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A B S T R A C T Brush borders and plasma membranes
have been purified from mucosal epithelial cells of rabbit
ileum under control conditions and after treatment for
3 hr with cholera toxin in vivo. The activity of several
enzymes in these preparations was measured. It was con-

cluded that adenyl cyclase, like NaK-ATPase, seems not
to be a normal constituent of brush borders. Both these
enzymes are present in plasma membrane preparations
derived largely from the basal and lateral margins of the
epithelial cells, both may be phospholipid dependent en-
zymes and both are affected by cholera toxin. Adenyl
cyclase activity is increased while NaK-ATPase is de-
creased. The activities of alkaline phosphatase, leucine-
aminopeptidase, 5'-nucleotidase, glucose-6-phosphatase,
and Mg-ATPase were not found to be affected by the
toxin. Cholera toxin, which makes contact with the lu-
minal side of the epithelial cells, in the natural disease
and in the experimental model, would appear to exert its
pathologic effect on adenyl cyclase at the opposite (basal
and lateral) side of the cells.

INTRODUCTION

The small intestine of the rabbit is a useful model for
the study of the action of cholera toxin (1, 2). Applica-
tion of the enterotoxin to the lumen of the intestine re-

sults, after a brief latent period, in accumulation of fluid.
This occurs in the duodenum, jejunum, and ileum so that
the whole of the small intestine can be involved (3-5).
It has been shown that the toxin effect is mediated by a
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stimulation of the enzyme adenyl cyclase and increased
intracellular concentrations of adenosine 3',5'-cyclic mono-
phosphate (cyclic AMP)' (6-12). The cyclic AMP
causes fluid accumulation by its subsequent effects upon
electrolyte transport (13-15).
One striking feature of the action of toxin is its ef-

fectiveness after only brief contact with the intestine
(16). Exposure for only 5 min is followed by a gradual
increase in both adenyl cyclase activity and fluid ac-
cumulation over the next several hours.' Thus a rapid
interaction with the tissue results in progressive and
irreversible changes. This would appear to be an un-
usual result. The toxin is a protein macromolecule with
a molecular weight of around 84,000 (17, 18) which
would not be expected to enter the epithelial cells rapidly.
Thus the following studies were performed in an at-
tempt to localize the site of action of cholera toxin on
adenyl cyclase in the intestinal cells. In addition, the
activities of several other enzymes were measured to
assess the homogeneity of purified cell membrane frac-
tions and to determine if cholera toxin affects more than
the one enzyme.

METHODS

Preparation of membranes. New Zealand white rabbits
were used for the study. They were anesthetized with i.v.
sodium pentobarbital, the abdomen opened and a portion of
the ileum cleaned by washing the succus entericus into a
more distal portion of the intestine with Ringer's solution.
Two loops of intestine were prepared for use in each animal
separated by a third small loop. Double sutures were used to
seal off each loop and rubber catheters were inserted to drain
them. Care was taken that the blood supply was not affected
by the sutures. 100 mg of cholera toxin (essentially a dried
crude culture filtrate, Wyeth-NIH lot 001) was placed in

'Abbreviations used in this paper: cyclic AMP, adenosine
3',5'-cyclic monophosphate; IMP, inosine-5'-monophosphate;
TCA, trichloracetic acid.
'Sharp, G. W. G., and S. Hynie. Unpublished data.
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one loop in each animal; the drain tubes were closed, and
opened after 60 min to allow drainage of fluid. The abdomen
was closed after toxin administration until the end of a 3 hr
incubation period. The loops of intestine were then cut out,
rinsed in ice-cold Ringer's solution, and membranes purified
by a combination of the methods of Forstner, Sabesin, and
Isselbacher (19) and Quigley and Gotterer (20). The cells
were scraped off with a glass slide, weighed, and placed in
a Waring blender with 75 vol of ice-cold 5 mm EDTA at pH
7.5. The cells were then homogenized for 20 sec and centri-
fuged at 450 g for 10 min. The supernatant was set aside for
later purification of basal and lateral membranes. The sedi-
ment was washed three times in 5 vol of EDTA buffer, sedi-
menting at 450 g between each wash. The third such sediment
was used as the crude brush border preparation. This frac-
tion was purified further by mixing with 2 vol of 90 mm NaCl
+ 0.8 mm EDTA, allowing to stand for 30 min or until a
sediment developed, and then pouring through glass wool
and No. 25 bolting silk. The filter was washed with 20 ml
of 5 mm EDTA buffer, and the total washings were sedi-
mented by centrifugation at 450 g for 10 min. One further
wash was performed with 2.5 vol of 2.5 mm EDTA buffer to
give the final purified brush border preparation.
The supernatant, previously set aside for plasma membrane

