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ABSTRACT

The B subunit of cholera toxin has
been covalently attached to the surface
of Uposomes made from a mixture of
phosphatidylethanolamine, phosphati-
dylcholine and cholesterol. Adenylate
cydase inhibitors and chloride conduc-
tance inhibitors were encapsulated
within the liposomes. These "targeted"
liposomes were used to study the com-
bined effects of this novel delivery sys-
tem, and a lmited number of possible
antisecretory agents, on net fluid flux
into the pig jejunum.
A state of net secretory fluid flux

was induced in isolated jejunal loops
in weanling pigs by adding theophyfline
or cholera toxin to the lumen of the
isolated loops. There was no reduction
in net fluid secretion when liposome
suspensions without encapsulated
secretory inhibitors were added to fluid
in the lumen of loops treated with
theophyiline. There was also no reduc-
tion in net fluid secretion when mico-
nazole, a-phenylcinnamate or 5 nitro-
2-(3-phenethylamino)benzoate were
encapsulated within targeted liposomes
added to isolated jejunal loops. The
net fluid flux induced by exposure of
jejunal loops to theophylline was sig-
nificantly reduced by adding targeted
liposomes containing 2' -deoxy-3' -

AMP. The reduction involved a rever-
sal of net secretory fluid flux to an
absorptive value.
The net fluid secretory response to

treatment of loops with cholera toxin
was also inhibited by treating loops
with targeted liposomes containing
2' -deoxy-3 -AMP. However, the
reversal of secretion was less complete
for secretion induced by cholera toxin
than for secretion induced by theo-
phylline. The reduced antisecretory

efficacy versus cholera toxin was not
improved by encapsulating higher con-
centrations of 2 '-deoxy-3' -AMP.
A larger dose of the inhibitor delivered
with increased numbers of liposomes
caused a significant reduction in net
fluid secretion. Occupancy of mucosal
receptors by native cholera toxin may
be a factor limiting access of liposomes
with surface B subunit, and may
reduce the utility of the B subunit of
cholera toxin as a targeting agent for
delivering antisecretory agents to the
intestinal mucosa.

RESUME

La sous-unite B de la toxine du cho-
lera a ete fixee a l'aide de liens cova-
lents a la surface de liposomes fabriques
a partir d'un melange de phosphatidyl-
ethanolamine, phosphatidylcholine et
de cholesterol. Des inhibiteurs de
l'adenylate cyclase et de la conduction
du chlore ont et encapsules a I'inte-
rieur des liposomes. Ces liposomes ont
ete employes pour l'etude de ce nou-
vel agent de liberation ainsi que de dif-
ferents agents antisecretoires sur des
intestins de porc.
Une secretion intestinale positive "a

partir d'une anse jejunale de porcelets
sevrs a 't induite a l'aide de
theophylline ou de la toxine du cho-
lera. La suspension de liposomes non-
charges ainsi que des suspensions de
liposomes contenant du miconazole,
du 2-phenylcinnamate ou du 5-nitro-
2-benzoate n'ont pas modifie l'activite
secretoire de la theophylline sur l'intes-
tin. Par contre I'activite secretoire de
la theophylline et de la toxine du cho-
lera a ete renversee en un processus
d'absorption lorsque des liposomes
contenant du 2'-desoxy-3'-AMP ont
ete utilise's. Cependant, le renverse-

ment fut moins marque pour la toxine
du cholera.
Une augmentation des concentra-

tions de 2'-desoxy-3'-AMP a l'inte-
rieur des liposomes n'a pas augmente
l'effet anti-secretoire de la toxine du
cholera. Par contre-une augmentation
de la dose d'inhibiteur couplee a une
augmentation du nombre de liposomes
a produit une diminution significative
de secretion. L'occupation du recep-
teur par la toxine naturelle du cholera
semblerait etre un facteur limitant
l'acces de la sous-unite B de la toxine
liee aux liposomes ce qui indirectement
en reduit l'activite des agents qui y sont
attaches. (Traduit par Dr Pascal
Dubreuil)

INTRODUCTION

Secretory diarrhea arises from the
activation of regulatory processes that
normally limit movement of electrolytes
and water into the7 intestinal lumen.
The main elements of the secretory
mechanism include the intracellular
second messenger, adenosine-3' ,5 '-
cyclic monophosphate (cAMP) and the
regulated chloride conductance protein
located in the apical membrane of
intestinal epithelial cells. Conductive
transport of Cl- into the intestinal
lumen drives paracellular Na+ and
water movement into the lumen (1).

