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(1) The antagonistic effect of atropine methyl bromide entrapped in liposomes on contraction of Xenopus 
intestine in vitro induced by acetylcholine was studied. The results provided some insight into ceH-iiposome 
interaction. (2) Acetyicholine (0.1 mM) was added to the medium in the bath (serosal solution), while 
liposomes containing atropine methyl bromide in their internal and external phases were added on the 
mucosal side of the intestine. Large multilamellar liposomes were prepared from egg lecithin (phosphati- 
dyicholine, PC) and cholesterol in various molar ratios. Atropine methyl bromide had most effect in 
liposomes composed of PC and cholesterol in a ratio of 7:3, less in those with a ratio of 4:5, and none in 
those with a ratio of 9: 1. These effects were parallel with the sizes of these liposomes, determined by 
quasi-elastic light-scattering; that is, the larger the liposomes, the greater was their effect. Addition (to the 
liposomes) of phosphatidic acid, the negative charge of which increases the distance between the lameilar 
layers, increased the effect, indicating that atropine methyl bromide in the space between lameilar layers was 
effective. Another type of Uposomes in which atropine methyl bromide was present only in the external 
phase of liposomes was as effective as liposomes in which atropine methyl bromide was present in both the 
internal and external phases. (3) From these results the following new model for liposome-mediated 
stimulation of transport of atropine methyl bromide is proposed. Large muitilamellar liposomes have 
structural defects in their external lamellae through which atropine methyl bromide in the mucosal solution 
can penetrate into the space between the external lamellar layers and move into intestinal cells through 
regions of fusion between the outermost layers of the liposomes and the cell membrane. 

Introduction 

There are several advantages in use of lipo- 
somes for in vivo administration of drugs. For  
example, when encapsulated in liposomes, bioac- 
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txve polypeptides such as interferon are protected 
against inactivation by proteases such as trypsin 
[1], and encapsulation of coagulation factor VIII 
in liposomes increased gastrointestinal absorption 
of the drug [2]. However, details of liposome-cell 
interaction, particularly at the level of the cell 
surface, are still unknown. The interactions of 
liposomes with cells have been classified into 
several types, such as stable adsorption, including 
both specific and non-specific adsorption, endo- 
cytosis, fusion, cell-induced leakage of liposome 
contents and lipid transfer [3-6]. However, the 
occurrence of a given mechanism in an actual 
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system is difficult to determine unequivocally be- 
cause it cannot usually be determined in a single 
experiment. In particular, physiological methods 
to evaluate the efficiency of liposomes for ad- 
ministration of a given compound and for char- 
acterizing liposome-cell interaction have not yet 
been developed, although many biochemical meth- 
ods have been applied in studies on liposomes. 

This paper reports a new physiological method 
for evaluating the efficiency of liposomes in trans- 
port  of entrapped material into intestinal cells. By 
this method, we studied liposome-mediated trans- 
port  of atropine methyl bromide into the intestine 
of Xenopus laevis in vitro. We also propose a new 
model for the mechanism of liposome-mediated 
transport of the agent into intestinal cells. 

Materials and Methods 

Measurement of isometric tension of intestine 
The jejunum was isolated from denervated X. 

laevis (African dawed aquatic frog). Both ends of 
the isolated intestine of 2 cm length (not inverted) 
were tied to polyethylene tubes with silk thread. 
The intestine was immersed in 20 ml of a solution 
consisting of (in mM) 105 Na +, 5 K ÷, 1 Mg 2+, 2 
Ca 2+, 97 CI-,  18 HCO3,  1 H2PO 4- and 11 glu- 
cose (pH 7.4) in a bath. The solution was stirred 
by bubbling it with air. The internal space of the 
intestine was filled with mucosal solution of the 
same composition as that of the bath solution, 
unless otherwise noted. Then the ends of the two 
polyethylene tubes were closed with stopcocks. 
The diameter of the intestine was kept normal, 
that is, neither expanded nor deflated, by addition 
of an appropriate volume of the mucosal solution; 
the external diameter of the intestine ranged from 
0.4 to 0.6 cm. The centre of the intestine was 
hooked to a strain transducer by a wire, and the 
signal from the transducer was amplified and re- 
corded. Anticholinergic agents such as atropine 
sulfate and atropine methyl bromide were added 
to either bath solution or the mucosal solution as 
indicated. Acetylcholine was added to the bath 
solution. All experiments were done at 25 o C. 

