
Postnatal development of intestinal bile salt 
transport. Relationship to membrane physico- 
chemical changes 

James E. Heubi' and Janette L. Fellows 

Division of Gastroenterology and the General Clinical Research Center, Children's Hospital Research 
Foundation, Department of Pediatrics, University of Cincinnati College of Medicine, Cincinnati, 
OH 45229 

Abstract The postnatal development of intestinal bile salt 
transport in the rat was examined using the villus technique. 
Jejunal uptake of taurocholate was linear with respect to incuba- 
tion concentration at all study ages. Ileal uptake was linear with 
taurocholate concentration during the first 2 postnatal weeks; a 
curvilinear relationship indicating the presence of saturable 
transport appeared during the third week. With the appearance 
of ileal active transport at age 3 weeks, the K,,, (app) was constant 
at 0.49 mM, 0.59 mM, and 0.50 mM in 3-week, 4-week, and 
adult animals, respectively. The V(app) was 14.65 nmol - mg-' 
(dry wt) min-' at 3 weeks and declined with age to 11.40 and 
10.51 nmol mg-' (dry wt) min-' in 4-week and adult animals, 
respectively. The role of physico-chemical changes in the micro- 
villus membrane in the development of ileal active transport was 
examined. With increasing postnatal age, microvillus mem- 
brane cholesterol content rose while the phospholipid content 
remained unchanged in both ileum and jejunum. Correspond- 
ing rises in the cholesterol/phospholipid ratio were observed in 
both sites. Simultaneously, the microvillus membrane fatty acid 
composition was changing from predominantly saturated to 
unsaturated species in both ileum and jejunum. The microvillus 
membrane fluorescence anisotropy (r) increased with postnatal 
age in jejunum when measured at 25OC and 37OC and ileum 
when measured at 25OC; however, no change was noted in ileum 
when measured at 37OC. Ileal active bile salt transport develops 
during the third postnatal week, and is associated with concur- 
rent changes in membrane lipid composition and fluidity when 
measured at 25OC. S Although these studies suggest a possible 
relationship between postnatal changes in membrane fluidity 
and the development of ileal active bile salt transport, the 
absence of fluidity change at 37OC suggests the findings may not 
be physiologically significant. -Heubi, J. E., and J. L. 
Fellows. Postnatal development of intestinal bile salt transport. 
Relationship to membrane physico-chemical changes. J Lipid 
&. 1985. 26 797-805. 

Supplementary key w o r d s  ontogeny taurocholate cholesterol 
phospholipid fluorescence anisotropy membrane fluidity 

With each of the six to nine daily meal-stimulated cycles, 
95-9796 of the secreted bile salts are reabsorbed from the 
gastrointestinal tract (1, 2). Passive diffusion of bile salts 
along the entire length of the small and large intestine and 
an active transport system localized to the terminal ileum 
are responsible for this efficient absorption (3-5). Im- 
mature species including pre-term and term human 
infants have reduced bile salt pools and less efficient intes- 
tinal and hepatic transport of bile salts compared to adults 
(6-11). Previous studies have suggested that in rats, dogs, 
guinea pigs, and man ileal active transport either is 
absent or severely compromised at birth and maturation 
of this transport system transpires at a variable, species- 
dependent rate (11-14). 

The relationship between the membrane physico- 
chemical state and function, specifically relating to 
enzyme and transport systems, has been characterized in 
several organs and species (15-17). However, alterations in 
membrane lipid composition, fluidity, and their relation- 
ships to the perinatal development of enzyme and trans- 
port systems have been examined on only a limited basis 

The present study was designed to examine the devel- 
opment of intestinal bile salt transport in the suckling, 
weanling, and adult rat. We also sought to relate the 
changes in membrane lipid composition and fluorescence 
anisotropy to the development of ileal active bile salt 
transport. The results suggest that ileal active bile salt 
transport develops during the third postnatal week co- 
incident with changes in microvillus membrane lipid 
composition and fluidity. 

(18-21). 

Mature mammalian species including man have a 
highly efficient enterohepatic circulation of bile salts. 