Antisecretory strategies have targeted
a variety of processes including Ca2+-

binding proteins (2,3) and endorphin
receptors (4,5) with varying degrees of
success. Even with partial successes of
these indirect approaches, the adenylate
cyclase that produces cAMP and the
chloride conductance protein which
releases Cl- into the intestinal lumen
remain as the major targets for anti-
secretory therapy.
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Bulk addition of inhibitors ofcAMP
production or conductive Cl - trans-
port to the intestinal lumen has not
been an effective antisecretory strategy
(6,7). The poor efficacy of inhibitors
supplied by this route has been attri-
buted to problems in effective and spe-
cific delivery of therapeutic agents to
sub-populations of intestinal cells
which are specialized for a role in fluid
secretion. Liposomes might be useful
as a delivery vehicle that could reduce
the required dose of inhibitors and
minimize the side effects of antidiar-
rheal therapy. Liposomal delivery sys-
tems may be improved by attachment
of surface ligands that will direct lipo-
somes to bind to, and deliver contents
into the intestinal cells containing sur-
face receptors for the binding of bac-
terial enterotoxins. Coupling the B sub-
unit of cholera toxin to liposome
surfaces significantly increases the
apparent binding affinity of the B sub-
unit for the jejunal brush border sur-
face (8).

Potential antisecretory agents were
encapsulated within liposomes, and
liposomes were coupled to a modified
form of the B subunit of cholera toxin.
The targeted liposomes produced by
this procedure were tested for inhibit-
ory effects on intestinal secretion by an
in situ intestinal loop preparation.

MATERIALS AND METHODS

LIPOSOME PREPARATION AND
CHARACTERIZATION

Egg yolk phosphatidylcholine and
cholesterol in an 18:1 molar ratio
(140 zimol of total lipid) was dissolved
in chloroform and dried under vacuum
in a rotary evaporator to deposit the
lipid as a thin film on the wall of a
flask. 3H cholesterol (0.1 uCi) was
added to the lipid mixture to measure
lipid content of liposome suspensions.
The dried lipid film on the side wall of
the flask was dispersed by vigorous
mixing with an aqueous buffer system
containing 10 mM mannitol, 136 mM
NaCl, 10 mM K2HPO4 (pH 7.4), as
well as any agent intended for encap-
sulation within the liposomes. The
aqueous resuspension system also con-
tained 0.28 FCi 1-[14C]mannitol to
serve as a marker for liposome volume
measurements and calculations of
trapping efficiency. The lipid suspen-

sion was treated with five freeze thaw
cycles to increase interlamellar spac-
ings and trapped volumes (9). Lipo-
some suspensions produced by vortex
mixing were size-sorted by serial pas-
sage through two polycarbonate filters
(0.4 um pore size) using a high pressure
filtration system (Extruder, Lipex
Biomembranes Inc., Vancouver, British
Columbia).

Unincorporated solute was removed
by gel filtration of liposomes suspen-
sions with Sephadex G-50. Fractions
collected from the column were
sampled to measure the content of 3H
and 14C by dual label scintillation
counting. The specific activity of the
1-[14C]mannitol was used to convert
dpm to nmol of mannitol. The equi-
valence of 10 nmol mannitol per gL
was used to calculate the aqueous
volume trapped within a sample of
vesicles. This volume, or trapped
space, was expressed as nL per nmole
of lipid as determined from the amount
of 3H cholesterol in the sample.

Dipalmitoylphosphatidylethanol-
amine (DPPE) was used as a source of
a functional group for coupling the
B-subunit of cholera toxin to liposome
surface. The DPPE was incorporated
by addition into the lipid solution in
chloroform. Vesicle space was mea-
sured as a function of the percentage
of DPPE in the lipid mixture. Mayer
et al (9) have reported that repeated
passage through the extruder apparatus
favors the formation of unilamellar
liposomes. Vesicle suspensions were
filtered up to four times to determine
the effect of this treatment on trapped
space within the vesicles.

