due to the action of cholera
toxin was 541 ul-cm™-h™ and due to volume loading
was 173 ul-cm™-h™ Under both sets of experimental
conditions a change from reabsorption to secretion oc-
curred and the changes were highly significant. In a
third series of experiments it was shown that volume
loading, under these conditions, caused an increase in
portal venous pressure from the control value of 6.3
cm water to 8.7 cm water. The difference was highly
significant (P <0.01, n=75). '

Phase and electron microscope examination of the
tissues under these three sets of conditions demonstrated

TaBLE II
Rabbit Jejunal Net Water Flux during Control Conditions
and after Volume Loading

Net water flux

Volume
Rabbit Control loading A
- wl/em/h
1 —148 +-80 228
2 —92 +172 264
3 —16 +28 44
4 —188 —80 108
5 —60 +396 456
6 —88 —4 84
7 —80 +108 188
8 —52 +12 64
9 —80 +40 120
Mean —89 +84 173443
P <0.01
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that in jejunal tissue treated with cholera toxin, the
intercellular spaces were closed, while after volume
loading they were dramatically open. On this basis, it
was always possible to identify control and experimental
tissues from both cholera toxin and volume expansion
experiments. Despite the inherent sampling limitations
of electron microscopy, the nature of the results is best
appreciated with this technique. Initial discussion is
of the results obtained with those tissues fixed first with
hypertonic fixative, where examination was more com-

prehensive.

Examination of control, absorbing loops by phase
microscopy revealed a large variability in the degree
of intercellular space distension but, even in those that
appeared to be the most tightly closed, open (or en-
larged) regions were always detected by electron mi-
croscopy. Fig. 1 illustrates a portion of villus epithelium
from approximately halfway between the villus tip and
the opening of the crypt. It is clear that at least in the
more basal portion of the epithelium, the intercellular
spaces are open. After acute volume expansion, a
marked enlargement of the intercellular spaces was ob-
served. While this was particularly prominent in the
tips of the villi, the spaces were enlarged throughout
the epithelium. Space enlargement of the magnitude
seen in Fig. 2 was observed in all four tissues studied
and was not seen in eight control tissues.

In contrast to the appearance of tissue during volume
expansion, all four of the tissues tested with cholera
toxin consistently showed a very strict closure of the
intercellular spaces. As can be seen in Fig. 3 there is
no visible separation between the cells. The apical junc-
tional complexes in both the control and cholera-treated
tissues were normal in appearance, with the outer zone
(or tight junction) showing apparent fusion of adja-
cent cell membranes.

Most of the junctional complexes of volume-loaded
epithelia were unaffected, but in three of the four sam-
ples examined most thoroughly in this regard, approxi-
mately 129, of the junctions seen showed an internal
bullous deformation like that shown in Fig. 4; the
fourth sample was apparently free of this deformation
while it similarly showed a gross widening of the
lateral intercellular spaces. Because of the implications
of this junctional deformation in terms of the route of
fluid transport, a quantitative estimate of its occurrence
was undertaken. In the four volume-expanded samples
mentioned, 81 deformed junctions were noted in a total
population of 864 observed profiles. Comparable ex-
amination of control and cholera-treated tissue showed
no such deformations in examined populations of 749
and 890 junctions, respectively. Deformed junctions
were found in all portions of the villi but not in the
crypts.

D. R. DiBona, L. C. Chen, and G. W. G. Sharp



Ficure 1 Electron micrograph of villus epithelium from control absorbing loop. Intercellular
spaces (ics) are clearly open at this magnification. To provide a fair comparison of control
and experimental loops, this view and those in Figs. 2 and 3 are taken from a region of
epithelium midway between the villus tip and the opening of the adjacent crypt. The orienta-
tion of this field and those in succeeding figures is with the intestinal lumen at the top and
the basement lamina (BL) at the bottom. X 3,300.

While overall tissue fixation was poor with the iso-
tonic fixation procedure (nonuniform appearance of
cell morphology with many regions where cell swelling
was evident in control preparations), results with this
procedure were consistent with the findings above, in
that material was identifiable without prior knowledge
of treatment. Volume-expanded samples showed a clear
enlargement of intercellular spaces over the respective
controls; intercellular spaces were tightly closed com-
pared to controls where tissue had been exposed to
cholera toxin. This latter result is illustrated in Fig. 5.

Volume Expansion and Cholera Toxin in Intercellular Spaces in Jejunum

DISCUSSION

The results of these studies show that when net fluid
movement across the jejunal epithelium is from body to
lumen, the lateral intercellular spaces will be either
open or closed depending on the cause of fluid trans-
port. In tissues where fluid secretion was elicited by
treatment with cholera toxin, lateral spaces were closed
relative to control tissue; where fluid secretion was
due to volume expansion, spaces were open to a much
greater extent than in reabsorbing controls. It appears,
therefore, that distinctly different mechanisms are op-
erating in the two experimental situations.
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FiGURE 2 Jejunal epithelium from a loop fixed after acute volume expansion. As illustrated
here, intercellular spaces (ics) were grossly distended in each of the four volume-expanded

preparations. X 3,300.
FiGUrRE 3 Jejunal epithelium from a loop fixed after treatment with cholera toxin. It is
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Closure of the intercellular spaces after treatment
with cholera toxin is in keeping with previous studies
of lateral space geometry and epithelial fluid transport.
Intestinal epithelium is regarded generally as a system
that behaves predictably within the “standing-gradient”
hypothesis (13, 17), with the lateral intercellular spaces
constituting the middle compartment in the three-com-
partment concept of Curran and MacIntosh (18). These
theoretical considerations predict space closure in “back-
wards-transporting” or secretory epithelia (19). In-
hibition of mucosa to serosa ion transport has been
shown to be accompanied by space closure in intestinal
epithelium (20) and in gall bladder (13), and in each
of these tissues lateral spaces are closed when osmotic
forces produce a fluid flow from body to lumen (21,
22).

