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Abstract

Both transport function and microvillus membrane physical
properties evolve as the enterocyte matures and migrates up
the crypt-villus axis. We isolated enriched fractions of villus
tip, mid-villus, and crypt enterocytes from which microvillus
membrane vesicles were prepared. Using this material we
characterized the alterations that occur in microvillus mem-
brane fluidity as the rabbit enterocyte matures and correlated
these with kinetic studies of glucose transport. With increasing
maturity the microvillus membrane becomes more rigid due to
both an increase in the cholesterol/phospholipid ratio and al-
terations in individual phospholipid subclasses. Maximal rates
of glucose transport were greatest in microvillus membrane
vesicles prepared from mature cells. However, the glucose
concentration producing half-maximal rates of transport (K.)
was significantly lower in crypt microvillus membrane vesicles,
suggesting that a distinct glucose transporter existed in crypt
enterocytes. This distinction disappeared when differences be-
tween membrane lipid environments were removed. By fluidiz-
ing villus-tip microvillus membrane vesicles, in vitro, to levels
seen in the crypt microvillus membrane, we observed a reduc-
tion in the K. of this transport system. These data suggest that
the kinetic characteristics of the sodium-dependent glucose
transporter are dependent upon its local membrane environ-
ment. (J. Clin. Invest. 1990. 85:1099-1107.) membrane fluid-
ity - nutrient absorption - transport kinetics

Introduction

The intestinal epithelium is a dynamic structure that under-
goes constant regeneration. Over a - 3-d cycle, enterocytes
are formed in the intestinal crypts, migrate up the villus, and
are finally sloughed from the villus tips into the intestinal
stream. Therefore, at any instant in time enterocytes along the
crypt-villus axis represent all stages in the normal, physiologi-
cal development of the enterocyte. Over this spectrum,
marked functional changes are known to exist. Immature en-

terocytes, found in the crypts, are predominantly secretory,
lack disaccharidase enzymes, and have transport systems dif-
ferent from those observed in more mature enterocytes. Fur-

thermore, recent studies in the rat have suggested that the
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microvillus membrane undergoes a maturational process in
terms of its physical properties as the enterocyte migrates up
the villus (1). This membrane was found to be more fluid in
the crypt cell than in mature cells isolated from the villus tips.
Since membrane physical properties can alter the functional
activity of transporters embedded within the membrane, it is
unclear whether the differences in physiological function ob-
served between crypt and villus-tip cells are due to different
protein transporters or whether membrane physical properties
play a role.

The present study was designed to address three key issues.
First, we wished to confirm earlier studies suggesting that the
microvillus membrane becomes more rigid as the enterocyte
matures, and if so by what underlying mechanism. Secondly,
is the reduced ability of the immature enterocyte to absorb
glucose accompanied by a reduction in the rate of glucose
transport across the microvillus membrane? Thirdly, do the
kinetic characteristics of sodium-dependent glucose absorp-
tion change with maturity; i.e., are the glucose transporters
found in crypt microvillus membrane different from those
present in villus-tip cells, and if so are these alterations related
to membrane physical properties?

Methods

All chemicals used in this study were obtained from either Sigma
Chemical Co. (St. Louis, MO) or Fisher Scientific Co. (Pittsburgh, PA)
and were of the highest grade available. [3H]Glucose and ['4C]thymi-
dine were obtained from New England Nuclear (Boston, MA) and
used as supplied. Fluorescent probes were purchased from Molecular
Probes Inc. (Junction City, OR) and also used as supplied.

Statistical analysis was performed using the statistical software
Systat (Evanston, IL). Differences between means were evaluated by
analysis of variance with specific differences tested using the Tukey
analysis as a post hoc test. Curve fitting and parameter estimation for
nonlinear relationships were performed with data weighted in propor-
tion to the inverse of within sample variance. Statistical differences
between parameter estimates were evaluated using recently described
techniques (2).

Cell and membrane isolation. Animals used for these studies were
male New Zealand white rabbits weighing from 500 to 750 g. After

purchase they were observed for at least 1 wk while being allowed free
access to water and food. Any animals appearing ill were excluded
from the study.

Cells from along the crypt-villus axis were isolated using a modifi-
cation of the technique described by Rowling and Sepulveda (3). After
an overnight fast, rabbits were killed with an overdose of pentobarbital
and the small bowel rapidly removed. After gently rinsing with warm
PBS plus 1 mM DTT, 20-cm segments were everted over a glass rod

and filled with citrate buffer (in millimolar) NaCl, 96; sodium citrate,
27; KH2PO4, 5.6; KC1, 1.5 adjusted to a pH of 7.3. Both ends were tied
and the loop placed in a 45-ml tube containing citrate buffer. The

intestine was incubated for 15 min at 37°C while being gently shaken.

After this incubation, the loops were removed and placed in tubes

containing isolation buffer (PBS plus 1.5 mM EDTA and 0.5 mM

DTT) and incubated for timed intervals while undergoing gentle shak-
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ing. In this manner villus-tip cells were first eluted followed by mid-
villus cells. Cells were collected from the buffer by gentle centrifugation
at 300 g. Crypt cells were collected by gently scraping the remaining
mucosa after both villus-tip and mid-villus cells were removed. After
cell isolation, each fraction was pooled and microvillus membrane
vesicles prepared as described by Kessler (4). For vesicle transport
studies, vesicles were always prepared and used immediately. For lipid
analysis, an aliquot of fresh membrane was immediately extracted by
the method of Folch (5), dried under N2, and stored at -70'C in
chloroform. The remainder of the sample was frozen at -70'C and
used for enzymatic assays and determination of membrane fluidity.