Trapping efficiency was expressed as
the percent of the total aqueous solute
that could be retained within the vesi-
cle space during resuspension of a lipid
film. Calculations of entrapped space
and efficiency of solute trapping were
both based on vesicular content of
1-[14C]mannitol. Trapping efficiency
was measured as a function of varying
proportions of DPPE, and total con-
centrations of lipid in the resuspension
buffer.

CHOLERA TOXIN B SUBUNIT
DERIVATIZATION

The B subunit of cholera toxin was
treated with N-succinimidyl S-thioace-
tate (SATA) to introduce reactive sulf-
hydryl groups onto the surface of the

protein. The reaction between SATA
and cholera toxin B subunit was car-
ried out for 30 min at 20°C in a 400 jiL
reaction volume containing 1.0 jimol
of SATA and 10 nmol of B subunit in
50 mM Na2CO3 (pH 9.5). This ratio
of reactants gave a tenfold molar
excess of SATA over total lysine
residues in the B subunit. The reaction
mixture was separated from unreacted
SATA by gel filtration in 10 mM MES
buffer (pH 5.5). Modified B subunit
was collected and deacetylated for two
hours in a solution containing 50 mM
hydroxylamine-HCl, 5.0 mM NaHPO4
and 2.5 mM EDTA (pH 7.5). The
sulfhydryl content of the deacetylated
product was determined by reaction
with Ellman's reagent (10).

CHOLERA TOXIN B SUBUNIT
ATTACHMENT TO THE SURFACE OF
LIPOSOMES

The DPPE (40 mg) was dissolved in
dry chloroform, methanol and triethyl-
amine (16 mL:2 mL:20 mg) and mixed
with 20 mg m-maleimidobenzoyl-N-
hydroxysuccinimide ester (MBS) under
anhydrous conditions for 24 h (11).
The Rf of the product was measured
by thin layer chromatography on silica
gel in a solvent of chloroform,
methanol and glacial acetic acid
(65:25:13) (11). Maleimide-conjugated
DPPE was added to the chloroform
solution of phosphatidylcholine and
cholesterol as 0.25% by weight of the
total lipid (140 Amol) used for a single
liposome preparation.
The modified B subunit with added

SH groups was added immediately
after the final passage of the aqueous
liposome resuspension system contain-
ing maleimide-substituted DPPE
through the pressure filtration system.
The reaction mixture was maintained
at 4°C for 16 h. The liposome suspen-
sion was separated from unconjugated
B subunit by passage over a Sephadex
G-50 desalting column equilibrated
with 10mM MES buffer (pH 5.5). The
efficiency of the coupling reaction was
monitored with [125I]B subunit.

MEASUREMENT OF INTESTINAL
SECRETION

Weanling pigs 17 to 20 kg were
anesthetized with halothane and 10 cm
jejunal loops were prepared, starting
30 cm distal to the ligament of Trietz,
by transecting the gut and inserting
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lucite cannulae. Net fluid flux in the
loops was determined by the two com-
partment kinetic model of Berger and
Steele (12), using [3H]-polyethylene-
glycol 4000 (1 ACi per L) as a dilution
marker. Net and unidirectional chloride
flux measurements were based on net
fluid flux, content of Cl- in the flux
solution and the changes in concentra-
tion of 36C1 marker added to the flux
solutions (13). All measurements were
carried out in an isotonic electrolyte
mixture formulated to match the nor-
mal composition of pig jejunal loop
fluid (13).
A state of net secretion was induced

by adding 10 mM theophylline to
jejunal loop fluid. Theophylline and
targeted liposomes were combined in
jejunal loop fluid when attempting to
inhibit the net secretory effect of the
theophylline.

Cholera toxin (crude lyophilized cul-
ture filtrate of Vibrio cholerae, Wyeth
Labs, Philadelphia, Pennsylvania) was
dissolved in 0.15 M NaCl and incu-
bated in jejunal loops for 90 min prior
to flux measurements. Loops were
emptied and flux measurements were
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made in jejunal loop fluid without
additional cholera toxin.

