
586 Biochimica etBiophysicaActa, 778 (1984) 586-593 
Elsevier 

BBA 72323 

STUDIES ON T H E  M E C H A N I S M  OF C H O L E S T E R O L  UPTAKE AND ON T H E  EFFECTS 
OF BILE SALTS ON T H I S  UPTAKE BY BRUSH-BORDER MEMBRANES ISOLATED 
FROM RABBIT SMALL INTESTINE 

P. PROULX, H. AUBRY, I. BRGLEZ and D.G. WILLIAMSON 

Department of Biochemistry, Faculty of Health Sciences, University of Ottawa, 451 Smyth, Ottawa KIH 8M5 (Canada) 

(Received May 4th, 1984) 

Key words: Cholesterol uptake," Bile salt," Surfactant; Brush-border membrane," (Rabbit intestine) 

The effect of bile salts and other surfactants on the rate of incorporation of cholesterol into isolated 
brush-border membranes was tested. At constant cholesterol concentration, a stimulatory effect of taurocho- 
late was noticed which increased as the bile salt concentration was raised to 20 mM. Taurodeoxycholate was 
as effective as taurocholate at concentrations of up to 5 mM and inhibited at higher concentrations. 
Glycocholate was only moderately stimulatory whereas cholate was nearly as effective as taurocholate at 
concentrations above 5 raM. Other surfactants such as sodium lauryl sulfate and Triton X-100 were very 
inhibitory at all concentrations tried whereas cetyltrimethyl ammonium chloride was stimulatory only at a 
very low range of concentrations. These micellizing agents all caused some disruption of the membranes and 
the greater effectiveness of taurocholate in stimulating sterol uptake was partly relatable to the weaker 
membrane solubilizing action of this bile salt. Preincubation of membranes with 20 mM taurocholate 
followed by washing and exposure to cholesterol-containing lipid suspensions lacking bile salt, did not 
enhance the incorporation of the sterol. In the absence of bile salt the incorporation of cholesterol was 
unaffected by stirring of the incubation mixtures. Increasing the cholesterol concentration in the mixed 
micelle while keeping the concentration of bile salt constant caused an increase in rate of sterol incorpora- 
tion. This increased rate was seen whether the cholesterol suspension was turbid, i.e., contained non-micel- 
lized cholesterol, or whether it was optically-clear and contained only monomers and micelles. When the 
concentration of taurocholate and cholesterol were increased simultaneously such that the concentration ratio 
of these two components was kept constant, there resulted a corresponding increase in rate of cholesterol 
uptake. The initial rates of cholesterol incorporation from suspensions containing miceilar and monomer 
forms of cholesterol were much larger than from solutions containing only monomers of the same 
concentration. The rates of incorporation of cholesterol and phosphatidylethanolamine from mixed micelles 
containing these iipids in equimolar concentrations were very different. The results as a whole suggest at 
least for those experimental conditions specified in this study, that uptake of cholesterol by isolated 
brush-border membranes involves both the monomer and micellar phases of the bulk lipid and that the 
interaction of the miceiles with membrane does not likely involve a fusion process. 

Introduction 

On the basis of evidence obtained from various 
in vitro experiments it was suggested that the 
absorption of lipids by brush-border membranes 

involves monomers rather than micelles of the 
bulk phase [1-4]. The mechanism of absorption 
however, may vary depending on the lipid com- 
position of the suspension such that micelles could 
be implicated in uptake also [5]. Addition of bile 
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salt [1-4] and other surfactants [61 to the lipid 
bulk phase facilitates absorption, an effect which 
has been explained on the basis of a reduction in 
the effective resistance of the unstirred water layer 
[1-41. 