Membrane analysis. All measurements were normalized to mem-
brane protein content as determined by the method of Bradford (6).
Sucrase activity was assessed in both the homogenate and microvillus
membrane fraction by the method of Dalquist (7), and the thymidine
kinase activity ofthe homogenate by the method of Klemperer (8). All
lipid determinations were performed on samples extracted from fresh
material. Total cholesterol was determined with an enzymatic method
based on cholesterol oxidase (Boehringer Mannheim, Dorval, Que-
bec). All samples and standards were solubilized using 10% Triton in
ethanol. Total phospholipids were determined by the method of
Rouser (9).

To determine specific phospholipid subclasses, lipid extracts were
spotted onto LK5D TLC plates (Whatman Inc., Clifton, NJ) that had
been precoated with 1.2% boric acid in ethanol/water (1: 1, vol/vol) as
described by Fine (10). Plates were developed with chloroform/metha-
nol/water/ammonium hydroxide (120:75:6:2). The outside lanes of
each plate were spotted with authentic standards and these were
stained with iodine vapor at the end of the run, taking care not to stain
the central, sample-containing lanes. Using these standards for identi-
fication, plates were carefully scored and 40 nmol of pentadecanoic
acid in hexane added to each phospholipid band as an internal stan-
dard. After drying under N2 the spots were aspirated into reaction
tubes with a vacuum aspirator. Fatty acid methyl esters were prepared
from the phospholipids using the method of Lepage and Roy (11).
After extraction and drying under N2 the methyl esters were reconsti-
tuted in hexane and separated by gas-liquid chromatography. Separa-
tion was achieved with a 0.25-mm capillary column (Supelcowax 10;
Supelco, Inc., Bellefonte, PA) using a temperature-programmed run
that clearly separated fatty acid methyl esters over the range of
14:0-26:0. Identification of each methyl ester was established from
known standards and the use of mass-spectroscopy in selected cases.
Using 15:0 as an internal standard, each phospholipid class could be
quantitated by the method of Christie (12), and its fatty acid composi-
tion determined.

Fluidity determinations. Membrane fluidity was assessed using
steady-state fluorescence polarization techniques and a variety of
probes that allowed both the static and dynamic component of mem-
brane fluidity to be estimated. The former was evaluated with the
probe 1,6-diphenyl-1,3,5-hexatriene (DPH).' Since the latter can be
evaluated at several depths within the bilayer, a series of n-(9-anthro-
yloxy)-stearic or palmitic fatty-acid probes were used where n took the
values of 2, 6, 9, 12, and 16. The techniques used for loading mem-
branes with the probes and obtaining the experimental measurements

have been previously described (13, 14). Data are reported as the
steady-state anisotropy parameter. The term lipid fluidity is used to

refer to the relative motional freedom of the lipid molecules in the
bilayer. Using these probe molecules, an increase in fluidity corre-

sponds to a decrease in either the rotational correlation time or the
hindered anisotropy of the probe. For a further description of these
terms and their implications see references 1, 15, or 16.

1. Abbreviations used in this paper: DPH, 1,6-diphenyl-1,3,5-hexa-
triene; Jm', maximal glucose transport rate; Km, half-maximal rates of

transport; PC, phosphatidylcholine; PE, phosphatidylethanolamine;
SPH, sphingomyelin.

Glucose transport. Vesicle uptake of D-glucose was assessed using a
rapid filtration technique. Measurements were obtained over the con-
centration range of 10 ,uM to 8 mM using a 5-s time course. Prelimi-
nary experiments confirmed that uptake rates were linear over the first
8-10 s. Transport was initiated by rapidly mixing 10 1AI of vesicles
suspended in a vesicle buffer containing 250 mM mannitol; 10 mM
Hepes; and 10 mM Tris at pH 7.5 with 50 M1 of reaction buffer con-
taining various concentrations of [3H]glucose, 50 mM mannitol, 20
mM Hepes, and 100 mM NaSCN at pH 7.5. Sodium-independent
rates of glucose transport were measured by replacing NaSCN with
KSCN. Transport was stopped by rapid dilution of the reaction mix-
ture with 5 ml of ice-cold stop solution containing 20 mM Hepes; 100
mM NaCl; and 150 mM mannitol at pH 7.5. The final solution was
rapidly filtered through a 0.45-tLm filter (Millipore/Continental Water
Systems, Bedford, MA), washed three times with stop solution, and
counted in a liquid scintillation counter (Beckman Instruments, Inc.,
Palo Alto, CA). After quench correction the absolute amount of glu-
cose associated with the vesicles was expressed as nanomole/minute
per milligram protein. The data presented represent sodium-depen-
dent glucose transport and were calculated by subtracting rates of
uptake measured in the presence of a potassium gradient from total
uptake. Concurrent with each experiment, vesicle volumes were mea-
sured by allowing vesicles to equilibrate with reaction solution over a
4-h period before filtration. The final size ofthe vesicles varied between
0.8 and 1.0 ,l/mg protein and did not differ between groups.