POTENTIAL SECRETORY INHIBITORS

Miconazole (1-[2-(2,4-dichlorophe-
nyl)-2-[(2,4-dichlorophenyl)-methoxyI
ethyll-l H-imidazole) (14) and adeno-
sine- 2' -deoxy-3' -monophosphate(2' -
d-3'-AMP) were used as adenylate
cyclase inhibitors (15,16). at-Phenyl-
cinnamate (axPC) and 5-nitro-2-
(3-phenyl-ethyaminobeate (NPEB)
were chosen as potential chloride chan-
nel blockers (17,18). A 10mM solution
of each inhibitor was encapsulated
within liposomes by including the
inhibitor in 1.0 mL of solution used to
disperse the dried lipid film. Trapping
efficiencies were calculated from the
1-[14C]mannitol content of the vesicle
suspension. The suspension was divided
into six or eight equal fractions for
addition to jejunal loop fluid used in
flux measurements.

STATISTICAL PROCEDURES

An unpaired Student's t-test was
used to assess the statistical signifi-
cance of treatment effects.
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RESULTS

LIPOSOME COMPOSITION,
PREPARATION AND PROPERTIES

The effect of vesicle properties of
DPPE addition to the lipid mixture
used for liposome preparation was
measured. An optimal level of DPPE
would provide enough sites for B sub-
unit attachment without inducing sig-
nificant changes in the properties of
the vesicles. Increasing the amount
of DPPE in the lipid mixture reduced
the effective space within liposomes
(Fig. 1).
Maximizing trapping efficiency is

important when liposomes are used as
a delivery vehicle for expensive agents.
Trapping efficiency was expressed as
the percentage of the 1-[14C]mannitol
aqueous marker that was located
within the liposomes after the normal
preparation steps of dispersion, freeze-
thaw cycling and high pressure ultra-
filtration. Increasing amounts of
DPPE in the lipid mixture decreased
trapping efficiencies (Fig. 2). Lipid
concentrations above 100 mg per mL
are reported to give higher trapping
efficiencies (9), but ultrafiltration was
difficult with more concentrated lipid.
As a compromise, the lipid mixture
was made with 0.25% DPPE, and
resuspended for liposome formation
(100 mg of lipid per mL of aqueous
medium).

ENCAPSULATION OF INHIBITORS AND
DOSE CALCULATIONS

Standard liposome preparations
involved resuspension of 140 umol of
phospholipid and cholesterol in an
aqueous volume of 1.0 mL, contain-
ing 1-[14C]mannitol and secretory
inhibitor. The internal volume was
determined from the 1-[14C]mannitol
content of a sample of the final lipo-
some suspension. Actual doses of
inhibitor delivered in 100 1tL samples
of liposome suspension varied with
trapping efficiency between batches of
vesicles, with a normal range of 5 to
20 nmol of inhibitor per 10 cm loop
contained within 1 to 4 1tmol of lipo-
some lipid (data not shown).

THEOPHYLLINE AND 2'DEOXY-3'-AMP
EFFECTS ON NET FLUID FLUX

Net fluid flux is reported as yL of
fluid per loop per minute, with nega-
tive values representing net absorption.
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Fig. 1. The effect of dipaimitoylphosphatidylethanolamine on the aqueous volume trapped within
liposomes. Liposome suspensions were size sorted by serial ultrafiltration through 0.4 itm pore size
polycarbonate ifiters. Endosed space was determined by measuring the amount of 1-[14C]mannitol
associated with vesicle lipid in the void volume elution peak from a Sephadex G-50 column. Bars
are averages ± standard deviations from nine separate measurements.
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Fig. 2. The effect of dipahmitoylphosphatidylethanolamine on the efficiency of trapping mannitol
within liposomes. Liposome suspensions were size sorted by serial ultrafiltration through 0.4 Am
pore size polycarbonate filters. Trapping efficiency refers to the percent of the 1-[14C]mannitol
present in the resuspension buffer that was associated with vesicle lipid in the void volume elution
peak from a Sephadex G-50 column. Bars are averages ± standard deviations of nine measurements.