Recent studies in our laboratory have indicated 
that isolated brush-border membrane preparations 
can readily incorporate phosphoglyceride and neu- 
tral lipids via a process markedly stimulated by 
Ca 2 + [7]. It was also shown [8] that in the absence 
of Ca 2+, but not in its presence the rate of 
cholesterol uptake was sufficiently slow to allow 
its measurement. This rate was greatly influenced 
by the lipid composition of the mixed micelles 
containing the cholesterol. Whereas the presence 
of phosphatidylcholines with long acyl chains de- 
creased the rate of cholesterol uptake, analogous 
lipids containing ethanolamine enhanced this rate. 
The effect of a lipid appeared to depend on its 
ability to increase or decrease cholesterol retention 
in the micellar phase. 

The present study reveals the influence of other 
factors such as bile salts and certain detergents on 
cholesterol uptake. It is also concerned with the 
mechanism of uptake of this sterol. 

Materials and Methods 

[32p]Phosphatidylethanolamine was prepared 
from Escherichia coli cells grown in medium con- 
taining [32p]orthophosphate [9]. [7(n)-3H]Choles - 
terol was purchased from New England Nuclear 
Corp. and diluted to required specific activity. 
Coliform phosphatidylethanolamine, cholesterol, 
oleic acid and monoolein were purchased from 
Sigma Chemicals. These lipids were found to be 
chromatographically pure except monoolein which 
contained a trace amount of free fatty acid. 

Rabbit brush-border membranes were isolated 
from strips of small intestine according to the 
method of Selhub and Rosenberg [10] and sus- 
pended in 10 mM Tris buffer (pH 7.4). The purity 
of the membranes was ascertained by marker en- 
zymes and by electron microscopy as described 
previously [8]. 

[3H]Cholesterol-containing micelles were usu- 
ally prepared by dissolving this labelled sterol in 
chloroform together with oleic acid, monoglyceride 
and other lipid components using concentrations 

specified. The solvent was evaporated by pro- 
longed exposure to a jet of nitrogen and the re- 
sidue was suspended in 10 mM Tris buffer (pH 
7.4), containing taurocholate, other bile salts or 
detergents at concentrations specified in the text. 
The lipids were dispersed by sonication at 250-300 
watts with the large probe of an Ultrasonics soni- 
fier. Sonication was continued until the suspen- 
sions clarified no further. The sols were then 
centrifuged at 107 g.  min in a Beckman ultra- 
centrifuge equipped with a 65 or 70:1 Ti rotor. 
The amount of lipid remaining in the supernatant 
was usually estimated from the radioactivity re- 
covered or by determining the lipid phosphorus 
[11] in cases when phosphoglyceride has also been 
added to the micellar mixture. 

The incubation mixtures usually contained 0.1 
ml of brush-border membrane suspension, corre- 
sponding to 0.2-0.5 mg protein as determined by 
the method of Lowry et al. [13], 0.4 ml of clear 
micellar suspension and 0.5 ml of 10 mM Tris 
buffer (pH 7.4). Except for time studies, incuba- 
tions were for 15-30 rain as indicated. Following 
this period, the suspens!ons were sedimented by 
centrifuging at 38 8000 x g for 30 rain and washed 
once with 10 mM Tris buffer (pH 7.4). When 
turbid suspensions were used (Fig. 6a) the incuba- 
tion mixture was centrifuged over 2.5 volumes of 
10% Ficoll [7,8]. For time studies, zero-time con- 
trols were subtracted from all the values. For other 
studies, blanks without membranes were prepared 
in the same manner and subtracted from the ex- 
perimental values. Unspecific binding due to in- 
ulin space was ~< 2% of the incorporated lipid and 
was considered negligible. The pellets were sus- 
pended in 0.2 ml of water and transferred together 
with a 0.2 ml wash to counting vials containing 
toluene and PCS (Amersham) 1 : 1 v /v .  The sam- 
ples were counted in a Beckman LS 133 spectrom- 
eter using a channels ratio method. 