preparation, was centrifuged at 10,000 g for 10 min and the
pellet was suspended in 2.5 mm EDTA (pH 7.4). This frac-
tion was then "aged" by a 3 hr incubation at 370C. Then
it was layered over a gradient composed of 20%, 30%, and
40% sucrose (densities equal to 1.08, 1.13, and 1.18, re-
spectively) and centrifuged in an SW 25.3 rotor at 19,000
rpm for 90 min at 4VC. The fraction placed on sucrose for
centrifugation is referred to as the F II fraction by Quigley
and Gotterer (20), the membrane fraction between 20% and
30% sucrose as the M1 band (density interface, d= 1.08/1.13),
the membrane fraction between the 30% and 40% sucrose
(density interface, d= 1.13/1.18) as M2. We have retained
these designations in this paper. The bands were removed
and sedimented in 1 mm Tris buffer (pH 7.5) by centri-
fuging at 14,000 g for 30 min. All the preparations were sus-
pended in Tris buffer for enzyme assay.
Microscopy. Brush border isolation was monitored at

several stages by phase microscopy. Purified fractions were
fixed in phosphate buffered 3%o glutaraldehyde and prepared
in a conventional way for electron microscopy by thin section-
ing techniques. The remaining membrane fractions were as-
sayed by negative staining with ammonium molybdate. All
examination was performed on a Philips EM-200 electron
microscope.
Adenyl cyclase. Adenyl cyclase activity was determined by

the method of Krishna, Weiss, and Brodie (21). Samples of
the epithelial cell membrane preparations of small intestinal
mucosa (20-60 ,ug of protein in 20 ,ul Tris-Mg buffer) were
added to 30,ul of incubation mixture containing 1 ,ACi-ATP-
acP and incubated at 37°C for 20 min. The final composition
of the incubation mixture was: Tris-HCl buffer, 30 mM;
(pH 7.5); cyclic AMP, 0.1 mM; ATP, 0.1 mM; MgCl2, 5
mM; phosphoenolpyruvate, 5 mm; phosphoenolpyruvate kinase,
40 jig/ml, and myokinase 20 jg/ml. Reaction blanks for each
set of experiments were estimated in the absence of
homogenate.
To terminate the reaction, 1 ml of a solution containing 50

jg of cyclic AMP, 100 ,ug ATP, and cyclic AMP-8H for
calculation of recovery was added to each reaction mixture.
The reaction tubes were then immersed in boiling water for
5 min. The contents of the tubes were transferred to 0.6 X
4.0 cm chromatographic columns of AG 50 W-X2 (200-400

mesh) resin. The cyclic AMP was eluted by water in the 4th
and fifth ml. Impurities in this fraction were removed by
two precipitations with 0.25 M ZnSO4 and 0.25 M Ba (OH)2,
care being taken that the final pH of the solution was close
to 7.5. After centrifugation for 10 min at 2000 g the precipi-
tation was repeated. Then the supernatant was transferred to
scintillation vials and 'H and 'P estimated by double iso-
tope counting in a liquid scintillation counter. Recovery of
cyclic AMP as estimated with cyclic AMP-3H was 50-70%.
The amount of cyclic AMP formed was calculated from the
specific activity of ATP-'P in the incubation mixture and
the amount of cyclic AMP-P recovered minus the reac-
tion blank.
Adenosinetriphosphate-phosphohydrolase. ATPase (E.C.-