TABLE I. Net fluid flux in jejunal loops exposed to theophylline

Experiment 1 Experiment 2
Condition IL/loop/min p vs theo AL/loop/min p vs theo

Control -78 ± Ila 0.001 -87 + Ilb 0.001
Theophylline 75 ± 13 133 ± 25
Theo + Lipo ndC 156 ± 52
Theo + Lipo + 2'-d-3' AMP nd 71 ± 53 0.31
Theo + Lipo + B subunit nd 14 ± 34 0.019
Theo + Lipo + B subunit -45 ± 10 0.001 -6 ± 28 0.008
+ 2'-d-3' AMP

aMean ± SEM for flux in 12 loops
bMean ± SEM for flux in 20 loops
Cnd = not determined

Positive values represent appearance of
fluid in the loops (net fluid secretion).
The averages of two control loops in
six pigs, - 78 ± 11 yL per loop per
minute (Table 1), was typical of the
expected normal fluid flux in this
region of the pig gut (6,7,12). Net fluid
secretion (75 ± 13 jtL per loop per
minute) was induced in jejunal loops
by the addition of 10 mM theophylline
to the jejunal loop fluid.
The encapsulated adenylate cyclase

inhibitor was partially effective as an
antagonist of this secretory response
(Table I). Liposomes without surface B

subunit or encapsulated adenylate
cyclase inhibitor had no effect on the
secretory response to theophylline, but
there was a significant reduction in
fluid secretion in jejunal loops treated
with targeted liposomes without
inhibitor (p = 0.019).

THEOPHYLLINE AND MICONAZOLE
EFFECTS ON NET FLUID FLUX

The hydrophobicity of miconazole
created problems of reduced amounts
of enclosed liposome space and
reduced trapping efflciencies. Amounts
of miconazole delivered in a standard

liposome dose per loop (1 to 3 nmol)
were substantially lower than the dose
of 2' -d-3' -AMP. Addition of encap-
sulated miconazole to flux solutions
did not reduce the secretory response
to theophylline. The net fluid flux in
control loops was -68 ± 7 .L/loop/
min, in loops treated with theophylline
37 ± 23 jiL/ loop/min, and in loops
with theophylline plus liposomes con-
taining miconazole 51 ± 23 ,L/loop/
min (data not shown).

CHOLERA TOXIN AND CHLORIDE
CONDUCTANCE INHIBITOR EFFECTS
ON NET FLUID FLUX

Loop contents were drained follow-
ing 90 min of exposure to cholera toxin
(50 mg crude filtrate per loop) and
replaced with liposome suspensions of
isotonic saline solutions. After 10 min
of exposure to the liposomes contain-
ing either aPC or NPEB the loops
were drained and refilled with jejunal
loop fluid to start the fluid flux mea-
surements. Neither caPC nor NPEB
had any effect of fluid flux induced by
previous exposure to cholera toxin
(Table II). The net flux of Cl- into
the loops tended to increase in the pres-
ence of the agents that are known to
inhibit conductive transport of Cl - in
patch clamp experiments. Encapsu-
lated chloride channel blockers were
also ineffective in causing any reduc-
tion in the secretory response to theo-
phylline (data not shown).

CHOLERA TOXIN AND 2' DEOXY-3 '-AMP
EFFECTS ON NET FLUID FLUX

The effect of adding encapsulated
2' -d-3 '-AMP during the measurements
of net fluid flux occurring in jejunal
loops 90 minutes after addition of
cholera toxin is shown in Table III.
The encapsulated inhibitor caused a
reduction in the fluid secretion occur-
ring with the highest and the lowest
dose of cholera toxin, but the net fluid
flux did not return to control values.
The net secretory response to cholera
toxin, reported in Table III, was not
dependent on the dose of cholera
toxin. The antisecretory effect of the
adenylate cyclase inhibitor was largest
in loops treated with the highest con-
centration of cholera toxin.
A separate trial was carried out with

the timing protocol described above
for the conductance inhibitors. After
90 min of exposure to 50 mg V. cholerae
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TABLE II. Net fluid flux in jejunal loops exposed to cholera toxin foUowed by conductance inhibitors

HOH flux Net C1- flux HOH flux Net Cl- flux
Condition AL/min Aeq/min AL/min /eq/min