For one set of experiments micelles were pre- 
pared by first dissolving enough [3H]cholesterol, 
monoolein, oleic acid and taurocholate together in 
ethanol/chloroform (1:1,  v /v)  to prepare aque- 
ous suspensions of the following respective, final 
concentrations; 0.26 mM, 0.3 mM, 0.6 mM and 20 
mM. The solutions were then dried under a stream 
of nitrogen and further dried in vacuo at room 
temperature overnight. The residue was then 
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sonicated in 10 mM Tris buffer (pH 7.4) to give an 
apparently clear sol. The suspension was further 
centrifuged at 107 g .  min and 10 ml of the super- 
natant was saturated with nitrogen and placed in a 
Spectrapore 1000 dialysis tube (Spectrum Medical 
Industries Inc. Los Angeles: pore diameter < 15 ,~, 
M r cutt off 1000) and dialysed against 20 ml of 10 
mM Tris buffer (pH 7.4) saturated with nitrogen. 
The dialysis was continued with agitation for three 
days in an air-tight tube containing nitrogen. At 
this time, the radioactivity outside the dialysis 
tubing increased no further indicating that the 
diffusion process had reached equilibrium. Al- 
though precise values for the size of mono- 
glyceride-fatty acid-cholesterol-charged taurocho- 
late micelles prepared for this experiment are un- 
known, one can deduce from published data that 
pure taurocholate micelles in a buffered medium 
of low ionic strength, such as ours, would have a 
diameter of at least 20-30 A with an aggregate 
number of 3 -4  ( M  r approx. 2000). Adding mono- 
glyceride even in small amounts and other lipids to 
these micelles would tend to increase their size [12] 
such that they would be retained in the dialysis 
tubing. For this same experiment, 10 ml of centri- 
fuged lipid suspension were mixed directly with 20 
ml of buffer in another tube and shaken under 
nitrogen for the same period of time. This solution 
containing both monomers and micelles and the 
other containing monomers only, of the same con- 
centration, were each incubated with membranes 
and the rate of incorporation was measured in 
each case. For this experiment, the dilution due to 
addition of the membranes to the lipid suspen- 
sions was no more than 1.5%. 

Results are all means + S.E. of 4-20 determina- 
tions obtained with membranes from 2 -4  rabbits 
except in the case of Fig. 4 where the values 
represent the average of duplicate determinations 
with membranes from a single rabbit. Except for 
time-course studies the incorporations obtained 
represent rates reported as nmoles per mg protein 
for the standard incubation time of 30 min. In- 
corporations were found to be linear with time up 
to 30 min when lipids were micellized in 
taurocholate. 

R e s u l t s  

A detailed examination of the effect of 
taurocholate and other surfactants on the rate of 
incorporation of cholesterol was made. In the pres- 
ence of 10 mM taurochlolate, this rate was 
markedly stimulated and was characterized by a 
linear incorporation up to approx. 30 min under 
the conditions specified. In the absence of bile salt, 
a slower rate was seen and the increase was not 
linear with time (Fig. 1). The stimulatory effect of 
taurocholate on the rate increased almost linearly 
as the concentration was raised to 20 mM. 
Taurodeoxycholate was as effective as taurocho- 
late at concentrations of up to 5 mM but a much 
decreased incorporation was seen at a concentra- 
tion of 20 mM (Fig. 2a). Glycocholate was only 
mildly stimulatory whereas cholate was almost as 
effective as taurocholate at concentrations above 5 
mM (Fig. 2b). Other detergents such as sodium 
lauryl sulfate and Triton X 100 were very inhibi- 
tory whereas cetyl trimethyl ammonium chloride 
was stimulatory within the narrow concentration 
range of 0.016-0.064 mM and inhibitory at higher 
concentrations (Figs. 3a-c).  