Liposomes 
Multilamellar liposomes were prepared by the 

method of Bangham et al. [7]. Briefly, a lipid 
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mixture in chloroform was deposited on the wall 
of a round-bottomed flask by removal of the 
organic solvent in a rotary evaporator. In most 
experiments, 3 ml of the mucosal solution supple- 
mented with 0.1 mM atropine methyl bromide 
were added to 60 #mol of total lipids, and the 
suspension was shaken by hand for 1 h and then 
used as the mucosal suspension without dilution. 

When indicated, atropine methyl bromide was 
removed from the external phase of liposomes by 
passing the liposomes at a concentration of 60 
#mol l ipid/ml through a Bit-Gel A-50 m (50-100 
mesh) column (0.9 × 22 cm). After elution, the 
lipid concentration of the suspension was adjusted 
to 10/~mol/ml.  

When smaller liposomes were required, the 
liposome suspension was sonicated in a Branson 
B-42 bath for 1 min at 25 o C, and then cooled on 
ice for 30 s. This process of sonication-cooling was 
repeated 30 times. 

Phosphatidylcholine (PC), DL-dipalmitoylphos- 
phatidic acid (PA), and dicetyl phosphate (DCP) 
were used as lipids. Crude PC was prepared from 
egg yolk as described elsewhere [8] and was puri- 
fied further on a silicic acid column. The purified 
PC gave a single spot on thin-layer chromatogra- 
phy with ch lo ro fo rm/methano l /wa te r  (65 : 25 : 4, 
v /v )  as solvent. Cholesterol, DCP and PA were 
obtained from Sigma. 

Determination of the diameter of liposomes 
The average diameter of liposomes was de- 

termined by quasi-elastic light-scattering as de- 
scribed elsewhere [9]. 

Statistical analysis 
Values are expressed as mean _+ S.E. Acetylcho- 

line-induced contraction of Xenopus intestine was 
measured on preparations from three frogs. The 
significance of differences between values were 
assessed by Student's t-test. 

Results 

Contraction of Xenopus intestine by acetylcholine in 
the presence and absence of anticholinergic agents in 
the bath solution 

First, experiments were made without lipo- 
somes. Addition of 0.1 mM acetylcholine to the 
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bath solution caused contraction of the intestine. 
The mucosal solution did not contain a cholinergic 
or anticholinergic agent. The first or second con- 
traction was maximal and then the response de- 
creased progressively with time. The average maxi- 
mal response in 20 experiments was 1.85 + 0.13 g 
(mean + S.E.). The maximal response was taken as 
the index of the extent of contraction under differ- 
ent conditions. Because the maximal response was 
always observed within 3 rain after addition of 
acetylcholine to the bath solution, the response 
was measured for 3 rain. Then, acetylcholine in 
the bath solution was washed out. When the pro- 
cess of stimulation-washing was repeated, the 
maximal response was constant for at least 4 h 
(three observations). Hereafter, we use the word 
'response' in place of maximal response. 

The response as a percentage of the maximum 
response at high doses of acetylcholine was mea- 
sured as a function of the acetylcholine concentra- 
tion. The half-maximal concentration of acetyl- 
choline for stimulation was 1.0/~m. The addition 
of atropine sulfate and atropine methyl bromide 
at 0.66 #M to the bath solution shifted the half- 
maximal concentration from 1/~M to 0.1 mM and 
0.7 mM, respectively. On the other hand, the 
concentration of atropine methyl bromide for 50% 
inhibition of the response caused by 0.1 mM 
acetylcholine was 0.17/~M. 

Effects of atropine sulfate and atropine methyl 
bromide in the mucosal solution 

Fig. 1 shows the experimental protocol. After 
measuring the control response to 0.1 mM 
acetylcholine, the bath solution was changed to 
fresh acetylcholine-free solution. Then, atropine 
sulfate or atropine methyl bromide was added at 
0.1 mM to the mucosal solution (without lipo- 
somes). The presence of atropine sulfate rapidly 
caused complete inhibition of the acetylcholine-in- 
duced response, as shown in Fig. 2. This rapid 
antagonistic effect indicated that atropine sulfate 
quickly penetrated into the serosal intercellular 
solution, where it bound competitively to 
cholinergic receptor sites of intestinal muscle cells. 