'To whom reprint requests should be addressed at: Clinical Research 
Center, Children's Hospital Research Foundation, Elland and Bethesda 
Avenues, Cincinnati, OH 45229. 
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MATERIALS AND METHODS 

Animals 

Sprague-Dawley rats were obtained from Charles River 
Breeding Laboratories (Wilmington, MA). Animals (aged 
1, 2, or 3 weeks) were obtained from litters of dated preg- 
nant dams delivered in our animal facility or directly 
from Charles River laboratories with a 2-3 day period of 
adaptation before study (4-week and 6-8-week (adults)). 
Animals were maintained in our animal facility with 
diurnal light cycling and allowed to suckle (1-, 2-, 3-week) 
or eat Purina rat chow (4-week and adult) ad libitum and 
water until the time of study. All animals were studied in 
the fed state, weighed, and anesthetized with diethyl ether 
prior to study, 

Intestinal bile salt transport 

The villus incubation technique was used as previously 
described (14). Segments of jejunum and ileum weighing 
5-15 mg were pooled in separate holding baths containing 
Krebs-Ringer bicarbonate buffer, pH 7.4, with 10 mM 
glucose and oxygenated with 95% 02-5% COz. After all 
pieces were excised, they were transferred to individual 
gassed incubation flasks and incubated with Krebs buffer 
with 10 mM glucose containing 0.1, 0.25, 0.5, 1.0, 2.0, or 
3.5 mM sodium taurocholate (Calbiochem, La Jolla, CA; 
purity 96% by manufacturer) and tracer [ 24-'*C]tauro- 
cholic acid (New England Nuclear, Boston, MA; sp act 
52.0 mCi/mmol; 98% pure by manufacturer and by thin- 
layer chormatography in our laboratory). Segments were 
incubated with shaking at 140 cpm for 2 min and the flask 
contents were then poured through a nylon mesh screen 
where the tissue was trapped. The tissue was rinsed, 
placed in a vial containing Krebs buffer, and quick-frozen 
in a dry ice-acetone bath. The vial contents were 
lyophilized overnight. The dried tissue was tapped free of 
freeze-dried salts and weighed. The villi were chipped free 
from the underlying crypt, submucosal, and muscular 
layers. The desiccated villi were dissolved in 1.0 ml of 
Soluene-100 (Packard Instruments, Downers Grove, IL) 
at 6OoC, 0.6 ml 15% w/w ascorbic acid (Eastman Kodak 
Co., Rochester, NY), and 10.0 ml scintillation cocktail 
(Aquassure, New England Nuclear) and radioactivity was 
measured. Previous experiments demonstrated adherent 
extracellular fluid to be negligible following lyophiliza- 
tion; tissue viability persisted for at least 12 min and 
uptake was linear with time from 0 to 135 sec (14). 

Membrane isolation 
Microvillus membrane was prepared by the calcium 

precipitation technique of Schmitz et al. (21) as modified 
by Kessler et al. (22). After the animals were anesthetized 
with diethyl ether, the entire small intestine was removed 
from the ligament of Trietz to the cecum. The gut was 

divided into quarters and the proximal fourth was taken 
for jejunal studies and the distal fourth for ileal studies. 
Membranes were pooled from entire litters from 1-, 2-, 
and 3-week animals and from four animals at 4-weeks 
and adults. The segments were flushed with 0.9% NaCl 
and thereafter scraped and suspended in 50 mM man- 
nitol-2 mM Tris/HCl, pH 7.1. The intestine was ho- 
mogenized for 2 min in a Sorval Omnimixer (Dupont 
Instruments, Newtown, CT). CaC12 was added to a final 
concentration of 10 mM, and after standing 15 min at 
4OC, the homogenate was centrifuged at 7500 g for 15 
min. The resultant pellet was discarded and the super- 
natant was centrifuged at 26,000 g for 40 min. The pellet 
was homogenized at low speed in a Kimas glass-Teflon 
homogenizer in 20 ml of 400 mM mannitol/:! mM 
HEPES/Tris, pH 7.4. The homogenate was centrifuged at 
28,000 g for 30 min and the pellet was resuspended in 1-3 
ml of 5 mM Tris/HCl, pH 8. Microvillus membrane 
purity was verified at all study ages using transmission 
electron microscopy which showed vesicles of various 
shapes and absence of other organelles. Marker enzymes 
were examined in the homogenate and in the purified 
microvillus membranes by methods described below. 
Alkaline phosphatase was enriched 10.5 f 1.6-fold (mean 
* SE) and sucrase, 13.5 * 3.4-fold. In selected prepara- 
tions, lactase enrichment was comparable at all ages (8 to 
12-fold). 