3.6.1.3) activity was determined by the amount of inorganic
phosphate produced during the incubation of subcellular frac-
tions with ATP. MgNaK-ATPase was determined in a me-
dium consisting of MgC12, 3 mm; Tris-ATP, 3 mm; NaCl,
100 mM; KCl, 20 mm, and imidazole-HCl, 70 mm; pH, 7.5.
Mg-ATPase was measured by omitting NaCl and KC1. After
30 min at 370C the reaction was stopped by the addition of
ice-cold trichloracetic acid (TCA). Inorganic phosphate was
determined in the supernatant by the method of Fiske and
Subbarow (22). Protein was determined by the method of
Lowry, Rosenbrough, Farr, and Randall (23) using crystal-
line bovine albumin as the standard. The specific activity of
ATPase and other phosphatases was expressed as ,umoles
phosphate-milligram protein'-hrl. NaK-ATPase was de-
fined as the difference in the specific activities of MgNaK-
ATPase and MgATPase.

5'-Nucleotidase. 5'-Nucleotidase (E.C.3.1.3.5.) was deter-
mined with inosine-5'-monophosphate (IMP) as substrate in
a medium of MgCl2, 5 mm; IMP, 5 mm; CoC12, 1 mM; and
maleinic acid-Tris buffer, 50 mm; pH, 6.5.

Glucose-6-phosphatase. Glucose-6-phosphatase (E.C.3.1.-
3.9) was measured by the method of Huebscher and West
(24) with glucose-6-phosphate, 10 mm, in a 50 mM maleinic
acid-NaOH buffer at pH 6.0. The reaction medium included
Na2 EDTA, 4 mm; and NaF, 1 mm, to inhibit alkaline phos-
phatase and acid phosphatase activity. In both enzyme assays
the amount of Pi liberated in a 30 min incubation period at
37°C was determined in the supernatant after stopping the
reaction with TCA.
Alkaline phosphatase. Alkaline phosphatase (E.C.3.1.4.1)

was determined with 5 mm p-nitrophenylphosphate as the
substrate, MgCl2, 20 mM; ZnCl2, 0.5 mM as activator in 50
mm glycine-NaOH buffer; pH, 9.5. The reaction was stopped
after 15 min by the addition of TCA. After centrifugation
the supernatant was neutralized with Tris, diluted with
distilled water, and the amount of liberated p-nitrophenol
measured at 400 nm. Enzyme activity was expressed in
,umole p-nitrophenol milligram protein1-hrl.
Leucineaminopeptidase. Leucineaminopeptidase (E.C.3.4.-

1.1) was measured according to the method of Tuppy, Wies-
bauer, and Wintersberger (25). The reaction medium con-
sisted of 10 mm leucine-p-nitroanaline as substrate in MgCl2,
1 mM; and Tris buffer, 50 mm at pH, 7.6. The amount of
p-nitroaniline liberated at 25°C was recorded at 405 nm with
a Beckman-Gilford recorder over a time period of 5 min.
Enzyme activity was expressed in jimole p-nitroaniline-
milligram protein1l min'.
Succinodehydrogenase. Succinodehydrogenase (E.C.1.3.-

99.1) was measured by recording the succinate dependent re-
duction if dichloroindophenol to leucoindophenol at 578 nm
according to the method reported by Green, Mii, and Kolout
(26). The assay medium contained potassium-phosphate buf-
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TABLE I TABLE I I

Enzyme Activities of Brush Border Preparations from Rabbit Enzyme Activities of Purified Plasma Membrane Preparations
Ileum under Control Conditions and after from Rabbit Ileum under Control Conditions and

Treatment with Cholera Toxin after Treatment with Cholera Toxin

Brush borders

Enzyme Control Toxin No.