Sodium transport. Rates of sodium influx were determined in mi-
crovillus membrane vesicles using the method of Rood et al. (17).
Since these measurements were performed to estimate sodium-flux
rates under conditions similar to those present during glucose trans-

port experiments, they were performed in the absence ofa pH gradient
and amiloride. In preliminary experiments to validate this method it
was found that, in our hands, rates of uptake were linear over the first
10 s of incubation. Thus, 30 Ml of vesicles was rapidly mixed with 60 ,ul
of buffer making a final cis sodium concentration of 1 mM labeled
with 1.2 ,Ci of Na22. After 5 s the reaction was stopped by the rapid
addition of ice-cold stop solution, filtered and counted in a liquid
scintillation counter (Beckman Instruments, Inc.). The buffers were

used as described by Rood with the exception that Hepes was substi-
tuted for Mopso since the pH used for these studies was 7.5.

Results

Microvillus membrane characterization. The cell isolation
technique used for these studies was evaluated by two major
methods: histological analysis of the intestine and enzymatic
characterization of the resulting cells and membrane prepara-
tions. Fig. 1 illustrates the removal of various portions of villus

enterocytes by the shaking procedure outlined in Methods. As
shown, shaking released villus enterocytes in a reproducible
and progressive manner. By carefully timing the shaking pro-
cedure, we collected fractions enriched in villus-tip and mid-
villus cells, respectively. The appearance of the bowel after
collection of villus-tip fractions is shown in panel B of Fig. 1,
while panels C and D illustrate the appearance after removal of
the mid-villus fraction. It is clear that after collection of the

villus-tip fraction both crypt and mid-villus enterocytes are

still attached to the villi. After removal of the mid-villus cells
the only enterocytes remaining are in the crypts that appear
intact. These were removed by light scraping with a glass slide.

Enzymatic analysis is presented in Table I. Crypt cells were
rich in activity of thymidine kinase and the activity of this

enzyme rapidly dropped in the other fractions. Conversely, the

activity of sucrase increased in the latter fractions confirming
that these were more mature cells. As illustrated in Table I,
sucrase activity was equally purified in microvillus membrane
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Figure 1. Cell isolation. A is a representative section taken from the jejunum before cell isolation. Clearly seen are intact enterocytes along the
entire crypt-villus axis. B is a typical section taken at the conclusion of the shaking procedure used to collect villus-tip cells. As shown, only
cells from the upper third of the villus have been removed. C and D are representative of the remaining intestine after removal of the mid-villus
fraction. It can be clearly seen that the crypts remain intact after this isolation. They are subsequently removed by gentle scraping.

prepared from all three cell fractions despite the low activity of
this enzyme in the crypt cell-enriched fractions. Although the
apparent purification of crypt microvillus membrane was
greater than the other fractions, this was not a statistically

Table L Enzymatic Characterization ofCell Isolates

Sucrase

Membrane Homogenate MVM MVM Thymidine
source activity activity homogenate kinase

pimol/min
U/mg protein U/mg protein -fold per mg protein

Crypt 0.005±0.001* 0.2±0. 1* 38.3±8.6 11.8±1.2*
Mid-villus 0.058±0.004 1.6±0.1 27.4±2.3 5.4±0.1

Villus-tip 0.067±0.003 1.6±0.1 23.8±1.7 3.9±2.1

Values represent the mean±SEM for seven preparations from each
membrane source. Thymidine kinase activity was assessed within ho-
mogenates rather than the final membrane pellet. The concentration
of sucrase activity was calculated from the specific activity of this en-

zyme in both the homogenates and final pellet. MVM, microvillus
membrane.
* P < 0.001 vs. both mid-villus and villus tip.

significant difference. Significant contamination with basola-
teral membrane was excluded by the absence of detectable
Na'-K+-ATPase activity in these membranes (data not
shown).

Microvillus membrane physical properties. Using steady-
state fluorescence polarization techniques, two components of
membrane fluidity can be resolved. The static component of
membrane fluidity can be assessed by probes such as DPH,
while the dynamic component can be assessed with probes that
undergo primarily rotational movements within the bilayer
such as the anthroyloxy-labeled fatty acids ( 18). Inasmuch as

the latter probes can have the fluorescent anthroyloxy group
linked to any carbon of the base fatty acid, this property ofthe
membrane can be evaluated as a function of depth within the

bilayer ( 19, 20).,
Table II presents data obtained with the probe DPH. Mi-

crovillus membrane obtained from crypt cells appeared signifi-
cantly more fluid than that found in either villus-tip or mid-
villus cells. This is evident in both the anisotropy parameters
and the calculated order parameter of the membrane. An al-
ternative explanation for these data would be that the fluores-
cent lifetime ofDPH increased in crypt microvillus membrane
and produced the observed reduction in anisotropy parame-
ters. However, fluorescent lifetime is proportional to fluores-
cent yield and, therefore, the decrease in total fluorescence
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Table II. Static Component ofMembrane Fluidity

Limiting
Anisotropy Total hindered

Membrane source parameter (r,) fluorescence anisotropy (r,,) Order parameter (S)

Crypt 0.225±0.005** 8.2±0.4§ 0.200+0.007*t 0.743±0.012**
Mid-villus 0.244±0.001* 9.2±0.3 0.226±0.001* 0.789±0.001
Villus tip 0.238±0.001 9.9±0.3 0.217±0.001 0.775±0.002

Values represent the mean±SEM for at least four determinations on seven membrane isolates for each group. Total fluorescence is reported in
arbitrary fluorescence units for a constant amount of both membrane lipid and DPH. The calculation of both the limiting hindered anisotropy
and the order parameter were performed according to methods outlined in reference 16. * P < 0.001 vs. mid-villus, *P < 0.05 vs. villus tip,
oP < 0.001 vs. villus tip.

observed in crypt microvillus membrane is strong evidence
against an increase in fluorescent lifetime.