Lipid compositional and fluorescence 
anisotropy studies 

After lipid extraction by the method of Folch, Lees, and 
Sloane Stanley (23), cholesterol was measured by a 
coupled enzymatic assay using a buffer solution contain- 
ing catalase, cholesterol esterase, and cholesterol oxidase 
(Boehringer, Indianapolis, IN) (24), and phospholipid 
was measured as total lipid phosphorus by the method of 
Bartlett (25). Both cholesterol and phospholipid concen- 
trations were divided by tissue protein content (see below) 
and expressed as pmollmg protein. Cholesterol/phospho- 
lipid ratios were expressed as the molar concentration of 
cholesterol divided by phospholipid. Fatty acids were 
measured by gas-liquid chromatography after saponifica- 
tion of lipids in methanolic KOH, extraction, and 
methylation using the method of MacGee and Allen (26). 
The percentage composition of methyl esters was quanti- 
tated using a Hewlett-Packard 5710A gas-liquid chro- 
matograph equipped with a 3380A Integrator (Hewlett- 
Packard, Avondale, PA). Fluorescence anisotropy was 
determined according to the method of Shinitzky and 
Barenholz (27) utilizing the lipid-soluble fluorescent 
probe, 1,6-diphenyl-173,5-hexatriene (Aldrich Chemical 
Co., Milwaukee, WI). Membrane samples were sus- 
pended in 5 mM Tris-HC1 buffer which contained 300 pg 
of protein to minimize probe-probe interaction. All 
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samples were sonicated prior to fluorescence measure- 
ments and the measured anisotropy (r) was calculated, 

groups was performed using Newman-Keuls multiple 
range testing. 

E9. 1) II - 11 (1) 

11 + 211 

where I! and I1 are relative fluorescence intensities 
parallel and perpendicular, respectively, to the direction 
of the excitation beam. Measurements were made at 37.0 
* 0.1OC (S * SD) and 25.0 * 0.2"C (2 * SD) using a 
Perkin-Elmer fluorescence spectrophotometer Model 
650-10s (Perkin Elmer, Norwalk, CT) equipped with a 
polarizing filter. Measurements were made at an excita- 
tion wavelength of 366 nm and an emission wavelength of 
430 nm. 

r =  

Other measurements 

Protein was measured by the method of Lowry et al. 
(28) using bovine serum albumin (Sigma Chemical Co., 
St. Louis, MO) as a standard. Sucrase was measured by 
the method of Dahlqvist (29) using the coupled enzyme 
reaction of peroxidase-glucose oxidase (Sigma Chemical 
Co.) (29). Alkaline phosphatase was measured by esti- 
mating production of p-nitrophenol liberated from p- 
nitrophenol phosphate at 420 nm using a recording 
spectrophotometer over 15 min (30, 31). 

Calculations 

All results are expressed as mean f SD except K, and 
V(app) from the computer analysis described below in 
which derived values are mean * SE. Bile salt uptake (J) 
was calculated using the equation: 

J (nmol - min-' mg dry wt-') 

- cpm : time (min) i dry wt (mg). Eq. 2) 
sp act 

The jejunal apparent monomer permeability coefficient, 
P(app), is characterized by the equation: 

P(app) (nmol min-' mg dry wt-' mM-') = J/C Eq. 3) 

where C equals the taurocholate monomer concentration. 
The apparent maximal transport velocity (V(app), nmol 
min-' - mg dry wt-') and the apparent Michaelis-Menten 

constant (K,(app), mM) was calculated by means of a 
computer program using CLINFO (Division Research 
Resources, National Institutes of Health) that permitted 
a weighted least-squares fit of individual data points (32). 
Because of animal-size limitations, a single kinetic curve 
for each animal could not be constructed and results were 
pooled. Age-related differences in K,(app) and V(app) 
differences were tested for significance using the Z-test 
(33). All other comparisons of measurements between 
different age animals were made using analysis of vari- 
ance (ANOVA). If statistical sigificance was observed, 
further analysis to determine differences between age 

RESULTS 

Intestinal taurocholate uptake 

At each study age, jejunal uptake rates for taurocholate 
were linear with increasing concentration (Fig. 1). A sig- 
nificant increase (P < 0.001) in P(app) was observed with 
increasing age; however, only the P(app) value for adults 
differed significantly from all other ages (P 5 0.05). Ileal 
taurocholate transport was linear with respect to tauro- 
cholate concentration in 1- and 2-week rats, a time when 
ileal and jejunal uptake rates were comparable (Fig. la,b). 
A curvilinear relationship between ileal uptake and tauro- 
cholate concentration appeared at 3 weeks and persisted 
with increasing age. Similar K,(app) values were ob- 
served for 3-week, 4-week, and adult rats; however, a 
significant decline of V(app) was observed from a peak of 
14.65 nmol . min-' mg dry wt-' at 3 weeks to a plateau in 
4-week and adult animals (11.40 and 10.51 nmolamin-' 
- mg dry wt-', respectively) (Table 1). 