Mmole *mg Protein-' * hr'1 4SEM

Alkaline phosphatase 129.5420.7 131.5±21.0 15
Leucineaminopeptidase* 26.445.4 21.8±5.6 15
5'-Nucleotidase 3.3±0.6 3.8±0.6 13
Glucose-6-phosphatase 1.940.3 2.2 40.6 13
Mg-ATPase 11.5±2.7 11.341.9 9
NaK-ATPase 2.1±0.6 1.5±-0.6 9

* nmole-mg protein-' -min-' ±SEM.

fer, 10 mm, at pH, 7.5; albumin, 500 /Ag/ml; potassium cya-
nide, 1 mM; 2,6-dichloroindophenol, 25 ,g/ml; and sodium
succinate, 10 mm. The extinction coefficient was take to be
14.3 X 10 cmamole7' (27).

RESULTS

Purification of brush borders

The brush borders were characterized by a high
amount of alkaline phosphatase activity (see Table I)

Plasma membranes

Enzyme Control Toxin No.

;&mole -mg protein-' -hr1 A-SE

Alkaline phosphatase 9.941.5 10.941.9 14
Leucineaminopeptidase* 13.941.8 10.14±1.8 15
5'-Nucleotidase 3.4±t1.1 2.140.4 11
Glucose-6-phosphatase 2.4±0.4 2.7±0.4 14
Mg-ATPase 13.4±3.0 16.8±3.5 11

NaK-ATPase 13.1±4.0 5.4±4.5 11

* nmole -mg protein-' min-' ±SE.'

and also by leucine amino peptidase activity. At the same

time moderate activities of ATPase, 85% of which was

Mg-ATPase, 5'-nucleotidase and glucose-6-phosphatase

were measured. In all enzyme activities listed in Table I

there was no significant difference between brush borders

derived from control or cholera toxin-treated loops. The

successful isolation of purified brush borders is indicated
by the high alkaline phosphatase activity and appearance

FIGURE 1 Electron micrograph of sample brush border preparation. These elements appear to
be intact. Tags of lateral cell membrane are evident (arrows) and appear to be the only non-
brush border constituents in the preparation. X 7500.
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under phase and electron microscopic examination (Fig.

1).

Purification of outer cell membranes

As can be seen in Table II the purified cell membrane
fraction (equivalent to the M1 band of Quigley and Got-
terer [20]) exhibited low levels of alkaline phosphatase
activity. Moderate leucineaminopeptidase activity was
also present. Electron microscopy showed that large
amounts of membrane material, relatively free of mito-
chondria and brush borders was present (Fig. 2). For
the enzymes listed in Table II no difference in activity
was observed except for NaK-ATPase. This enzyme
however had its activity reduced 60% by the action of
cholera toxin.

Studies with adenyl cyclase

Localization and the effect of cholera toxin. In Ta-
ble III is shown the specific activity of adenyl cyclase in
the supernatant obtained by homogenization in the War-
ing blender and centrifugation at 450 g, and in the brush
borders. In both supernatant and brush border fractions
adenyl cyclase activity was increased by cholera toxin.
The specific activity in the supernatant was four times

greater than that in the brush border for control tissue

TABLE III

Adenyl Cyclase Activity in "Supernatant" and Brush
Border Preparations from Rabbit Ileum under

Control Conditions and after Treatment
with Cholera Toxin

Adenyl cyclase activity

Supernatant Brush border No.

pmoles cyclic AMP*mg protein-'
*2O min-' 4SE

Control 85.0415.6 20.8-41.9 7
Toxin 317.9474.2 38.94-.9 7

and eight times greater for the toxin-treated tissue. The
reason for these discrepant ratios between control and
toxin-treated tissue is not known. The essential point is
that the supernatant has a much higher specific activity
than the brush border. As the amount of material in the
supernatant is greater than that of the brush border, the
absolute amounts of adenyl cyclase in each fraction show

that a preponderance of the enzyme is in the supernatant.