Results illustrated in Fig. 4 indicate the solubi- 
lizing effect of taurocholate and other surfactants 
on the brush-border membranes as could be ascer- 
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Fig .  1. E f f e c t  o f  t a u r o c h o l a t e  o n  the  t i m e - c o u r s e  o f  c h o l e s t e r o l  

i n c o r p o r a t i o n .  T h e  i n c u b a t i o n  m i x t u r e  c o n t a i n e d  in  1.0 ml ,  

brush-border membranes (0.20-0.25 mg protein) 10 mM Tris 
buffer (pH 7.4) and sonicated, optically-clear suspension of 
lipids containing 0.26 mM [3H]cholesterol, 0.6 mM oleic acid 
0.3 mM monoolein and 10 mM taurocholate. The incubations 
were at 37°C. ©, without and O, with taurocholate (TC) 
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Fig. 2. Effect of bile salts on incorporation of [3H]cholesterol. 
(a) Taurocholate, zx; taurodeoxycholate, ©. (b) Glycocholate, 
e ;  cholate, - .  The conditions were as indicated for Fig. 1 
except the bile salt concentration was varied and the time of 
incubation was 30 min at 37°C. The zero-detergent control 
corresponded to an incorporation of 63 + 12 nmol /mg protein. 

tained by the recovery of protein in the washed 
membrane pellets following incubation. Except in 
the case of taurocholate,  the size of  the pellets was 
very visibly diminished at higher surfactant  con- 
centrations.  Taurochola te  appeared  to have the 
mildest membrane-solubilizing effect of the bile 
salts tested and this could at least partly explain 
its apparently greater efficiency in stimulating 
cholesterol uptake. 

The effect of preincubating membranes with 
and without taurocholate followed by incubation 
in the absence of this bile salt is seen in Fig. 5. 
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Fig. 3. Effect of detergents on incorporation of [ 3 H]cholesterol. 
(a) Sodium lauryl sulfate. (b) Triton X-100. (c) Cetyltrimethyl- 
ammonium chloride. The conditions were as stated for Fig. 2. 
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Fig. 4. Solubilizing effect of surfactants on brush-border mem- 
branes. Membranes were incubated with or without detergents 
in the presence of lipids under conditions stated for Figs. 1 and 
2. In the zero-detergent control, 0.62 mg of protein were 
recovered after 30 min out of 0.69 mg added: taurocholate, O; 
Triton X-100, I ;  cetyltrimethylammonium chloride, r,; tauro- 
deoxycholate, ©; glycocholate, A. 

Preincubation with taurocholate did not accelerate 
the incorporation of cholesterol. Infact the initial 
rates of incorporation were slightly higher for 
membranes incubated with buffer alone. 

The effect of increasing chlolesterol concentra- 
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Fig. 5. Effect of preincubating membranes with bile salt. Mem- 
branes (0.15-0.23 mg protein) were incubated for 30 min in 10 
mM Tris buffer (pH 7.4) containing (e) or lacking (O) 20 mM 
taurocholate. After 15 rain, the membranes were isolated by 
centrifugation, washed and then resuspended in the usual buffer 
(0.5 ml) and incubated with lipid suspension lacking bile salt 
such that the final concentrations of cholesterol, oleic acid and 
monoolein were 0.26 mM, 0.6 mM and 0.3 mM, respectively. 
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tion in 20 mM taurocholate on rate of incorpora- 
tion, reported as n m o l / m g  protein in 30 min was 
tested with several types of suspensions. Firstly, 
chloroformic cholesterol solutions were dried with 
a stream of nitrogen such as to form in each case a 
thin film of residue at the bot tom of a beaker. This 
material was then suspended by sonication in vari- 
ous volumes of 20 mM taurocholate to give re- 
quired concentrations of the sterol and centrifuged 
10 min at 3500 × g to remove titanium particles. 
Opalescence, which could not be eliminated by 
further sonication and equilibrium at room tem- 
perature for several hours, was detected in suspen- 
sions with concentrations >/0.1 mM. Incubations 
with such suspensions gave a linear relationship 
between rate and concentrations up to approx. 0.3 
mM cholesterol (Fig. 6a). Secondly, when these 
same suspensions were completely clarified by 
centrifugation at 107 g- min, about 70-80% of the 
suspended material was lost in the pellet. Some- 
what higher rates of incorporation were obtained 
than before centrifugation (Fig. 6b). This must 
mean that some of the larger aggregates (cholesterol 
crystals) responsible for opalescence were reactive. 
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Fig. 6. The effect of [3H]cholesterol concentration on incorpo- 
ration. (A) Suspensions of cholesterol in 20 mM  taurocholate 
were prepared by sonication without centrifugation and in- 
cubated. This solutions were faintly opalescent to turbid as the 
sterol concentration was increased from 0.1 m M  to 0.48 mM. 
(B) The suspensions described in A, were clarified before 
incubation, by centrifugation at 107 g .min .  Approximately 
20% of the sterol was recovered in the supernatant.  (C) Suspen- 
sions were prepared by dissolving the sterol and taurocholate 
together in ethanol. Following solvent evaporation, the residue 
was sonicated in 10 mM  Tris buffer (pH 7.4) to yield the 
required final concentrations of sterol and taurocholate. In- 
cubation conditions were as stated for Fig. 2. 