Microvillus membrane lipid composition and 
fluorescence anisotropy 

Ileal microvillus membrane cholesterol content in- 
creased with increasing age (Table 2); however, the 
change did not reach statistical significance (P = 0.11). 
Jejunal cholesterol content increased significantly (P 
< 0.001) with age. The cholesterol content of membrane 
from 1-week, 2-week, and 3-week rats was significantly 
lower than that of adults, but no differences were noted 
between content from membranes from 1-week and 
2-week animals and any other study ages. The cholesterol 
content of jejunal microvillus membrane from 2-week-old 
rats was also significantly lower than that of 4-week-old 
rats. Microvillus membrane phospholipid content was 
remarkably constant with age (Table 2). No significant 
changes in phospholipid content with age were observed 
in either ileum or jejunum. The cholesterol/phospholipid 
ratio (C/PL) increased significantly (both P < 0.001) 
with age in both ileum and jejunum. From age 1-week to 
adult there was an approximate twofold increase in C/PL 
in jejunum and ileum. The ileal C/PL was significantly 
higher in 4-week-old rats and adults compared to all 
younger age groups; however, there was no significant 
difference in C/PL between 4-week-old rats and adults. In 
the jejunum, there were no differences in the membrane 
C/PL between 1-week, 2-week, 3-week, and 4-week 
animals; however, adult microvillus membrane C/PL 
differed significantly from 1-week, 2-week, 3-week, and 
4-week animals. 

Microvillus membrane fatty acid composition changed 
with age in both ileum and jejunum (Table 3). Palmitic 
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1 week 
A 

l.O 1 P 

1.0 2.0 3.0 
Taurocholate (mM) 

4 week 
D 
1 

Adult 
E 
1 

1.0 2.0 3.0 

Taurocholate (mM) 

Fig. 1. Age-related changes in intestinal taurocholate uptake. Relation between incubation concentration and 
uptake of taurocholate in jejunum (solid lines) and ileum (dashed lines) from A, 1-week; B, 2-week; C, 3-week; D, 
4-week; and E, adult rats. Values are means * SE and represent 12-18 determinations. Best fit lines depicting ileal 
uptake from 3-week, 4-week, and adult rats were generated using a computer program that permitted a weighted 
least-squares fit of data points (ref. 32). 

(16:0), stearic (18:0), oleic (18:1), linoleic (18:2), and 
arachadonic acids (20:4) predominated in ileum and 
jejunum at all ages. Significant differences between the 
findings in each age group were noted for the proportion 

and 20:4 (P < 0.001) fatty acids in the jejunum and 18:O 
(P < 0.001), 18:l (P < O.OOl), 18:2 (P < O.OOl), and 20:4 
(P = 0.003) in the ileum. There were no obvious shifts 
toward larger proportions of longer or shorter chain 
length fatty acids with age. The proportion of saturated 
fatty acids in microvillus membrane declined significantly 
with increasing age in both ileum (P = 0.001) and 
jejunum (P = 0.008). In the ileum, the saturated to un- 
saturated fatty acid (VU) ratio declined from 1.74 at 

of 18:l (P = 0.006), 18:2 (P < 0.001), 20:3 (P < O.OOl), 

1-week to 0.90 in adults, whereas in the jejunum it 
declined from 1.05 at 1-week to 0.76 in adults. Associated 
with generalized trends toward increased proportions of 
unsaturated fatty acids in ileum with increasing age, sig- 
nificant changes were noted between ileum from l-week- 
old rats compared to 3-week, 4-week, and adults and 
2-week old rats compared to 4-week and adults (Table 3). 
Differences between proportions of unsaturated fatty 
acids in jejunum could only be detected between adult 
and 1- and 2-week-old rats and 4-week-old and 2-week-old 
animals. 