In the presence of 0.1 mM atropine methyl 
bromide in the mucosal solution, the acetylcho- 
line-induced response decreased to 73% of the 
control within 30 rain and then remained steady 
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Fig. 1. Protocol for the results shown in Figs. 2-5. Acetylcho- 
line (ACh) (0.1 raM) was added to the bath solution every 15 
mJn. Contraction was measured for 3 rain after addition of 
acetylcholine. Then the bath solution was changed to 
acetylcholine-free solution. Liposomes and anticholinergic 
agents were added on the mucosal side as indicated in the 

legends to Figs. 2-5.  

(Fig. 2). The response was found to be equivalent 
to that in the presence of 0.1 pM atropine methyl 
bromide in the bath solution. 

These results show that the rate of transport of 
atropine sulfate was too rapid to allow measure- 
ment of liposome-mediated transport of the drug, 
but that the rate of transport of atropine methyl 
bromide was appropriate for detection of the ef- 
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Fig. 2. Contraction of Xenopus intestine induced by 0.1 mM 
acetylcholine in the absence of fiposomes. At zero time atro- 
pine sulfate (O) or atropine methyl bromide (O)  at 0.1 mM 
was added to the mucosal solution (without liposomes). Open 
circles and bars show mean+S.E,  for three experiments and 

closed circles show data for single experiments. 



fect of  l i posomes  when  the b a t h  so lu t ion  was 

renewed every 15 min.  Therefore ,  we used a t ro-  
p ine  methyl  b r o m i d e  in subsequent  studies.  

Effects of liposomes per se on intestinal contraction 
by acetylcholine 

Fig. 3 shows the effect of  add i t i on  of  0.1 m M  
acety lchol ine  to the b a t h  so lu t ion  when the 
mucosa l  suspens ion  con ta ined  e m p t y  l iposomes  
( the word  ' e m p t y '  means  an t ichol inerg ic  agent-  
free). W i t h  l iposomes  c o m p o s e d  of  PC and  
choles terol  in a m o l a r  ra t io  of  7 : 3, the a d d i t i o n  of  
ace ty lchol ine  i nduced  an  average of  110% of  the  
response  of  the  con t ro l  wi thout  l iposomes,  while 
wi th  those c o m p o s e d  of  DCP,  PC and  choles terol  
in a ra t io  of  3 : 7 : 3 ,  it  i nduced  a 100% response.  
L iposomes  c o m p o s e d  of  PA, PC and  choles terol  in 
a ra t io  of  1 : 4 : 5  i nduced  108% of  the con t ro l  
response  (Table  I). Since these dif ferences  f rom 
the con t ro l  were no t  s ignif icant ,  l iposomes  per  se 
d id  not  affect  con t rac t ion  of  the intest ine.  

Effects of atropine methyl bromide encapsulated in 
liposomes on intestinal contraction 

The  above  exper iments  showed that  the  p resen t  
sys tem with  Xenopus in tes t ine  cou ld  be  used  for  
phys io log ica l  eva lua t ion  of  the eff iciency of  l ipo-  
s o m e - m e d i a t e d  t r a n s p o r t  of  a t rop ine  me thy l  
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Fig. 3. Contraction of intestine induced by 0.1 mM acetylcho- 
fine in the presence of empty fiposomes. The mucosal suspen- 
s ion contained empty multilamellar liposomes composed of 
lecithin (PC) and cholesterol in a ratio of 7:3 (O) or of DCP, 
PC and cholesterol in a ratio of 3 : 7 : 3 (It). No anticholinergic 
agents were added.  Points and bars are m e a n + S . E ,  for three 

experiments. 
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TABLE I 

EFFECT OF LIPOSOME COMPOSITION ON INTESTI- 
NAL CONTRACTION 

Unless specified, lipid concentration was 20 pmol/rnl aqueous 
solution. Chol, cholesterol; PA, dipalmitoylphosphatidic acid; 
DCP, dicetyl phosphate. Unless specified, atropine methyl 
bromide (AMB) was present both inside and outside lipo- 
somes. H.S. means hand shaking. 'empty' means AMB-free 
liposomes. Values are average+ S.E. for observations on three 
different intestines. 