The dynamic component of fluidity was evaluated at five
different depths in the microvillus membrane and the results
illustrated in Fig. 2. It is apparent that in each membrane
preparation the superficial regions of the bilayer (n = 2-6)
allowed less rotational freedom than the core, an observation
previously reported (1, 13, 14, 21). However, distinct differ-
ences were observed between membrane isolates. Crypt mi-
crovillus membrane was consistently more fluid than either
villus-tip or mid-villus microvillus membrane at all levels
within the bilayer. Physical properties reported with these
probes, however, were identical in villus-tip and mid-villus
microvillus membrane.

Microvillus membrane lipid composition. Table III tabu-
lates the basic lipid composition of the membranes isolated.
Microvillus membrane obtained from crypt cells had more
phospholipid per milligram of membrane protein resulting in
a significantly reduced cholesterol/phospholipid ratio for these
membranes. Furthermore, significant differences were noted
in the phospholipid subclasses that formed these membranes.
As the enterocyte matured and moved along the crypt-villus
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Figure 2. Dynamic component of membrane fluidity. Each point
represents the mean of four determinations on each of seven mem-
brane isolates for each source of membrane. The standard errors as-
sociated with each measurement are smaller than the point used to
represent the mean. The vertical axis reflects the steady-state anisot-
ropy parameter obtained using five different probes of the n-9-
anthroyloxy)-stearic or palmitic acid series. The numbers on the hor-
izontal axis denote the value of n for each probe. Thus, for n = 2 and
6, superficial regions of the bilayer are being examined while for n
= 16, physical properties of the core are being probed. For each and
every value of n, anisotropy values obtained in crypt microvillus
membrane were significantly different from those in mid-villus or
villus-tip microvillus membrane.

axis, there was an increase in the relative amount of phospha-
tidylethanolamine (PE) and a fall in sphingomyelin (SPH).
The relative amounts of the other phospholipid classes re-
mained approximately constant. The net result of these alter-
ations was a significant increase in the PE/phosphatidylcholine
(PC) ratio and a decrease in SPH/PC with increasing entero-
cyte maturity. Small but significant differences were also noted
in the fatty-acid composition of microvillus membrane phos-
pholipids along the crypt-villus axis (data not shown).

Glucose transport. Rates of. glucose transport across the
microvillus membrane isolated from each cell fraction are
presented in Fig. 3. These data have been corrected for those
observed in the absence of a sodium gradient as described in
Methods. It is apparent that rates of glucose absorption were
much higher in vesicles obtained from either villus-tip or mid-
villus than crypt enterocytes. To evaluate the underlying ki-

Table III. Lipid Composition

Membrane source

Parameter Crypt Mid-villus Villus tip

Cholesterol

(nmol/mg protein) 517±62 610±16 598±31
Total phospholipid

(nmol/mg protein) 905±65* 754±22 757±23
Cholesterol/phospholipid

(mol/mol) 0.59±0.05* 0.86±0.03 0.80±0.02
Lipid/protein (nmol/mg) 1.42±0.2 1.34±0.04 1.35±0.05
Phospholipid species (wt%)

PI 12.4±2.6 11.8±1.3 9.0±1.1
PS 11.0±1.5 10.7±1.5 10.9±0.7
SPH 16.6±1.4* 8.9±0.9 9.5±0.6
PC 31.5±1.3 31.4±1.0 28.8±1.1
PE 28.6±3.6* 37.2±1.5 41.8±0.9
LPC <1 <1 <1
PE/PC (wt/wt) 0.91±0.10* 1.18±0.09 1.45±0.09

SPH/PC (wt/wt) 0.53±0.12* 0.24±0.03 0.23±0.02

Values represent the mean±SEM for determinations performed in
triplicate on seven separate membrane isolates for each source of
membrane. Abbreviations for phospholipid fractions are as follows;
PI, phosphatidylinositol; PS, phosphatidylserine; SPH, sphingomye-
lin; PC, phosphatidylcholine; PE, phosphatidylethanolamine; LPC,
lysophosphatidylcholine.
* P < 0.01 vs. both mid-villus and villus tip.
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Figure 3. Glucose transport rates. Each data point represents the

mean±SEM obtained in five membrane isolates from each region

along the crypt-villus axis. In each isolate determinations were per-
formed in quadruplicate for each concentration. The data shown
represent the rate of glucose transport obtained in the presence of a

100-mM inwardly directed sodium gradient minus that obtained
with an inwardly directed 100 mM potassium gradient. The vertical

axis illustrates the rate of glucose transport, J, while the horizontal
axis denotes the concentration at which the measurement was ob-
tained. It is clear that crypt microvillus membrane is far less efficient
at transporting glucose than either villus-tip or mid-villus microvillus
membrane.

netic mechanisms for this difference these data were analyzed
as described. In no case was it statistically necessary to postu-
late two kinetically distinct pathways to adequately fit these
data. The resultant parameter estimates are presented in Table
IV with the 95% confidence intervals for each parameter. As

illustrated, microvillus membrane isolated from crypt entero-
cytes had a significantly lower maximal rate of glucose trans-

port than found in microvillus membrane from either mid-
villus or villus-tip cells. The half-maximal rates of transport