This can be seen from the results in Table IV where the

cyclase is expressed in absolute terms (i.e. the total

amount of cyclic AMP produced by each fraction).
Total brush border activity is only 51% or less of the total

AWq
,`

___

FIGURE 2 Negatively stained preparation of M1 band material. This preparation consists of
large smooth-surfaced elements identified as plasma membrane fragments. This fraction was
relatively free of mitochondria and microsomes which were found in the M2 band (not shown).
Preparation negatively stained with ammonium molybdate. X 50,000.
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TABLE IV

Adenyl Cyclase Activity in "Supernatant" and Brush Border
Preparations from Rabbit Ileum under Control Con-

ditions and after Treatment with Cholera Toxin

Supernatant Brush border No.

Control 1.2 40. 1 0.064±0.01 7
Toxin 3.540.7 0.14±0.02 7

Adenyl cyclase activity expressed as jsmoles cyclic AMP
produced in 20 min (total activity) 4sE.

activity. It is concluded, therefore, that adenyl cyclase is
present in only small amounts in brush borders, and may
be present only as a contaminant introduced during
homogenization.

After purification of the supernatant by centrifugation
at 10,000 g, resuspension in buffer, "aging" and centri-
fugation over a discontinuous sucrose gradient, three
fractions were tested for adenyl cyclase activity. These
were the fraction put on the gradient and the membranes
found in the M1 and M2 bands. The results are shown in
Table V. The highest specific activity was found in the
M1 band-the purified plasma membrane preparation of
Quigley and Gotterer.

DISCUSSION

In histochemical studies of the intestinal epithelium, alka-
line phosphatase has been located in the brush borders
but not at the basal or lateral membranes (Brandes,
Zettergvist, and Sheldon [28]; Clark [29]). In the pres-
ent work the brush borders were characterized by the
presence of a highly active alkaline phosphatase. A
comparable amount of alkaline phosphatase activity
was reported by Quigley and Gotterer (20) for a brush
border preparation from the rat intestine. Even higher
alkaline phosphatase activities were reported by Forstner
et al. (19) and by Eichholz and Crane (30) in brush
border preparations of the rat and hamster intestine. The
high activity of alkaline phosphatase in this fraction in-
dicates a successful isolation of the brush borders from

TABLE V

rAdenyl Cyclase Activity in the F II, M1, and M2 Fractions of
Mucosal Cells of Rabbit Ileum under Control Conditions

and after Treatment with Cholera Toxin

Membrane fraction

F II Ml M2 No.

pmoles cyclic AMP mg protein-1 20 min-1 ASE

Control 21.2 ±4.1 43.2±i11.0 12.043.1 9
Toxin 69.1±13.5 112.6±23.3 44.2410.2 9

the rabbit intestine. This conclusion is supported by the
electron microscopic appearance of the fraction. How-
ever, it is evident that there are other enzyme activities
present that are not typical for brush borders. First, the
low but measurable activities of NaK-ATPase indicated
a contamination of the fraction with plasma membranes.
This contamination might be due to adherent tags from
the lateral membranes which can be seen by electron mi-
croscopy (see Fig. 1). The percentage contamination
with plasma membranes, however, is low. If one takes the
NaK-ATPase as a marker enzyme for plasma mem-
branes and presumes that the measured specific activities
of different subcellular fractions are quantitatively com-
parable, then the contamination is not greater than 15%.
Contamination of the brush border preparation with sub-
cellular fractions was the same in the control and cholera
toxin-treated loops.