In a third type of experiment the bile salt and 
cholesterol were dissolved in ethanol/chloroform 
(1 : 1, v /v )  and after evaporation of the solvent in 
vacuo, the residue was dispersed by sonication in 
10 mM Tris buffer to yield a suspension contain- 
ing 0.52 mM cholesterol and 20 mM taurocholate. 
This solution, which appeared to be completely 
clear, was centrifuged 10 min at 3500 × g to sedi- 
ment titanium particles. It was then diluted, to 
yield required concentrations, with 10 mM Tris 
buffer containing 20 mM taurocholate. The rates 
of incorporation are given in Fig. 6c, and these are 
the same as for Fig. 6b and about twice those 
found for the case of turbid solutions (Fig. 6a) 
when the linear part  of the curves are considered. 
A plateau is seen at a taurocholate/cholesterol 
ratio < 130 : 1 where there is no further micelliza- 
tion of sterol possible [12]; however, this plateau 
may simply indicate that the uptake process is 
saturable. 

When taurocholate and cholesterol concentra- 
tions were increased together such that their con- 
centration ratio was kept constant, the rate of 
incorporation of cholesterol increased linearly (Fig. 
7). The results were essentially the same when the  
mixed micelles were prepared by suspending the 
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Fig. 7. The effect of varying [3H]cholesterol and taurocholate 
concentration concurrently. [3H]Cholesterol, oleic acid and 
monoolein in the proportions stated in Fig. 1 were dissolved in 
chloroform and following evaporation of this solvent the re- 
sidue was sonicated in 20 mM taurocholate to yield a slightly 
opalescent suspension which was clarified by centrifugation at 
107 g-min.  The solution was diluted with Tris buffer to yield 
solutions of required [3H]cholesterol and bile salt concentra- 
tion which were used as described for Fig. 2. 
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TIME (MINUTES) Fig. 8. The effect of stirring on incorporation of [ 3H]cholesterol. 
A lipid suspension was prepared as stated in Fig. 1 but without 
taurocholate and centrifuged at 107 g-min. The supernatant 
was then incubated with membranes (0.23 mg of protein) and 
incubated for various times without stirring (e); or with stirring 
at 480 rpm ((3). 

l ip id  mixture  in 20 m M  taurochola te  and di lut ing 
this solut ion to required concent ra t ions  or when 
f ixed amounts  of  l ipids  and taurochola te  were 
mixed  by  dissolving these substances  together,  in 
c h l o r o f o r m / e t h a n o l ,  fol lowed by  evapora t ion  of  
solvent  and  sonica t ion  in different  volumes of 
buffer  to ob ta in  required concentra t ions .  
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Fig. 9. The rate of [3H]cholesterol incorporation from monomer 
solutions (O) and from suspensions containing monomers and 
micelles (o). 0.9 ml of each of these solutions was mixed with 
14 p.l of membrane suspension (0.15-0.20 mg protein) and 
incubated for various times at 37°C. 
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Fig. 10. The rates of incorporation of [3H]cholesterol ((3) and 
[32p]phosphatidylethanolamine (e) from mixed micelles. A 
clarified lipid suspension containing 0.5 mM oleic acid, 0.3 mM 
monoolein, 0.26 mM [3H]cholesterol and 0.26 mM [32P]phos- 
phatidylethanolamine and 7.2 mM taurocholate were incubated 
with brush-border membranes (0.15-0.20 mg protein) for vari- 
ous times at 37°C. 