Expt. Lipid Type of liposome Steady 
No. composition Response 

(~ of 
control) 

1 liposome-free AMB on the 73 + 5 
mucosal side 

2 PC/Chol (7 : 3) H.S. (empty) 110 + 2 
3 DCP/PC/Chol 

(3 : 7 : 3) H.S. (empty) 100 + 3 
4 PA/PC/Chol 

(1 : 4 : 5) H.S. (empty) 108 + 4 
5 PC/Chol (7 : 3) H.S. 33+ 8 
6 PC/Choi (4: 5) H.S. 575:10 
7 PC/Chol (9 : 1) H.S. 725:5 
8 PA/PC/Choi 

(1:4:5) H.S. 285:3 
9 PA/PC/Chol 

(1 : 4 : 5) sonication 63 5 : 4  
10 PC/Chol (7 : 3) sonication 40 5 : 9  
11 PC/Chol (7 : 3) H.S. + phlorizin 60 -4- 6 
12 liposome-free a AMB on the 

mucosal side 63 5 :5  
13 PC/Chol (7 : 3) b sonication 41 5 :5  

14 PC/Chol (7 : 3) b sonication 
(AMB only inside) 100 5 :3  

15 PC/Chol (7 : 3) b sonication 
(AMB only outside) 43 5 :6  

a Intestines were previously treated with empty liposomes 
composed of PA, PC and cholesterol in a ratio of 1 : 4 : 5 for 
2 h as described in text. 

b 10 pmol lipids/ml aqueous solutions. 

b romide .  Fu r the rmore ,  s tudies showed that  in the 
absence  of  l iposomes,  a t rop ine  methyl  b r o m i d e  on  
the mucosa l  side an tagon ized  the effect of  
ace ty lchol ine  abou t  27%. Therefore ,  an  acety lcho-  
l ine - induced  response  of  less than  73% of  the 
con t ro l  was j u d g e d  to be  due  to the effect of  
l i p o s o m e - m e d i a t e d  t r anspor t  of  a t rop ine  methyl  
b romide .  

In  fol lowing studies,  suspens ions  of  l iposomes  
con ta in ing  a t rop ine  m e t h y l b r o m i d e  in their  inter-  
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nal and external phases were used, unless other- 
wise noted. The experimental protocol was the 
same as that for Fig. 1, except that liposome 
suspensions were used in place of a mucosal solu- 
tion of atropine methyl bromide. 

The effect of liposomes was found to depend 
on their lipid composition. The response induced 
by 0.1 mM acetylcholine first decreased with time 
and then became steady (Fig. 4), and the steady 
value was a function of the lipid composition; that 
is, it was 72, 57 and 33% of the control value with 
liposomes composed on PC and cholesterol in 
ratios of 9 : 1, 4 : 5 and 7 : 3, respectively (Table I). 
The times for attaining the steady values were 
about 30, 60 and 70 min, respectively. Liposomes 
with PC and cholesterol at a ratio of 7 :3  were 
more effective than those with a ratio of 4 : 5, and 
those with a ratio of 9 :1  had no effect. We 
previously reported determination of the sizes of 
liposomes by the method of quasi-elastic light- 
scattering [10]. The average diameters of multi- 
lamellar liposomes composed of PC and cholester- 
ol in ratios of 7 : 3, 1 : 1 and 9 : 1 were found to be 
1.2, 0.9 and 0.8/xm, respectively. Thus, the order 
of efficiency of the liposomes decreased with de- 
crease in their size. 
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Fig. 4. Contraction of intestine caused by 0.1 m M  acetylcho- 
line in the presence of loaded PC-cholesterol liposomes. Multi- 
lamellar liposomes were prepared in mucosal  solution supple- 
mented  with 0.1 m M  atropine methyl bromide as described in 
Materials and Methods and used without dilution as the 
mucosal  suspension for the experiments shown in fig. 4 and 5. 
Here, results are for liposomes composed of PC and cholesterol 
in ratios of 7 : 3  (e), 4 : 5  (zx) and  9 :1  (O).  Points and bars are 

mean + S.E. for three experiments. 

Effects of incorporation of phosphatidic acid into 
liposomes and sonication of multilamellar liposomes 
on transport of atropine methyl bromide 

Liposomes composed of PA, PC and cholesterol 
in a molar ratio of 1 : 4 : 5 have been used exten- 
sively by other studies, such as on lymphatic 
transport of liposomes-encapsulated agents [11], 
since the presence of negatively charged phos- 
pholipids increase the distance between lamellar 
layers, resulting in increase in the extent of drug 
encapsulation. 