(Km) for the transport system in the mature enterocyte was on
the order of200 MM. Surprisingly though, the Km for the trans-

port system in crypt microvillus membrane was almost two-

fold lower, 114 MM, a significant difference. Therefore, from a

kinetic perspective, this may represent a different transporter.
To evaluate whether these differences in transport kinetics

were related to the differences in membrane physical proper-

ties that we observed, an attempt was made to normalize these
differences. In separate experiments using graded concentra-

tions of benzyl alcohol, a recognized membrane fluidizer, we
established that 50 mM benzyl alcohol would increase the

fluidity of villus-tip microvillus membrane, as assessed by
DPH, to values observed in crypt microvillus membrane.
Therefore, microvillus membrane was isolated from villus-tip
enterocytes, after which the preparation was split into two
aliquots. The first was incubated in 50 mM methyl alcohol, to

serve as an osmotic control, and the second in 50 mM benzyl
alcohol for 15 min before studying glucose transport.

Rates of glucose transport using these modified villus-tip
microvillus membrane preparations are presented in Fig. 4,
with the corresponding kinetic analysis presented in Table V.
This table also includes the observed steady-state anisotropy
measurements obtained using DPH as a probe. A dramatic
reduction in rates of glucose transport was observed in the
fluidized villus-tip microvillus membrane (Fig. 4). Maximal
rates of glucose transport fell by a factor of 4, becoming indis-
tinguishable from values observed in native crypt microvillus
membrane. Furthermore, the Km for the transport process also
decreased significantly from 198.3 to 104 MuM. Kinetically,
these vesicles appeared to be crypt microvillus membrane, and
as illustrated in Table V, the microenvironment assessed by
DPH was also cryptlike. The addition of methyl alcohol did
not significantly alter either the physical properties or kinetic
parameters of the vesicles.

These data raised several important questions to us. Firstly,
the observed reduction in Km associated with increasing fluid-
ity was intriguing in view ofobservations reported by Wright et
al. (22). These authors recently reported that the Km of the
transporter is sensitive to the cis sodium concentration, being
on the order of 200 MM when the cis sodium was 25 mM and
as this concentration was increased to 100 mM the Km fell to
- 100 uM. The interpretation offered by these authors was

that initial binding of sodium to the transporter initiated a

conformational change in the transporter that increased its
affinity for glucose. Our values for the Km in crypt vesicles are

similar to these but in the more mature enterocytes the Km
remained close to 200 MM, despite the presence of a 100-mM
cis-sodium gradient. This might suggest that two transporters
are present or, alternatively, that the conformational change
induced by sodium binding can only occur in a membrane
possessing a certain minimal fluidity. Under this interpreta-
tion we would suggest that mid-villus and villus-tip microvillus
membrane is too rigid to allow this change but that it occurred
in the crypt vesicles. To test this hypothesis we analyzed the
kinetics of glucose transport in crypt vesicles over the same

Table IV. Kinetic Parameters Describing Glucose Transport

JIM" K.

95% Confidence 95% Confidence
Location Estimate intervals Estimate intervals

nmol/min per mg protein A

Crypt 7.68*t 6.13, 9.23 114.3*t 75.3, 153.3

Mid-villus 40.03 33.92, 46.14 242.4 180.6, 304.2

Villus tip 47.75 42.38, 53.11 200.4 157.8, 242.9

Values represent the best parameter estimate and its associated 95%
confidence interval for the experiment illustrated in Fig. 3. Data

were obtained from nonlinear regression analysis as described.
* P < 0.0001 vs. mid-villus, tP < 0.001 vs. villus tip.
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Figure 4. Effect of
membrane fluidization
on glucose transport
rates. The data shown
were obtained from
four membrane isolates
different than those
used in Fig. 3. As dis-

10 cussed in the text,
villus-tip microvillus

membrane was isolated and allowed to incubate with either 50 mM

benzyl alcohol (fluidizer) or methyl alcohol (osmotic control). Other-

wise the format of the figure is identical to that of Fig. 3. Fluidized
vesicles are illustrated in filled circles while the controls are shown in

open circles. It is clear that the addition of benzyl alcohol had a pro-
found effect on rates of glucose transport, an observation that is dis-
cussed more completely in the text.
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Table V. Kinetic Parameters Describing Glucose Transport in Modified Villus- Tip Microvillus Membrane

jmax K.

95% Confidence 95% Confidence Anisotropy Order parameter
Sample Estimate intervals Estimate intervals parameter (rj) (S)

nmol/min per mg protein JAM

Methyl alcohol 42.0 38.7, 45.2 198.3 162.9, 233.6 0.240±0.001 0.780±0.002

Benzyl alcohol 8.8* 7.1, 10.5 104.2$ 60.5, 147.8 0.220±0.001* 0.731±0.001*

Hexanol 34.3* 31.3, 37.3 135.2 84.3, 186.1 0.223±0.001* 0.738±0.002*

Values represent the mean±SEM or 95% confidence intervals for the experiments illustrated in Fig. 4. * P < 0.0001 vs. methyl alcohol,

*P < 0.05 vs. methyl alcohol.

glucose concentration range but with a cis sodium concentra-

tion of 25 mM. In three separate crypt-cell preparations the Km
for this transport system under these conditions was
223.6±23.3. These data support the conclusion that the con-
formational change induced by sodium can only be expressed
in relatively fluid microvillus membrane.