To test whether  an unst i r red water  layer was an 
impor t an t  diffusion barr ier  for incorpora t ion  of 
cholesterol ,  choles terol -conta ining,  bile salt-free 
micelles were incuba ted  with membranes  in a 
med ium that  was ei ther  uns t i r red  or s t i rred at 480 
r.p.m. Fig. 8 i l lustrates very s imilar  rates of incor-  
pora t ion  under  bo th  condi t ions .  I t  seems therefore  
that  with isola ted membranes  there is no sizeable 
di f fus ion bar r ie r  in the form of an uns t i r red  water  
layer. 

Results  i l lus t ra ted in Fig, 9 indicate  that  the 
ini t ial  rates of cholesterol  incorpora t ion  from solu- 
t ions conta in ing micel lar  and m o n o m e r  forms of 
cholesterol  are much larger than from solut ions 
conta in ing  the m o n o m e r  form of  cholesterol  only,  
bo th  types of solut ions having equal  monome r  
concentra t ions .  

Results  i l lus t ra ted in Fig. 10 indicate  that  the 
rates of incorpora t ion  of  cholesterol  and phos-  
pha t idy l e thano lamine  from mixed micelles con- 
ta ining these l ipids in equimolar  concent ra t ions  
were very different .  

D i s c u s s i o n  

It is known that  the uns t i r red  water  layer bath-  
ing the surface of  the brush-border membranes  in 
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situ is an important diffusion barrier for hydro- 
phobic hpids such as long chain fatty acids and 
cholesterol [1,2,14]. Bile salts are believed to 
facilitate the absorption of these lipids by decreas- 
ing the effective resistance of the unstirred water 
layer [1,2,14]. Recent evidence has indicated how- 
ever that the main diffusion barrier may be the 
glycocalyx extending from the surface of the enter- 
ocyte [15] rather than the unstirred water layer. 
Although it is uncertain how the glycocalyx offers 
resistance to diffusion of highly apolar molecules, 
it may be that this barrier is partly due to un- 
stirred water trapped in the spaces between 
mucoprotein strands [16]. 

That the monomer phase is involved in the 
absorption of lipids is based partly on the observa- 
tion that increasing the bile salt concentration 
while keeping the lipid concentration constant in 
mixed micelles, causes a decrease in absorption 
rate [1,2,17]. This decrease is explained on the 
basis that bile salts retain lipid in the micellar 
phase and decrease the monomer concentration. 
However, irrespective of whether monomers or 
micelles are involved, solubilization of the mem- 
brane by higher concentrations of bile salt is a 
definite possibility as previous [4] and our present 
results indicate and this could at least partly ex- 
plain the observed decrease in absorption rate as 
bile salt to lipid ratios are increased. At low bile 
salt to lipid ratio, a less extensive solubilization 
would be expected because the micelles are more 
nearly saturated with lipid. 

The involvement of the monomer phase is also 
deduced from the fact that increasing the micellar 
concentration while keeping the bile salt/lipid ratio 
constant produces only a small initial increase in 
absorption rate which eventually levels off when 
the maximum monomer concentration, in equi- 
librium with the micelles, is attained [1,2]. How- 
ever, a similar effect on rate of absorption could 
be seen even if micelles are directly involved in the 
uptake process since the inter-mucoprotein space 
of the glycocalyx might be expected to harbor a 
definite volume of micelles which could no longer 
increase with bulk phase concentration. 