A mucosal suspension containing liposomes 
composed on PA, PC and cholesterol in a ratio of 
1 : 4 : 5 significantly decreased the acetylcholine- 
induced response to 28% of the control (Table I), 
which was less than that with liposomes composed 
of PC and cholesterol in a ratio of 4 : 5 (57% of the 
control). The diameter of liposomes containing PA 
was 1.1 /,m. Of the liposomes tested, those com- 
posed of PA, PC and cholesterol were the most 
effective. 

Sonication of multilamellar liposomes (PA: 
PC : cholesterol = 1 : 4 : 5) reduced their diameter 
from 1.1 to 0.13 /,m, resulting in inhibition of 
their effect (Table I). 

On the other hand, sonication of multilamellar 
liposomes composed of PC and cholesterol in a 
ratio of 7 : 3 decreased their diameter from 1.2 to 
0.95/,m (averages for two different preparations), 
but this final size was sufficient to stimulate trans- 
port of atropine methyl bromide, judging from the 
results in Fig. 4 and, in fact, the efficiency of the 
sonicated multilamellar liposomes was not signifi- 
cantly different from that of unsonicated lipo- 
somes (Table I). 

Effects of phlorizin and of glucose-free mucosal 
medium 

Phlorizin is a competitive inhibitor of active 
transport of glucose through brush-border mem- 
branes [12]. The presence of 0.5 mM phlorizin in 
the mucosal solution containing multilamellar 
liposomes composed of PC and cholesterol in a 
ratio of 7 :3  inhibited the antagonistic effect of 
atropine methyl bromide 60 rain after the start of 
experiment (Fig. 5), indicating that glucose carrier 
in the brush-border membrane was not directly 
involved in the uptake of atropine methyl bromide. 

The removal of glucose from the mucosal sus- 
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Fig. 5. Effect of glucose on the contraction of intestine induced 
by 0.1 mM acetylcholine in the presence of loaded PC- 
cholesterol liposomes. The mucosal suspension included multi- 
lamellar liposomes composed of PC and cholesterol in a ratio 
of 7:3. Phlorizin (0.5 mM) was added (©) or glucose was 
removed (zx) from the suspension. Control values (e) without 
phlorizin or with glucose are also shown. Points and bars are 

mean + S.E. for three experiments. 

pension significantly inhibited the antagonistic ef- 
fect of atropine methyl bromide (Fig. 5). Thus, 
some energy-requiring process in absorptive cells 
participates in transport of atropine methyl 
bromide. 

Effects of empty liposomes on the tight junction of 
intestine 

It may be possible that liposomes affect the 
tight junction of the intestine (for example, by 
binding of Ca 2÷ to phospholipids), and thus favor 
the paracellular pathway. For demonstrating this 
possibility, intestine was treated first with the 
mucosal suspension containing empty liposomes 
composed of PA, PC and cholesterol in a molar 
ratio of 1 : 4 : 5 for 2 h. The average response was 
108%. Then it was treated with the mucosal solu- 
tion containing 0.1 mM atropine methyl bromide 
(without liposomes) for 2 h. The effects of atro- 
pine methyl bromide became steady within 30 min 
and the steady value was 63%. This response was 
less than that of the control (73%), but greater 
than that of 28%, in which experiment atropine 
methyl bromide was present both inside and out- 
side the liposomes. The time necessary for attain- 
ing the steady value was the same as that of the 
control (Fig. 2) but shorter than those in lipo- 
some-mediated effects (it took about 1 h). This 
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difference in time indicated that the faster re- 
sponse found here was likely due to the increased 
paracellular pathway, although the effect was not 
enough to explain the liposome-mediated effects 
with the response less than 60%. 