Secondly, the observed reduction in maximal glucose
transport rate (JmaX) associated with membrane fluidization
was dramatic and we were concerned that this might represent
an effect of benzyl alcohol unrelated to increasing membrane
fluidity. We proceeded to investigate this by fluidizing villus-
tip vesicles with another alcohol, hexanol. Using DPH as a
marker, similar degrees of fluidization could be obtained by
incubating vesicles with 15 mM hexanol for 15 min. The ki-
netic parameters for glucose transport in five separate mem-
brane preparations treated in this manner are also reported in
Table V. The cis sodium concentration for these experiments
was fixed at 100 mM. Despite a similar increase in fluidity,
measured with DPH, the reduction in jmax was significant but
not of the same order of magnitude as seen with 50 mM benzyl
alcohol. Two possible explanations occurred to us. First, the
pattern of increasing fluidity induced by hexanol might be
different from that of benzyl alcohol, thereby having a differ-
ent effect on the transporter. In order to address this concern
we carefully analyzed the fluidity properties of villus-tip mi-
crovillus membrane treated with either methanol, hexanol, or
benzyl alcohol. These data are presented in Table VI and rep-
resent five separate villus-tip microvillus membrane prepara-
tions prepared and incubated in the alcohols shown. Of im-

portance is the observation that hexanol made villus-tip mi-
crovillus membrane even more fluid than did benzyl alcohol
no matter which probe was used for the comparison. There-
fore, the differential reduction in Jmax induced by hexanol and
benzyl alcohol could not be explained by a more significant
fluidization of these membranes with benzyl alcohol.

The other possibility was that the dramatic effect of benzyl
alcohol on rates of glucose transport was not entirely due to its
effect on the glucose transporter. A similar result would have
been anticipated if benzyl alcohol increased sodium perme-
ability of the vesicles and thereby collapsed the sodium gra-
dient across the microvillus membrane. In order to examine
this possibility, villus-tip vesicles were prepared as described
but incubated in either methanol, hexanol, or benzyl alcohol
before measuring Na+ permeability. Inside and outside pH was

fixed at 7.5. A final cis sodium concentration of 1 mM was

employed with 1.2 ,uCi of Na22 added to the buffer in the

absence of glucose. Inasmuch as amiloride was not used in the
glucose transport assays, this was not included for these exper-
iments. In preliminary time courses (data not shown) it was
demonstrated that a 5-s incubation was within the linear por-
tion of the assay and, therefore, this incubation time was used
for subsequent experiments. Rates of sodium movement into
villus-tip vesicles, under these conditions, are shown in Table
VII. It is apparent that no differences were observed between
control vesicles or those treated with either methanol or hex-

anol. However, villus-tip microvillus membrane vesicles
treated with benzyl alcohol had significantly increased rates of

sodium entry into the vesicle.

Table VI. Fluidity of Villus-Tip Microvillus Membrane in the Presence ofDifferent Alcohols

Anisotropy parameter

Probe None Methanol Benzyl Hexanol

2-AS 0.176±0.002 0.182±0.002 0.171±0.001 0.164±0.002

6-AS 0.172±0.002 0.180±0.002 0.173±0.001 0.163±0.001

9-AS 0.165±0.001 0.167±0.002 0.155±0.001 0.148±0.001

12-AS 0.137±0.001 0.140±0.001 0.126±0.001 0.117±0.001

16-AP 0.083±0.001 0.084±0.001 0.080±0.001 0.072±0.001

DPH 0.246±0.005 0.247±0.002 0.229±0.001 0.224±0.001

Data represent the steady-state anisotropy parameter for the probes listed obtained in four separate membrane preparations incubated with the

alcohol listed. The concentrations for each alcohol (in millimolar) were methanol, 50; benzyl, 50; and hexanol, 15. Each value obtained for the

hexanol-treated membranes was significantly lower than that observed in either the control or benzyl-treated group. No differences in fluores-

cent lifetime were observed.
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Table VII. Sodium-Flux Rates in Fluidized Villus-Tip Vesicles

Fluidizer JN.

nmol/min per mg protein

None 3.9±2.4

Methyl alcohol (50) 4.2±2.1

Hexanol (15) 3.8±2.7

Benzyl alcohol (50) 21.5±3.5*

The concentration of each fluidizer, in millimolar, is given in paren-
theses.
* P = 0.002 vs. control or methyl alcohol-treated vesicles.

Discussion

The enterocyte lives a relatively short life. After inception in
the crypt it is pushed up onto the villus by pressure from newly
formed crypt enterocytes and in 3-4 d reaches the tip of the
villus where it is subsequently sloughed into the intestinal
stream. Despite its short life span the enterocyte becomes a
polarized cell with a tremendous array of transport and meta-
bolic systems. It has recently become clear that many of these
processes are differentially expressed along the crypt-villus
axis, presumably related to cell maturity. The present study
confirms these observations for microvillus membrane glucose
transport, lipid composition, and membrane physical proper-
ties in the rabbit.

