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A B S T R A C T Rat intestinal microvilltus membranes
and lipid extracts prepared from them have been
sttudied by fluorescence polarization with three lipid-
soltuble fluiorophores: diphenylhexatriene, retinol,
and anthroyl-stearate. The degree of fluiorescence
polarization of diphenylhexatriene, which provides
an index of the "microviscosity" of the lipid regions
of the membrane, is exceptionally high in microvillus
membranes, the highest yet reported in normal bio-
logical membranes. Both the membrane proteins and
lipids were found to contribute to the high values.
With each of the three probes the polarization values
are higher in ileal microvillus membranes as compared
to membranes from proximal intestinal segments.
Temperatture-dependence studies of the fluiorescence
polarization of diphenylhexatriene and anthroyl-
stearate demonstrate a phase transition in micro-
villus membranes and in liposomes prepared from their
lipid extracts at approximately 26±2°C. Ambient pH
influe.ices markedly the diphenylhexatriene fluores-
cence polarization in microvillus membranes but
has little effect on that of human erythrocyte ghost
membranes. The "microviscosity" of jejunal micro-
villus membranes is maximal at pH 6.5-7.0 and de-
creases as much as 50% at pH 3.0, an effect which
depends largely upon the membrane proteins. Addi-
tion of calcium ions to suspensions of microvillus
membranes increases the fluorescence polarization of
retinol and anthroyl-stearate, but not that of diphenyl-
hexatriene. This confirms the localization of the last
compound to the hydrophobic interior of the mem-
brane, relatively distant from the hydrophilic head
groups of the polar lipids. Microvillus membrane pro-
teins solubilized with Triton X-100 give relatively
high fluorescence polarization and intensity values
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with retinol, suggesting the presence of binding pro-
teins which could play a role in the normal absorptive
mechanism for the vitamin.

INTRODUCTION

In recent years fluorescence polarization methods
have been applied increasingly to the study of bio-
logical membranes (1-8). The particular usefulness
of these methods stems from the fact that the polariza-
tion of the fluorescence of a molecule depends upon
its rate of rotation (9). Hence, changes in rotation
rate due to interactions of the probe with other
species in the environment are readily observed and
quantified. For example, the binding of a fluorophore
to a biological macromolecule or membrane can be
monitored by an increase in the polarization of
fluorescence (9). Similarly, since the rotation rate
depends on the resistance offered by the microenviron-
ment to the motion of the probe, fluorescence polariza-
tion provides an estimate of the environmental resist-
ance which is interpretable as an apparent "micro-
viscosity" (1-5, 7, 10-13).

Studies of the last type have focussed recently on
the degree of fluidity of the nonpolar regions of bio-
logical membranes. The estimations have been ex-
pedited greatly by the introduction of a highly efficient
hydrocarbon fluorophore, 1,6-diphenyl- 1,3,5-hexa-
triene (DPH)1, which is localized in the hydrophobic
regions of biological membranes (1, 12, 14). Fluores-
cence polarization measurements demonstrate that
the resistance to rotation encountered by the probe
varies in membranes of different cell types (1-3, 7, 8).

l Abbreviations used in this paper: DPH, 1,6-diphenyl-
1,3,5-hexatriene; F, fluorescence intensity; PBS, phosphate-
buffered saline; r, fluorescence anisotropy; r0, maximal limit-
ing anisotropy; T, absolute temperature; THF, tetrahydro-
furan; AE, flow activation energy; Iq, apparent microvis-
cosity; p, rotational relaxation time of the fluorophore;
T, lifetime of the excited state of the fluorophore.
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In leukemic human and mouse lymphocytes, for
example, the polarization of the DPH fluorescence
is less than that in the corresponding normal lympho-
cytes, indicating that the resistance to rotation, and
hence the "microviscosity," is decreased in the
leukemic cells (1, 3).

The present studies were undertaken to characterize
the fluidity of the nonpolar regions of isolated rat
intestinal microvillus membranes by estimations of
the fluorescence polarization of DPHand other lipid
probes. These membranes are of considerable physio-
logical and clinical interest because they are highly
organized to perform a variety of essential digestive
and transport functions. The results to be described
demonstrate a number of characteristic features of
the microvillus membranes, including a relatively high
resistance to rotation of the lipid probes (i.e., high
"microviscosity"), a temperature-dependent phase
transition and a dependence of the membrane "micro-
viscosity" on ambient hydrogen ion concentration.

METHODS
Animals. Experiments were performed both at the

Weizmann Institute and at Columbia University. Despite
differences in the strain of rats employed and the fluorescence
polarization instrumentation (see below), the results ob-
tained in both institutions were very similar and have been
pooled throughout this report. At the Weizmann Institute
CR/RARstrain, albino, female rats were used and at Columbia
University the rats were albino males of the Sherman strain.
In all studies rats weighing 200-300 g were fasted for 18 h
with water ad libitum before removal of the small intestine.

Instruments. The fluorescence polarization instrument
employed at the Weizmann Institute was constructed
there and has been described (15). The Elscint model
MV-1 Microviscosimeter was also used. The instrument at
Columbia University was purchased from SLM Instru-
ments, Champaign, Ill.