Effects of atropine methyl bromide inside and out- 
side iiposomes 

In the studies described above, atropine methyl 
bromide was present both inside and outside lipo- 
somes. Next, we examined the effects of three 
different types of suspensions of sonicated multi- 
lamellar l iposomes (PC/cho les te ro l  = 7 : 3); 
namely, those with atropine methyl bromide both 
the inside and outside the liposomes, only inside 
the liposomes, and mainly outside the liposomes. 
The second type of liposomes was prepared by 
passing the first type through a gel column, as 
described in Materials and Methods. The third 
type was prepared by adding atropine methyl 
bromide to a suspension of empty liposomes just 
before experiments. We determined the rate of 
leak from the second type and their captured 
volume of atropine methyl bromide. In experi- 
ment, liposomes were prepared in a solution con- 
taining 10 mM atropine methyl bromide, 67 mM 
Na2SO 4, 18 mM NaHCO3, 3 mM K2SO4, 1 mM 
KH2PO 4 and 1 mM MgSO 4 (pH 7.4) and were 
passed through the column. The amount of Br -  
leaked from the liposomes into the medium was 
determined by the Mohr method [13] and the total 
content of Br -  in liposomes was determined after 
solubilizing liposomes with n-octyl glycoside. The 
results showed that atropine methyl bromide 
leaked slowly at a rate of 1% of the total content 
per h at 20 o C during the experimental period of 6 
h. The captured volume was 5.5 #1 per mg of lipid, 
which was nearly the same as that of multilamellar 
liposomes reported by others [14]. 

Table I shows that the second type of suspen- 
sion did not affect the acetylcholine response, 
indicating that atropine methyl bromide encapsu- 
lated in liposomes was not effective. The first and 
third types of liposomes are equally effective in 
decreasing the acetylcholine response (the re- 
sponse was 41-43%, Table I). These observations 
suggest that for the response liposomes need not 
be taken up into intestinal cells, but that the 
interaction of liposomes with the cell surface is 
important. 
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Fig. 6. Electron mierograph of multilamellar liposomes composed of PC and cholesterol in a ratio of 2 : 1. The liposome suspension 
was mixed with an equal volume of 2% potassium phosphotungstate. The arrow shows one of dislocation. Scale bar, 0.1 ~tm. 

Electron micrograph of multilamellar liposomes 
composed of PC and cholesterol in a ratio of 2 : 1 

Multilamellar liposomes have been indicated to 
have some structural defects [15,16]. The arrow in 
Fig. 6 shows one edge dislocations around the 
regions where two adjacent liposomes contact. 

Discussion 

The present results on acetylcholine-induced 
contraction of the intestine of Xenopus in vitro 
and the antagonistic effects of atropine methyl 
bromide indicate that our system is useful for 
physiological evaluation of liposome-mediated 
transport of atropine methyl bromide into intesti- 

0 

hal cells. 
Two main mechanisms of cell-stimulated trans- 

port of liposome-encapsulated drug into cells have 
been studied: endocytosis, or fusion, and leakage 
caused by liposome-cell interaction. Reported ex- 

amples of the former mechanism are receptor- 
mediated endocytosis of antibody-opsonized 
liposomes by tumor cells [17], endocytosis by, or 
fusion of liposomes with amoebae [18], fusion of 
liposomes with the plasma membrane of plant 
tonoplasts [19] and endocytosis of negatively 
charged liposomes by coated vesicles in a cell line 
of African Green Monkey kidney [20]. Reported 
examples of the latter mechanism are cell-induced 
leakage of liposome contents of isolated hepato- 
cytes and Zajdela ascites hepatoma cells [6], a cell 
line of lymphocytes (L1210) [5] and transport-de- 
ficient cell lines of mouse mammary tumor (EMT6) 
and Balb/c mouse T-cell lymphoma ($49) [21]. 

In the present study, the effectiveness of 
liposomes containing atropine methylbromide 
depended on the lipid composition. Liposomes 
composed of PC and cholesterol in a ratio of 7 : 3 
(Fig. 4) were more effective than those composed 
of PC and cholesterol in a ratio of 4:5, while 



those with a ratio of 9:1 had no effect. The 
effectiveness of the liposomes increased with in- 
crease in their size. Furthermore, the presence of 
PA, which is negatively charged and increases the 
distance between the lamellar layers, increased the 
effectiveness of liposomes: liposomes composed of 
PA, PC and cholesterol in a ratio of 1 : 4 : 5 were 
more effective than those composed of PC and 
cholesterol in a ratio of 4 : 5 (Table I). Reduction 
in size of liposomes composed of PA, PC and 
cholesterol in a ratio of 1 :4 :5  by sonication 
significantly decreased their effectiveness (Table 
I). These results suggest that the effectiveness of 
liposomes may depend on the amount of atropine 
methyl bromide in their interlamellar space. 