Fluorescence anisotropy (r) measurements at 25OC and 
37OC for ileal and jejunal microvillus membranes are 
shown in Table 4. No significant differences in fluores- 
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TABLE 1. Apparent jejunal permeability coefficients and kinetic characteristics of ileal active transport 

Jejunum Ileum 
Number of 

Age Animals P(aPP) KIn @PP) v @PP) 

nmol min-' mg-' * mu-' mM nmol. min-' - mg-1 

1-Week 18 0.265 f 0.075'<' 0 0 
2-Week 26 0.273 f 0.083"' 0 0 
3-Week 19 0.224 i 0.01P' 0.49 f 0.05" 14.65 f 0.52' 
4-Week 15 0.269 * 0.016"J' 0.59 f 0.06" 11.40 f 0.35" 
Adult 15 0.435 f 0.020 0.50 i 0.05" 10.51 f 0.32" 

Passive permeability coefficients, P(app), measured at concentrations at which taurocholate would be in monomeric 

"P not significant between indicated ages. 

'P < 0.001 compared to ages 4-week and adult. 

states. All values are means f SD. 

5 0.05 compared to adult. 

cence anisotropy were noted in ileum with changing age 
at 37OC; however, fluorescence anisotropy increased sig- 
nificantly (P < 0.001) with increasing age when mea- 
sured at 25OC. Significant differences (P I 0.05) were 
noted between fluorescence anisotropy in microvillus 
membrane from 1- and 2-week-old rats when compared to 
3-week, 4-week, and adult animals. Jejunal anisotropy 
increased significantly (P < 0.001) with age when mea- 
sured at both 25OC and 37OC. A pattern similar to that 
observed in the ileum at 25OC was found in the jejunum 
when measurements were made at both 25°C and 37OC 
(Table 4). At all ages except 4-weeks, ileal microvillus 
membrane fluorescence anisotropy was significantly high- 
er than jejunum when measured at 37OC. Ileal micro- 
villus membrane fluorescence anisotropy was higher than 
jejunal at all ages except 3-weeks (P = 0.087) and 4-weeks 
(P = 0.076) when measured at 25OC. 

Sucrase activity 

Sucrase activity could not be measured in microvillus 
membrane obtained from either the ileum or the jejunum 
of 1-week-old rats. With increasing age, jejunal and ileal 
sucrase activities rose. Jejunal activity increased sig- 

nificantly to age 3-weeks (ileum, 399.7 * 247.5 fimol/g of 
protein.min; jejunum 611.5 * 280.4 pmol/g of protein 
.min) after which no further change was noted. Ileal 
activity similarly increased at age 3-weeks after which no 
change was noted. Although jejunal sucrase tended to be 
higher than ileal, no significant differences were noted at 
any age except 2-weeks (P < 0.05). 

DISCUSSION 

In all mammalian species studied to date, ileal active 
bile salt transport is absent at birth and develops during 
the first postnatal weeks (11-14). The temporal sequence 
of development appears to be species-dependent. In the 
present studies, we have shown that the rat develops ileal 
active taurocholate transport during the third postnatal 
week. When active transport was first observed at 3 
weeks, the Km(app) was comparable to that of older ani- 
mals; however, the V(app) was modestly higher initially 
and declined at older ages. In our previous studies in the 
guinea pig, using the same technique, the Km(app) was 
also constant after development of active transport but the 

TABLE 2. Microvillus membrane lipid composition 

Ileum Jejunum 

CholcsteroY Cholesterol/ 
Age Cholesterol Phospholipid Phospholipid Cholesterol Phospholipid Phospholipid 

1-Week .249 f ,102 (8) ,713 f ,315 (7) ,307 f .113"'(6) ,232 f ,113' (6) ,590 f ,354 (7) ,422 f ,146' (4) 
2-Week ,292 f ,144 (9) ,885 f ,215 (6) .346 f .092"(5) ,201 f .08Pb (10) ,677 f ,213 (6) .328 f ,072' (5) 
3-Week ,326 f ,158 (10) ,802 f ,294 (9) ,452 f .17Pb(8) ,279 f ,089' (11) ,772 f ,276 (9) ,406 f ,102' (9) 
4-Week ,405 f ,073 (6) ,640 f ,270 (4) ,821 f ,374 (4) ,354 f ,054 (6) ,760 f .294 (4) ,519 f .202* (4) 
Adult ,397 f ,081 (6) ,616 f ,259 (7) ,761 f .201 (5) ,468 f ,162 (6) ,618 f ,291 (7) ,939 f ,253 (5) 