The purity of the plasma membrane fraction, which
was collected at the density interface of d = 1.08/1.13
was checked similarly by measurement of marker enzyme
activity and by electron microscopy. The presence of
NaK-ATPase in plasma membranes of the intestinal epi-
thelial cells has been shown by Quigley and Gotterer
(20). In the present study the highest NaK-ATPase ac-
tivity was found after sucrose density centrifugation of
the 10,000 g sediment at the density interface, d = 1.08/
1.13. The pattern of other enzyme activities present in
this fraction indicated that some membranes derived
from the brush borders, from mitochondria and endo-
plasmic reticulum are present in this fraction. However,
the activity of these other "marker enzymes" was con-
siderably lower than in their fraction of origin. The
alkaline phosphatase activity was only 7% related to the
enzyme activity in the brush borders, the succinodehy-
drogenase activity was only 12% of the mitochondrial ac-
tivity in membranes collected at the density interface, d =
1.13/1.18. Also, the glucose-6-phosphatase activity was
approximately 50% lower than in a crude microsomal
fraction. The presence of glucose-6-phosphatase activity
in the plasma membranes is difficult to interpret because
it is known from a recent report of Emmelot and Bos
(31) that the glucose-6-phosphatase of the plasma mem-
brane fraction from rat liver showed different properties
than that derived from the endoplasmic reticulum. Thus,
this enzyme might be present also as a constituent of the
plasma membrane. From the evidence presented in the
electron microscopic appearance as well as from the low
contamination by other "marker enzymes" it can be con-

cluded that the membranes of the density, d = 1.08/1.13,
represent a part of the plasma membranes. The con-

tamination of plasma membranes by other subcellular

fractions was similar in both the control and cholera

toxin-treated loops.
After the treatment with cholera toxin there was no
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significant change in the activity of enzymes originating

in the brush border. In the plasma membranes, how-

ever, the specific activities of adenyl cyclase increased

threefold while that of NaK-ATPase decreased to 40%
of the control value.

An inhibition of mucosal NaK-ATPase in cholera
patients who had undergone intestinal biopsy was re-
ported earlier by Hirschhorn and Rosenberg (32). The
same enzyme inhibition was found in experiments in
which a microsomal preparation of the intestinal mucosa
was incubated in vitro with unpurified Vibrio cholerae
culture filtrates (Richardson [331). In the present work
it has been demonstrated that it is the NaK-ATPase in
the plasma membranes that is inhibited after the in vivo
application of cholera toxin to the intestine of rabbits.
There are three main conclusions from this work: (a)

Adenyl cyclase, like NaK-ATPase seems not to be pres-
ent in the brush borders of intestinal epithelial cells.
This point has been made previously by Hollingsworth
(34) who studied the activities of several enzymes in
the chick small intestine. He found no adenyl cyclase ac-
tivity in the brush borders.

(b) It follows from the first conclusion that cholera
toxin, which is present at the luminal surface of the
intestinal epithelial cells during naturally acquired
cholera and experimentally, cannot affect adenyl cyclase
in the brush border with which it is in contact, but in
these cells must affect the enzyme in the lateral and basal
plasma cell membranes. This is of importance to our
understanding of the detailed mechanism of the action
of the toxin. It follows that the toxin either affects the
brush borders to trigger changes subsequently affecting
the lateral and basal plasma cell nmembranes, or that the
brush borders are involved in the rapid binding and up-
take of cholera toxin and that it subsequently migrates
to the site of its action. One reservation to this conclu-
sion would apply if cholera toxin affected only the crypt
cells which do not have a brush border, the luminal
membrane of which is presumably present in the M1 frac-
tion. While not eliminating this possibility it should be
pointed out that (1) all cell types that have been ex-
posed to cholera toxin thus far have responded with an
increase in adenyl cyclase activity. Thus, those cells in
the intestine which do not have brush borders would
presumably be affected by cholera toxin, and (2) that
the crypt cells make up only a small proportion of the
intestinal cells.
Changes in transport and permeability which are

mediated by cyclic AMP after stimulation of adenyl
cyclase by the toxin, may occur at one or more loci on
brush border, basal, and lateral membranes.

(c) Cholera toxin does not specifically affect adenyl
cyclase. It has in addition an effect upon NaK-ATPase.
As evidence is available that both these membrane bound

enzymes are phospholipid dependent the toxin could act

via an effect on the membrane phospholipids. Investiga-
tions are continuing into a possible effect of cholera toxin

on membrane lipids.
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