Since non-entrapped drug was not removed for 
the results shown in Figs. 4 and 5, and listed in 
Table I (No. 5-11 and 13), even if cell-induced 
leakage of atropine methyl bromide from the 
liposomes occurred, it would not have substan- 
tially increased the local concentration of the drug 
near the cell surface, i.e., the leakage would not 
have contributed to liposome-mediated transport 
of atropine methyl bromide. On the other hand, a 
liposome suspension in which the nonentrapped 
drug was removed by passing the liposomes 
through a column was not effective (Table I), 
suggesting that endocytosis of liposomes is not a 
main reason for the stimulation by liposomes of 
transport of atropine methyl bromide. Further- 
more, liposomes in which atropine methyl bromide 
was present only in the exterior spaces of the 
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liposomes were as effective as liposomomes in 
which drug was present in both the exterior and 
interior spaces of the liposomes (Table I). These 
results suggest that the presence of the drug in the 
interior of liposomes is not necessary for stimula- 
tion of its transport, although liposome-cell inter- 
action is necessary. This conclusion seems to be 
contrary to the finding that the effect of liposomes 
depended on the amount of drug between the 
lamellar layers. 

The presentresults cannot be explained by 
either cell-induced leakage, fusion, endocytosis or 
increased paracellular pathway. Therefore, we pro- 
pose a new model for the mechanism of this 
liposome-mediated transport to explain these con- 
flicting facts. Fig. 7 shows models in which the 
outer lamellae of liposomes have some structural 
defects, such as edge dislocation (Fig. 6 and Ref. 
15). These simplified diagrams of the defects are 
based on following evidence. When Na + permea- 
bility through membranes of multilamellar and 
unilamellar liposomes composed of dipalmitoyl- 
phosphatidylcholine was compared, the permea- 
bility in the former liposomes was larger than that 
in the latter liposomes [16], suggesting the pres- 
ence of some structural defects in multilamellar 
structure. Many studies have shown that structural 
defects were caused by several different mecha- 
nisms, such as contact of two liposomes (Fig. 6), 
adsorption of liposomes to the cell surface [5,6, 
18,21-23], fusion of liposomes with the cell mem- 
brane (reviewed in Ref. 24). Therefore, the present 

A B C 

• oe 

Fig. 7. Models for cell-liposome interaction. Each circle shows one brayer. (A) Atropine methyl bromide, indicated by dots, is in the 
external and internal aqueous phases of the liposome. Fusion of the liposome with the cell membrane allows penetration of atropine 
methyl bromide into the space between the external bilayers. (B) Atropine methyl bromide is in some internal phase of the fiposome. 
When liposomes were passed through a column, atropine methyl bromide in the space between disconnected bilayers was removed. 
On fusion, the drug does not penetrate into the cell. (C) Atropine methyl bromide in the external phase penetrates into the space 

between external bllayers through disconnected bilayers and into the cell through the fused region. 
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model  of  dislocation is a representative of  the 
above non-exclusive mechanisms.  Ano the r  im- 
por tan t  feature of  present  model  is the fusion of  
l iposomes with intestinal cells. In  this model,  atro- 
pine methyl  b romide  in the exterior of  l iposomes 
can penetrate  into the interlamellar space through 
disconnected regions of  the lameUae and enter the 
cell through the fused membrane  area (Fig. 7(A), 
(C)). Atropine  methyl  bromide taken up by these 
cells is t ransported to the serosal intercellular space 
where the drug competi t ively binds to the acetyl- 
choline receptor. Since muscle contract ion was 
greater when phlorizin was added  to the mucosal  
suspension or  glucose was omit ted than in normal  
medium (Fig. 5), the effect in medium without  
glucose or  with phlorizin was not  due to decreased 
energy supply to the muscle cells, bu t  to a de- 
creased rate of  t ransport  of  atropine methyl  
b romide  in some energy-requiring cellular process 

(es). 
When the l iposome suspension was passed 

through a gel column,  atropine methyl  bromide  on 
the exterior of  l iposomes and in the spaces be- 
tween outer  lamellae that  had structural defects 
(Fig. 7(B)) would be removed. Thus, in this lipo- 
some suspension the drug did not  reach the fusion 
area and so would not  be  effective. 

Thus, our  results on the physiological assay of 
l iposome-mediated t ransport  of  atropine methyl  
b romide  into intestinal cells can be explained by  a 
new, fusion model  in which structural  defects in 
the lamellae are important .  Al though this model  is 
not  indisputable at present, it provides an interest- 
ing working hypothesis  for future study, in which 
the mechanism of drug t ransport  across the baso- 
lateral membrane  of  the intestinal cells also has to 

be clarified. 
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