Control -17 + 2a -2.0 ± 2 -34 + 8b -3.8 I1
Cholera toxin 31 ± 4 4.7 ± 2 76 ± 12 8.0 I1
CT + aPC 35 ± 5 6.1 ± 2
CT + NPEB 76 ± 11 11.1 1
aMean ± SEM n = 12
bMean ± SEM n = 12

TABLE III. Net fluid flux in jejunal loops exposed to cholera toxin

200 mg CT/loop 100 mg CT/loop 50 mg CT/loop
Condition tL/loop/min uL/loop/min ftL/loop/min

Control -21 ± 12a -28 12b -99 ± 12c
Cholera toxin 87 ± 20 81 ± 28 17 ± 4
Cholera toxin, 2'-d-3'-AMP 23 ± 17d 77 ± 29 -1 ± 12
aMean ± SEM n = 12
bMean ± SEM n = 6
CMean ± SEM n = 15
dSignificantly different from cholera toxin flux p = 0.006

filtrate per loop the loop contents were EFFECTS OF CHANGING 2' DEOXY-3' -
drained, and liposome suspensions or AMP CONCENTRATION AND
isotonic saline solutions added. The LIPOSOME AMOUNTS
loops were drained after 10 min and The delivery protocol for the inhibi-
refilled with jejunal loop fluid for tor was modified to test if amounts of
initiating the fluid flux measurements. 2' -d-3' -AMP in the liposomes were
There was no substantial improvement sufficient to inhibit the adenylate
in inhibitor efficacy with this proce- cyclase activity resulting from prior
dure for delivery of adenylate cyclase exposure to cholera toxin. The first
inhibitor immediately before measur- modification involved increasing the
ing fluid flux. Fluid flux in control concentration of inhibitor during lipo-
loops was -1 ± 16, in loops treated some formation from 10 to 50 mM.
with cholera toxin was 46 ± 10, and The liposome suspensions containing
with cholera toxin followed by 10 min 50 mM 2' -d-3 '-AMP were less effec-
with liposomes containing 2'-d-3'- tive than those with lower, 10 mM
AMP was 27 ± 7 iL/loop/min (P = concentration. The corresponding net
0.18 for a reduced secretory response fluid fluxes for this experiment were:
to cholera toxin). control, - 4 ± 21; cholera toxin, 78
The timing of treatment with the ± 10; and cholera toxin plus encap-

normal dose of encapsulated 2' -d-3 '- sulated 50 mM 2' -d-3 ' -AMP, 66 ±
AMP was changed to expose the loops 15 tL/loop/min, with 12 observations
to the inhibitor prior to addition of for each treatment. The p value for sig-
cholera toxin. For this experiment tar- nificance between the two treatments
geted liposomes containing inhibitor receiving cholera toxin was 0.65 (data
were added to ligated jejunal loops and not shown).
incubated in the loops for 15 min prior Larger amounts of inhibitor were
to emptying the loops and adding also delivered by increasing the dose of
cholera toxin. Loops were drained liposomes containing 10 mM 2'-d-3'-
after 90 min and net fluid flux was AMP. The dose per loop was increased
measured in a standard 20 minute fourfold, from 2.5 zmol to 10 Amol of
assay. Loops exposed to targeted lipo- liposome lipid. Jejunal loops were
somes before cholera toxin showed a exposed to cholera toxin for 90 min,
full secretory response to the toxin (124 drained, and filled with 145 mM NaCl
± 11 tL/loop/min) compared to or with liposomes suspended in 145 mM
secretion in loops treated only with NaCl for 10 min prior to measuring net
cholera toxin (l14 ± 17 AL/loop/min) fluid flux. This approach was more
(data not shown). successful in reducing the secretory

effect of cholera toxin. Fluid flux
values with four times the normal dose
of targeted liposomes were: control,
- 121 + 14; cholera toxin, 74 ± 28;
and cholera toxin plus 10mM 2' -d-3 '-
AMP encapsulated in 10 iLmol of
liposomal lipid, 12 ± 10 AL/loop/min,
with 12 observations for each treat-
ment. The p value for a significant
antisecretory effect of the inhibitor was
0.033.