In light of the demonstrated increase in adenylate
cyclase activity produced by cholera toxin (6) and
since water transport is passive, the structural localiza-
tion of secretory active ion transport is of considerable
interest. Three general sets of circumstances should be
considered: (a) active transport of anions from lateral
intercellular spaces into the cell interior (with accom-
panying cation and water flux across the cells to the
lumen) ; (b) active extrusion at the cell surfaces in the
crypts or the villi or both with passive flow of water
either across the luminal cell membrane or extracellu-
larly through the apical junctions; (c) suppressed re-
absorption from the lumen. The present morphologic
findings, unfortunately, are in accord with each of these
explanations and cannot distinguish between them
since intercellular space closure is anticipated in each
case. Furthermore, it should be pointed out that inter-
cellular space morphology can be affected by extra-

epithelial factors: for instance, smooth muscle tone’

(23). While the morphological results with cholera
toxin are unequivocal, it might be suggested that as-
symetric application of a hypertonic mucosal solution
in the initial stage of tissue fixation could affect space
closure (21). However, demonstration of the identical
phenomenon where initial fixation was with isotonic
solution eliminates that possibility and suggests that
the systematic difference in intercellular space geometry
is indeed an indication of the previous functional state
of the tissue. It will not be easy to draw firm conclu-
sions on the relationship between transport changes
and structure until in vitro experiments have been com-
pleted under strictly controled conditions.

Ficure 4 View of the apical cell contacts as observed after
acute volume expansion. The “tight” or “limiting” (25)
junction (J) between these cells extends between the arrows
and is focally interrupted by a bullous deformation or
“blister”. X 60,000.

The results of volume-loading studies are more read-
ily interpretable. In tissue fixed after volume expan-
sion the dilation of intercellular spaces might be an-
ticipated on the basis of the model proposed by Hum-
phreys and Earley (11). The increased venous pressure

evident that at this magnification no intervening space between cells can be detected. At
higher magnifications, in each of the cholera-treated preparations, the cell-to-cell separation
was of the order of 200-300 A except where cell attachments were present. The dense material
on the luminal surface is the result of en bloc staining with uranyl acetate and was otherwise

not present. X 3,300.

Volume Expansion and Cholera Toxin in Intercellular Spaces in Jejunum
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Ficure 5 (a) Untreated jejunal epithelium fixed with “isotonic” glutaraldehyde (as described
in text). This view, as before, is from approximately midway between villus tip and opening
of crypt. Intercellular spaces are patent to about the extent observed when initial fixation was

hypertonic. X 5,500.

(b) Micrograph of cholera toxin-treated sample fixed as in @ and from comparable portion
of villus. Intercellular spaces are closed tightly. The suggestion of a mild cell swelling was
not a uniform finding in this sample and was observed with spotty occurrence in control and
volume-loaded tissues as well. The overall quality of cell fixation with this technique was
poor and highly variable while the geometry of the intercellular spaces was consistently as
described with addition of 2% glutaraldehyde to an isotonic vehicle. X 5,500.

observed after volume expansion seems to exert suf-
ficient hydrostatic force on the serosal aspect of the
epithelium to force fluid into the spaces between cells.
Translation of this pressure to the apical cell-cell seals
might subsequently force fluid into the lumen through
this extracellular route. Indeed, increased venous pres-
sure has been shown to cause fluid flow into the lumen
(24). Recent evidence of the large extracellular con-
ductance of intestinal epithelium (25) would suggest
that the “tight” junctions in this tissue constitute less
resistance to hydraulic flow than has been anticipated
on the basis of junction morphology. The increased

1306

permeability of the intestine to inulin (11) may be evi-
dence for the extracellular passage of fluid into the
lumen, as inulin passage through the cells is considered
unlikely. In this regard, the observation that many of
the apical junctions are altered during volume-expan-
sion is of considerable interest and may be construed
as further evidence that the fluid route is extracellular.
Comparable deformation of the apical tight junctions
has been observed also in toad bladder and skin (26,
27) under conditions where a serosal-to-mucosal fluid
flow was experimentally produced.

Acute volume expansion appears to cause an eleva-
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tion of serosal hydrostatic pressure sufficient to drive
fluid into the space between cells and subsequently
through the rate-limiting apical (tight) junctions to
the lumen. Thus, there would seem to be no need for
a chemical mediator to explain the effects of acute vol-
ume expansion, and our results strongly support the
model proposed by Humphreys and Earley (11).

In conclusion, it is clear that the mechanism of fluid
secretion in intestinal epithelium is quite different after
exposure to cholera toxin and during acute volume
expansion. The morphologic changes seen are incom-
patible with the explanation that toxin-stimulated fluid
movement is caused by a hydrostatic pressure effect,
but are consistent with a change in the ion transport
properties of the epithelial cells. Contrarily, the effect
of volume expansion is probably mediated by increased
hydrostatic pressure and not by changes in active ion
transport.
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