Microvillus membrane isolated from crypt enterocytes was
far more fluid than microvillus membrane isolated from either
mid-villus or villus-tip cells in terms of both the static and
dynamic component of membrane fluidity. Furthermore, for
the latter these differences persisted at all depths within the
bilayer from the superficial regions to the core. When using
steady-state techniques to measure membrane fluidity, it is
important to appreciate that the fluorescent lifetime of the
probe contributes to the experimentally measured anisotropy
parameters. Therefore, it is conceivable that what appears to
be an increase in membrane fluidity is in reality only a pro-
longed fluorescent lifetime of the probe. However, since total
fluorescence of the sample is directly proportional to fluores-
cent lifetime, this parameter should increase if lifetime in-
creases. In this study we have demonstrated that crypt micro-
villus membrane appeared to be not only more fluid than
villus-tip and mid-villus membranes but total fluorescence was
decreased, making it difficult to implicate a change in fluores-
cent lifetime to account for this difference. Therefore, we con-

clude that the crypt microvillus membrane environments
sampled by the probes used in this study are radically different
from those encountered in more mature enterocytes. Similar
findings were recently reported by Brasitus and Dudeja in the
rat (1) where direct measurements of fluorescent lifetimes were
made. These investigators found that the microvillus mem-
brane was more fluid in crypt cells and, furthermore, that
fluorescent lifetimes of the probes actually decreased in these
immature membranes. This is entirely consistent with our
finding of decreased total fluorescence in crypt membranes
and would suggest that we have in fact underestimated the
difference between crypt and villus-tip microvillus membrane.
As the rat enterocyte matured, the cholesterol/phospholipid
ratio, saturated fatty acids, and the protein/lipid ratio all in-

creased in the study reported by Brasitus (1). All of these ob-
servations helped to explain the reduction in microvillus
membrane fluidity associated with maturation of the rat en-
terocyte. Similar findings were observed in our study. How-
ever, in the rabbit we observed an increase in the relative
amount of PE, a change also associated with reductions in
membrane fluidity (23). Curiously, we were unable to confirm
an increase in phospholipid acyl saturation with increasing
maturity in the rabbit. In fact, for virtually all phospholipid
subclasses we found the opposite. With increasing maturity of
the microvillus membrane the relative weight percentage of
saturated fatty acids fell and they were replaced by polyunsatu-
rated fatty-acyl chains, the monounsaturated fraction remain-
ing relatively constant. We also observed a significant decrease
in SPH content with increasing maturity, a change that would
predispose to a more fluid, not more rigid, membrane with
increasing maturity. However, it is apparent that this alter-
ation was more than compensated for by the increase in cho-
lesterol/phospholipid ratio and PE/PC ratio. A similar trend
was documented in the rat (1) but the differences were not
significant.

It has been recognized that the intestinal crypts do not
contribute significantly to the transport of a variety of nu-
trients. Whether this is related to a lack of transporters, de-
creased transporter function, lack of metabolizing enzymes, or
even the inability of nutrients to diffuse into the crypt region is
unclear. To our knowledge no other kinetic studies of glucose
transport have been previously reported in microvillus mem-
brane vesicles isolated from along the crypt-villus axis. A re-
cent study by Knickelbein (24) examined electrolyte exchange
across similar vesicles. In this report a brief mention is made
suggesting that sodium-dependent glucose transport was re-
duced in crypt microvillus membrane, but without kinetic
studies no attempt was made to speculate on the mechanism.
Using piglets suffering from gastroenteritis, Keljo et al. (25)
reported hypertrophy of crypt cells. Vesicles prepared from
this crypt-enriched material demonstrated a reduction in the
rate of glucose transport. From kinetic studies the authors
concluded that vesicles from crypt-enriched fractions had only
a low affinity transporter and that vesicles from controls (villus
plus crypt cells) had both a high and low affinity transport
system.

Our data do not entirely support these observations. Like
Keljo et al. (25) we found glucose transport to be markedly
depressed in crypt microvillus membrane vesicles. However,
in no fraction was there convincing kinetic evidence for a dual
transport system. Kinetic analysis of our data revealed that
both mid-villus and villus-tip microvillus membrane had a
single sodium-dependent glucose transporter with an affinity
for glucose of - 200 piM. Microvillus membrane isolated from
crypt cells had a much lower Jrax, but this transport system
had an affinity for glucose almost twice that found in the more
mature enterocytes. One possible interpretation is that imma-
ture cells have one form of the sodium-dependent glucose
transporter (high affinity, low capacity) and as the cell matures
a second transporter, the adult form (low affinity, high capac-
ity), becomes evident and takes over. However, if this explana-
tion is correct our data would suggest that by the time the
enterocyte reaches the lower region of the villus, the immature,
high affinity transporter is completely replaced by the adult

transporter since we do not find evidence for two transporters
in the mid-villus fraction. Although appealing, it seems un-
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likely that an intermediate condition would not exist and that
the emergence of the adult form of the transporter was com-
plete in such a rapid time.