Number of determinations in parentheses. Each determination for ages 1-, 2-, and 3-weeks represents pools of animals from one litter, and deter- 
minations for ages 4-weeks and adult represent pools of four animals. All cholesterol and phospholipid results are expressed as pmol/mg protein. 
CholesteroYphospholipid values are molar ratios. AU values are means f SD. 
"P 5 0.05 versus 4-week. 
'P 0.05 versus adult. 
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V(app) rose with increasing age (14). Only a limited num- 
ber of ages (3-week,  4-week, and  adult) were studied in  the 
rat after development of ileal active transport in the pres- 
ent studies; however, additional studies have shown that 
the  V(app) is at a peak during the  third week in  the  rat 
(J. E. Heubi,  unpublished observation), at the  time of 
appearance of active transport. Additional work in our 
laboratories  has shown the development of active trans- 
port in ileal brush  border vesicles during the  third post- 
natal week (Moyer, M. s., et al., submitted for publica- 
tion).  These findings sustain  the concept that  the post- 
natal development of the  transport system in  mammals is 
characterized by an unchanging affinity for taurocholate 
and changes in  the  numbers of binding sites as a function 
of age until  a  plateau is reached in  the  mature  animal. 

The rate of jejunal passive diffusion of taurocholate is 
variable during suckling, weaning, and adulthood. The 
passive permeability coefficient  was similar at all study 
ages except adult. This differs from previous observations 
in  the  guinea pig in which there was a  gradual decline in 
permeability with increasing age, which, by additional 
experiments, was shown to  be of minimal biologic sig- 
nificance (14). Since only modest changes in  permeability 
in  the  rat were observed, these findings suggest that  no 
biologically significant change  in  the  permeability of the 
rat  jejunum  to bile salts occurs with increasing age. These 
data oppose the idea that,  during the phases of develop- 
ment when ileal active transport is absent,  compensatory 
increases in jejunal  permeability may "short circuit" the 
enterohepatic  circulation and lead to improved conserva- 
tion of the bile salt pool. 

The factors that may modulate  the  postnatal develop- 
ment of intestinal  enzyme and  transport systems are 
incompletely understood (34,  35). The relationship be- 
tween physico-chemical changes in  the microvillus mem- 
brane  and the development of either  disaccharidase activ- 
ity or ileal active bile salt transport have not been 
examined. Recent studies have demonstrated develop- 
mental changes in heart  and liver plasma membrane  and 
intestinal microvillus membrane composition and micro- 
viscosity (18, 19, 36). The relationships between these 
perinatal  membrane changes and the expression of 
enzyme  and  transport systems appear less clear. 

Significant postnatal changes in  rat microvillus mem- 
brane lipid composition and fluidity were observed in  the 
present study. With  increasing  postnatal age, the choles- 
terol content rose while the phospholipid content was 
relatively constant  in  both ileum and  jejunum.  Concur- 
rently, the  fatty acid composition changed from pre- 
dominantly  saturated to unsaturated species to  varying 
degrees in  both  ileum and  jejunum.  Membrane fluidity 
(measured  at 25OC) decreased in  both ileum and  jejunum 
with increasing  postnatal age. Although it would  be 
attractive  to propose that  the above changes were all 
developmental, it is not possible to exclude the role that 
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TABLE 4. Microvillus membrane fluorescence anisotropy (r) in ileum and jejunum 

Ileum Jejunum 

Age 25OC 37% 25OC 37% 

1-Week .254 f ,013 (5) ,244 f ,008 (8) ,224 f ,006 (4) .200 + ,011 (8) 
2-Week ,255 f ,007 (6) ,243 * ,008 (8) ,240 * ,010 (6) ,211 * ,011 (8) 
3-Week ,272 * .01Od3' (6) ,240 f ,010 (11) ,263 * .007",' (6) .228 * .010".' (11) 
4-Week .274 * .006** (4) ,240 5 ,012 (6) .266 f .006*' (4) .231 * .007a,6 (6) 
Adult ,276 * .008arb (4) ,241 f ,007 (5) ,256 * .012".' (6) .227 * ,009'' (5) 

AU values are expressed as means * SD. Number of determinations (from pools of animals as described in Tables 

"P 5 0.05 versus 1-week. 
*P 5 0.05 versus 2-week. 