COMPETITION FOR MUCOSAL
RECEPTORS BETWEEN B SUBUNIT
AND INTACT CHOLERA TOXIN

The secretory dose response to
cholera toxin reported in Table III
indicated that even the lowest dose of
cholera toxin used in these experiments
may be saturating surface receptors on
secretory enterocytes. This possibility
was investigated via an indirect com-
petition experiment. Purified B subunit
was added to jejunal loops and allowed
to equilibrate for 10 min prior to drain-
ing the loops and adding 50 mg of
crude V. cholerae culture filtrate to the
loops. Preincubation of loops with
amounts of isolated B subunit as low
as 10 Ag per 10 cm intestinal loop
reduced the net fluid flux response to
cholera toxin (Table IV). Previous esti-
mates of the potency of the crude cul-
ture filtrate of V. cholerae indicated
fairly similar amounts of B subunit
protein in 50 mg of crude culture
filtrate and in 10 iLg of isolated
B subunit (6). Without a clear response
to increased amounts of B subunit this
is incomplete evidence of competition
for surface receptors between cholera
toxin used to induce secretion into
intestinal loops and immobilized B sub-
unit on the surface of the liposomes.

DISCUSSION

Enclosed liposome space and trap-
ping efficiency were both reduced by
adding DPPE to the lipid mixture.
These results could have been effects
of the pahnitoyl side chains on assembly
or on fluidity of the phospholipid
bilayer of the liposomes. There was a
necessary trade-off between the advan-
tages of a phospholipid that was stable
to oxidative attack during liposome
preparation, and one which has acyl
groups with lower melting points. It
may be feasible to use low proportions
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TABLE IV. Competition between intact cholera toxin and isolated B subunit

Net fluid secretion Net chloride secretion
Condition tL/loop/min geq/loop/min

Control -45 ± 4a -5.3 ± 0.7
Cholera toxin 86 ± 4 8.8 ± 0.9
10 ,sg B subunit before cholera toxin 46 ± llb 4.1 ± 1.1
25 izg B subunit before cholera toxin 42 ± 8b 7.6 ± 1.6
50 itg B subunit before cholera toxin 42 ± 14b 7.1 ± 2.1

aMean ± SEM n = 6
bSignificantly less than flux with cholera toxin (p < 0.05)

of a stable phospholipid when it is only model was approximately 150 AL/10 cm
necessary to have a small number of loop/min. In seven meters of small
functional groups available on the sur- intestine this would be equivalent to
face of a liposome. Huang and Mason 10 mL of net secretion per minute or
reported an average surface area of 600 mL per hour. Assuming that
0.74 nm2 per lipid head group in the cholera toxin reduces the normal
outer plane of a liposome bilayer (19). absorptive capacity of the colon these
A spherical liposome with a diameter rates may approximate maximal
of 100 nm would have a surface area volumes of fecal fluid loss (10 to 15 L
of 3.14 x 104 nm2. Assuming similar per day) measured in adult humans
molecular weights for the phospholipids suffering from natural infections with
there would be 4.25 x 104 head V. cholerae.
groups per liposome surface. With The efficacy of antagonists of intes-
0.25% of the membrane lipids as tinal secretion must be assessed not just
DPPE there would be approximately through preventing net fluid secretion,
100 headgroups on the surface of one but in terms of restoring net fluid flux
liposome. This should give sufficient to normal levels. Net fluid flux is
sites for attachment of the B subunit usually absorptive even in the jejunum,
of cholera toxin. ranging from averages of - 17 to
We have shown previously that 10 - 99 AL per 10 cm loop per min in the