A second interpretation was suggested by the observation
that the difference in transporter affinity correlated so well
with the alteration in membrane physical properties. Both the
mid-villus and villus-tip microvillus membrane were signifi-
cantly less fluid than crypt microvillus membrane and ex-
pressed a- glucose transporter with a lower affinity for glucose
than found in more fluid microvillus membrane. It is conceiv-
able that the same glucose transporter exists in all three mem-
brane fractions but expresses itself differently in different lipid
environments. This question was addressed by preparing
villus-tip microvillus membrane and artificially fluidizing it to
levels seen in the crypt microvillus membrane. When glucose
transport rates were determined in fluidized preparations, they
uniformly decreased. Kinetic analysis revealed reductions in
Jmax, and an increase in the affinity of the transport system to
levels indistinguishable from those found in native crypt mi-
crovillus membrane. This provided support for the latter in-
terpretation and is not without precedent. Recent work has
suggested that the sodium-dependent glucose transport system
may be modulated by alterations in the lipid fluidity of the
membrane they are embedded in. By inducing reversible renal
ischemia Molitoris and Kinne (26) have shown alterations in
the microvillus membrane ofthe proximal tubule that result in
a more fluid lipid environment than controls. While rates of
alanine transport were unaffected, fluidization of the vesicle
membrane was associated with a dramatic reduction in maxi-
mal rates of sodium-dependent glucose transport. Further-
more, the activity of the sodium-independent glucose trans-

porter from both the adipocyte and fibroblast have been
shown to be amenable to alterations in the membrane lipid
environment (27-29).

However, the relationship between membrane fluidity and
sodium-dependent glucose transport is still problematical.
Fluidizing microvillus membrane vesicles had two major ef-
fects on the sodium-dependent glucose transport system.
Firstly, it allowed for an efficient conformational change in the
protein induced by sodium binding. In the presence of a cis
sodium concentration of 100 mM, relatively rigid villus-tip
vesicles have a Km close to 200 AM while relatively fluid crypt
vesicles have a Km closer to 100 MM. Fluidizing villus-tip vesi-
cles with benzyl alcohol increases the affinity ofthe transporter
to values indistinguishable from those observed in native crypt
microvillus membrane. Recent work by Wright et al. (22) has

suggested that the binding ofsodium induces a conformational

change in the transporter that increases its affinity for glucose.
By reducing the cis sodium concentration to 25 mM we were

able to demonstrate that the Km for the transporter in crypt
microvillus membrane increased to values close to 200 MM,
similar to those found by Wright (22) and in our villus-tip
vesicles. This would suggest that the postulated conforma-
tional change associated with sodium binding can only take
place if the surrounding membrane has a certain minimal flu-
idity. This level of fluidity seemed to be present in crypt mi-
crovillus membrane and fluidized villus-tip vesicles but not in
native, rigid villus-tip microvillus membrane. Thus, it appears
that the first and foremost effect of fluidizing microvillus
membrane is to allow an efficient conformational change of
the glucose transporter upon sodium binding.

The second effect of fluidization was to reduce maximal

rates of glucose transport. However, the magnitude of this
effect was dramatically different for the two membrane fluid-
izers, hexanol and benzyl alcohol. These differences could not
be explained by differences in membrane fluidity induced by
these two alcohols. Hexanol, at concentrations used in this
study, fluidized microvillus membrane even more efficiently
than benzyl alcohol. While hexanol significantly decreased
maximal rates of glucose transport these reductions did not
approach the magnitude of those seen with benzyl alcohol.
Thus, a second explanation for the dramatic effect of benzyl
alcohol was looked for.

It is technically difficult to examine rates ofsodium perme-
ation across the microvillus membrane under the conditions
used to measure glucose transport (a 100-mM cis sodium con-
centration), and therefore, sodium movement into villus-tip
vesicles was examined at a cis sodium concentration of 1
mM. Under these conditions it was apparent that benzyl alco-
hol, in the concentrations employed to fluidize villus-tip vesi-
cles, induced a significantly greater rate of sodium flux into
microvillus membrane vesicles than did hexanol. Thus, the
use of benzyl alcohol to fluidize membranes in this study, and
possibly in others, overestimated the effect ofmembrane fluid-
ization on rates of sodium-dependent glucose transport as it
increased sodium flux by other mechanisms. The nature of
this mechanism is interesting since hexanol, which had a
greater effect on membrane fluidity, did not alter rates of so-
dium flux. However, despite these observations, fluidizing
villus-tip microvillus membrane with hexanol significantly re-
duced the maximal rate ofglucose transport without a measur-
able effect upon either sodium permeability or vesicular size.

In summary, we have confirmed the observations of Bra-
situs and Dudeja (1), made in the rat, that the microvillus
membrane undergoes a process of maturation in terms of its
physical properties with migration of the enterocyte up the
crypt-villus axis. Furthermore, we have identified the under-
lying alterations in lipid composition that accompany this
change and presumably account for it. Moreover, we have
characterized sodium-dependent glucose transport into these
vesicles in kinetic terms and established that not only is glu-
cose transport inefficient in the crypts of intact animals but
that this observation also holds true for movement across the
microvillus membrane. Therefore, at least part of the reason
that glucose is poorly absorbed in the crypt region may be
ascribed to the lack of functional transporters in crypt micro-
villus membrane. We were able to characterize two different
forms ofthe glucose transporter in terms of its Km. However, it
appeared that the expression of Km was dependent upon the
physical properties of the membrane in which it was embed-
ded. Fluidization of membranes, in vitro, decreased both the
jmax and Km of the glucose transport system, however, this
effect was not sufficient to account for the differences in Jmax
observed between crypt and villus-tip microvillus membrane.
Thus, differences in membrane physical properties fail to en-

tirely explain markedly suppressed rates of glucose transport
across crypt as compared with villus-tip microvillus mem-

brane. It would appear that crypt microvillus membrane has
fewer transporters than villus-tip microvillus membrane, how-
ever, in the rabbit these transporters are kinetically similar.
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