2 and 3) is in parentheses. 

dietary differences between suckled and chow-fed rats 
may play on microvillus membrane lipid composition and 
fluidity (37, 38). 

With increasing postnatal age, the cholesterol/phospho- 
lipid molar ratio increased in both ileum and jejunum. In 
model membranes and biologic membranes, membrane 
fluidity varies inversely with the cholesterol/phospholipid 
molar ratio (17, 39-41). As might be predicted by a rise 
in the cholesterol/phospholipid molar ratio in our studies, 
microvillus membrane fluidity declined with increasing 
age in jejunum (when measured at 25OC and 37OC) and 
ileum (when measured at 25OC). Coincident with the rise 
in the cholesterol/phospholipid molar ratio, the mem- 
brane fatty acid composition changed. In both ileum and 
jejunum, a change from predominantly saturated fatty 
acids during suckling to unsaturated fatty acids during 
weaning and adulthood was observed. Reductions in 
phospholipid and total membrane lipid fatty acid satura- 
tion decrease membrane fluidity in model and biologic 
membranes (42-44). However, the changes in saturation 
indices in rat microvillus membrane during development 
did not appear to counterbalance the rising cholesterol/ 
phospholipid molar ratio which led to decreases in fluidity 
with increasing age in jejunum when examined at both 
temperatures or ileum when examined at 25OC. Addi- 
tional membrane compositional changes with age, in- 
cluding alterations in the protein-to-lipid ratio, may have 
affected fluidity but these measurements were not per- 
formed as a portion of the current studies. 

The explanation for the absence of a fluidity change in 
ileal microvillus membrane at 37'C in spite of changes in 
the cholesterol/phospholipid ratio is unclear. At 37OC, 
depolarizing rotations of diphenylhexatriene may be less 
hindered than at 25OC (45, 46). This hindrance may 
derive from changes that are occurring in the membrane 
associated with phase transition from a liquid crystalline 
phase to a crystalline gel around the thermotropic transi- 
tion of 23-26OC (36, 47). During this transition, lipid 
cluster formation appears to develop with some lipids 
remaining in a fluid state while others are in a more solid 
phase (48). In addition, the lateral compressibility of the 

membrane increases (49). In this circumstance, the effect 
of one lipid species, i.e., cholesterol, may become pre- 
dominant in its effect on fluidity and thereby lead to the 
alterations observed at 25OC which contrast with those at 
37OC. 

Microvillus membrane cholesterol and phospholipid 
content and fluidity in adult rats measured in the present 
study were comparable to findings from previous studies 
(47, 50-53). Postnatal changes in microvillus membrane 
total lipid, cholesterol, phospholipid, fatty acid species, 
and fluidity have previously been examined in the rabbit 
(36, 53). In the rabbit, the cholesterol/phospholipid molar 
ratio increased and fluidity declined with age as was ob- 
served in our studies in the rat. However, whereas choles- 
terol content was unchanged and phospholipid content 
declined in the rabbit, phospholipid content was un- 
changed and cholesterol rose in the rat with increasing 
age. The precise reason for these discrepancies is un- 
known but may be related to species differences; however, 
in both species, microvillus membranes became less fluid 
with increasing age. 

Many enzyme and transport systems in mature species 
appear dependent upon membrane lipid composition and 
fluidity for expression. Our studies suggest that the 
expression of the ileal active bile salt transport "system" 
and its putative receptor may be expected to be altered by 
physico-chemical changes of the bulk phase of the micro- 
villus membrane. This notion may be further cor- 
roborated by studies of ethanol-treated adult rats in which 
increasing membrane fluidity was associated with re- 
duced ileal active taurocholate transport in microvillus 
membrane vesicles (54). However, our studies only allow 
the demonstration of an association rather than a cause- 
and-effect relationship between the development of ileal 
active bile salt transport and alterations in membrane 
fluidity. Caution in interpretation of our results must be 
exercised since the postnatal development of sucrase (an 
extrinsic enzyme) and coincident changes in jejunal 
microvillus membrane fluidity might be interpreted as 
being causally linked (55). In addition, changes in ileal 
microvillus membrane fluidity at 25OC but not 37OC 
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might raise questions regarding the physiologic sig- 
nificance of our  findings. Future studies examining the 
effect of hormones and dietary influences in precocious or 
delayed postnatal development of ileal active bile salt 
transport and coincident changes in membrane fluidity 
may help clarify these relationships. 
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