to 50 lmol of 2'-d-3 '-AMP added into results summarized in the previous sec-
the lumen of isolated jejunal loops did tion. Simultaneous exposure of jejunal
not produce a measurable decrease in loops to levels of theophylline suffi-
the net secretory fluid flux induced by cient to produce a maximal secretory
theophylline or cholera toxin (6). In response, and to targeted liposomes
comparison to placing soluble agents containing 10 mM 2'-d-3' -AMP,
in the intestinal lumen, the liposome reversed a net secretory response to a
system is severely limited in terms of net absorptive response. The reduction
the encapsulated volume available to in the absolute value of the net flux
hold aqueous solute. Delivery of response to 10 mM theophylline was
secretory inhibitor by the targeted approximately 60%Vo for both experi-
liposome system could only be effec- ments. This reduction would likely be
tive if the liposomal vehicle were an sufficient to prevent clinical dehydra-
effective delivery system, and if selec- tion and electrolyte losses arising from
tive delivery could be achieved by secretory diarrhea.
attachment of a specific ligand to the Chloride conductance inhibitors
liposome surface. The importance of should hold the greatest potential for
selective inhibitor delivery to a specific wide spectrum inhibitory effects
cell population was supported by the toward secretory diarrhea. Specific
effectiveness of much smaller doses of inhibition of chloride conductance
inhibitor (10-50 nmol) encapsulated should prevent net fluid secretion into
within targeted liposomes in reducing the gut lumen regardless of the intra-
the secretory response to theophylline. cellular second messenger compound

Both theophylline and cholera toxin which is responsible for the activation
caused jejunal loops to change from an of chloride conductance activity. Bulk
absorptive to a net secretory mode. delivery of chloride conductance
Maximal net secretory capacity of inhibitors to the fluid phase in the
10 cm jejunal loops in this in situ lumen did not reduce a net fluid secre-

tory response to theophylline or to
cholera toxin (7). The targeted liposome
delivery system provided an excellent
opportunity to assess the role of
delivery or accessibility of the conduc-
tance inhibitors to the site of the con-
ductance protein in secretory entero-
cytes. The lack of antisecretory effects
seen with encapsulated aPC and
NPEB in the in situ secretory model
may raise questions about sidedness of
inhibitor actions, or about the relation-
ship of chloride channels assayed in
in vitro preparations of membrane
vesicles or cultured cells versus chloride
channels involved in secretory ion flux
in situ.
A good secretory dose response has

been produced with V. cholerae culture
filtrate in the range of 50 to 200 mg of
lyophilized filtrate per 10 cm jejunal
loop (6). The filtrate used in this study
apparently saturated the secretory
capacity of jejunal loops at the lowest
dose used, the 50 mg per loop level.
These high doses of cholera toxin
could have produced a situation that
was not favorable for reversal of the
secretory response.
Reduced efficacy of 2'-d-3'-AMP

against net fluid secretion induced by
cholera toxin may be due to problems
in delivery of the inhibitor to the frac-
tion of the enterocyte population that
has been targeted previously by cholera
toxin. Saturation of secretory capacity
(Table III) may imply saturation of the
total population of ganglioside GM1
present on the mucosal brush border
surface within the lumen of the jejunal
loop. In this scenario there could be
secretory enterocytes which have all
surface ganglioside binding sites for
the B subunit already occupied by
holotoxin. This prior receptor occu-
pancy could prevent the delivery of
inhibitors that are encapsulated within
liposomes made with surface B subunit.
This effect could occur through
occupancy of surface ganglioside GM1
site with cholera toxin, or through
removal of these sites from the surface
after binding to the B subunit of the
holotoxin.

It may be significant that of the six
different experiments reported above
with cholera toxin as a secretory agent
and 2'-d-3'-AMP as the secretory
antagonist there was only one case
(50 mg CT dose per loop in Table III)
where the net fluid flux after exposure
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to cholera toxin was actually returned
to a negative or absorptive value. This
effect could be related to different
mechanisms of action of cholera toxin
on two separate processes: stimulation
of unidirectional Cl- secretion versus
inhibition of Na+ and Cl- absorption.
Unidirectional Cl- secretion may be
stimulated primarily by cAMP, while
NaCl absorption may be inhibited by
increased cytosolic concentrations of
Ca2+ ion (20,21). This situation could
account for a failure of the adenylate
cyclase inhibitor to restore the normal
absorptive component of the net fluid
flux.
To distinguish between the hypoth-

eses presented in the previous para-
graphs it may be necessary to measure
the effects of secretory inhibitors
encapsulated in targeted liposomes on
net fluid flux produced by submaximal
doses of cholera toxin. Inhibitor effec-
tiveness could be determined where
there is only partial occupancy of intes-
tinal receptors with the native form of
cholera toxin.
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