Our present results with isolated brush-border 
membranes do definitely indicate that not only the 
monomer phase is involved with uptake of lipids 
but the micellar phase as well. Indeed, when the 

taurocholate to cholesterol ratio was increased in 
mixed micelle suspensions (Fig. 2a), there was an 
increased rate of sterol incorporation. Conse- 
quently monomers could not be the only reacting 
species concerned in uptake. 

The effect of taurocholate did not seem to 
involve the membrane directly. However, our re- 
sults only indicate that preincubation with 20 mM 
taurocholate produced no long lasting changes in 
membrane permeability to cholesterol, of a type 
which could persist after subsequent washing of 
the membranes in buffer. Despite this uncertainty, 
it can be suggested as a most likely explanation 
that the effect of bile salt is to increase the accessi- 
bility of the bulk phase lipid due to micellization 
which decreases the aggregate size. In absence of 
micellizating agents, cholesterol exists in water as a 
monomer of very low concentration, ~< 10 8 M, or 
as relatively large crystals of cholesterol and 
cholesterol monohydrate [18], which are probably 
less reactive. 

That micelles are directly implicated in the up- 
take process is infact deducible from the linear 
increase in incorporation rate with increase in 
micelle concentration that was noticed when the 
bile salt/lipid ratio was kept constant (Fig. 7). 
Finally, another proof of direct micellar involve- 
ment in the uptake consists of the fact that the 
initial rate of absorption of cholesterol from solu- 
tions containing only monomers is much lower 
than from suspensions of equal monomer con- 
centration but also containing micelles. 

Although it could be shown that micelles inter- 
act with brush-border membranes directly, the ab- 
sorption process did not, under the conditions 
specified, involve a fusion with membrane because 
cholesterol and phosphatidylethanolamine, added 
in equal concentrations, to constitute mixed 
micelles, were absorbed at very different rates. It is 
not known, however, whether or not fusion might 
occur with other types of lipid mixtures or when 
Ca 2 + is present in the medium. 

This cation is known to promote fusion of 
membrane [18] and an earlier report [7] indicated 
that it stimulated cholesterol uptake by brush- 
border membranes. In studies, described in the 
literature, involving uptake of lipids by in vitro 
preparations of small intestine, Ca 2+ was invaria- 
bly omitted from the bulk phase assumably be- 



cause it may cause coalescence of the micellized 
lipids. In our present study it was omitted princip- 
ally because it accelerated cholesterol uptake to a 
point that rates could no longer be measured 
under all conditions tested. Unpublished results 
obtained in our laboratory indicated that in the 
presence of this divalent cation a stimulatory ef- 
fect of bile salts on the incorporation of cholesterol 
was also seen but the results obtained in this case 
represented equilibrium values. This means that 
the bile salt can act by increasing the proportion 
of reactive mesomorphs in the bulk phase as was 
mentioned previously and thus alter the partition 
coefficient in favor of the membrane. The en- 
hancement could also be due to a direct effect of 
bile salt on the membrane. 

Deprived of their microvilli contour and proba- 
bly much of their glycocalyx [15], the isolated 
brush-border membrane would be expected to be 
much more accessible to bulk phase lipids of 
monomer and micellar form. In fact our present 
study failed to demonstrate a diffusion barrier of 
the type attributable to an unstirred water layer 
(cf. Fig. 8). The presence in situ of an unstirred 
water layer would not influence the ability of the 
enterocyte membrane to react directly with lipid 
micelles; however, the presence of a glycocalyx 
might well have such an influence. By analogy, one 
could consider the uptake of lipids by coliform 
organisms. This uptake does involve the vesicle 
phase of the lipids and is far greater in strains 
lacking polysaccharide strands protruding from 
the outer membrane [19]. Although the glycocalyx 
could limit access of micelles to the membrane 
there is nevertheless evidence indicating that a 
direct interaction of the micellar phase may occur 
with brush-border membranes in situ depending 
on the lipid composition [5], of the micelles. Our 
results do infact support this conclusion by re- 
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vealing that nothing inherent to the basic structure 
of the brush-border membrane can prevent a di- 
rect interaction with cholesterol of the micellar 
phase. 
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