Membrane preparations. In a typical experiment four or
five rats were stunned rapidly by a blow to the head and
killed by exsanguination. The entire small intestine was
resected and segments of duodenum (proximal 12 cm),
jejunum (middle 25 cm), and ileum (distal 15 cm) opened
and washed thoroughly in ice-cold 145 mMNaCl-4 mM
KCI. The mucosa of each segment was scraped off with a
glass slide and the duodenal, jejunal, and ileal scrapings
pooled separately and weighed. Thereafter, microvillus
membranes were prepared by one of two methods. In the
first procedure whole brush borders were obtained by
homogenizing the mucosa in hypotonic sodium EDTA of
pH 7.4 as previously described (16, 17). Thereafter, the brush
borders were suspended in 100 mMmannitol containing 1
mMHepes-Tris of pH 7.5. Microvillus membranes were
then prepared as described by Hopfer et al. (18) by high-
speed homogenization in a Potter homogenizer (Potter
Instrument Co., Inc., Plainview, N. Y.) fitted with a Teflon
pestle and driven by an electric drill, followed by differential
centrifugation. In the second procedure the mucosal scrap-
ings were homogenized in a Waring blendor (Waring Prod-
ucts Div., New Hartford, Conn.), treated with 10 mMCaCl2,
and a brush border particulate fraction obtained by differ-
ential centrifugation as described by Schmitz et al. (19).
The brush border fraction was then homogenized at high

speed according to the method of Hopfer et al. (18) and
the microvillus membranes separated by differential
centrifugation. The final membrane pellets were suspended
in either phosphate-buffered saline (20) or 13 mMTris
buffer of pH 7.4 and tested immediately or within 24 h.
For longer periods the membranes were stored frozen at
-15°C, which preserves better the original fluorescence
polarization and disaccharidase values. The purity and com-
parability of the various preparations was assessed by esti-
mations of maltase specific activity (17). Membranes pre-
pared from all three segments of the intestine and by each
of the methods of preparation were consistently puri-
fied 15- to 18-fold as compared to the original homogenates.
Moreover, both methods of microvillus membrane prepara-
tion gave similar results in studies with the fluorescent
probes and the data have been combined below.

Human erythrocyte ghost membranes were prepared by
hypotonic lysis by a modification of the method of Dodge
et al. (21). Erythrocytes were obtained by centrifugation
of recently outdated blood bank blood and washed twice
with 10 vol of isotonic NaCl containing 30 mMsodium
phosphate of pH 7.4. The packed cells were then lysed
in 150 vol of 8 mMsodium phosphate of pH 7.4 and the
ghost membranes pelleted by centrifugation at 20,000g for
40 min in a Sorvall centrifuge (Ivan Sorvall, Inc., Norwalk,
Conn.) at 5°C. The pellets were washed once with 30 vol
of the 8-mM phosphate solution to yield a faintly pink
suspension, which was stored at 5°C and studied within 48 h
of the time of preparation.

Fluorescence studies. Three lipid-soluble fluiorescent
probes were used: DPH (Aldrich Chemical Co., Inc., NMil-
waukee, Wis.), all trans-retinol (Sigma Chemical Co., St.
Louis, Mo.), and DL-12-(9-anthroyl)stearic acid (Sigma
Chemical Co.). For the DPHstudies a stock solution of 2-mM
probe in tetrahydrofuran (THF) was prepared and stored
protected from light at room temperature. Aqueotus suspen-
sions of DPHwere prepared freshly each day as previously
described (1). A small volume of the DPH solution in THF
was injected with rapid stirring into 1,000 vol of phosphate-
buffered saline (PBS) or other buffer at room temperatture.
The suspension was stirred for at least 2 h after which
little or no odor of THF was detected and the suspension
showed negligible fluorescence. In a typical experiment
microvillus membranes equivalent to 100-200 ,ug protein
(22) were incubated in 2 ml of PBS containing 1 AuM DPH
suspension for 2-4 h at 37°C. Thereafter, estimations of
the fluorescence polarization and fluorescence intensity
were made with an exciting wavelength of 365 nm (Hg
line) and passage of the emitted light through 1-cm cut-off
filters of 2 m NaNO2. Control samples of DPH suspension
alone and of membranes alone were examined in each
experiment, but these readings could be neglected since
they contributed less than 3% to the fluorescence of the
complete system. The fluorescence intensity, F, was cal-
culated as 11, + 2I1 , where 11, and I- are the fluorescence
intensities oriented, respectively, parallel and perpendicular
to the direction of polarization of the exciting light (1).
Fluorescence intensity was expressed in arbitrary units.
The polarization of fluorescence was expressed as the
fluorescence anisotrophy, r, where r = (I, - I_)/(I11 + 21,),
and as the parameter [(rJr)-1P. One form of the Perrin
equation, on which the fluorescence polarization determina-
tions were based, is:

ro/r = 1 + 3T/p, (1)

where r is the lifetime of the excited state of the fluiorophore
and p is its rotational relaxation time. Hence at constant r
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the parameter [(r0/r)-l-1] is directly proportional to the rota-
tional relaxation time and provides a quantitative index of the
resistance of the environment to the rotational motion (3).
The greater the value of [(rJr)- 1 ]-' the higher is the apparent
"microviscosity" of the environment. The term r0 is the
maximal limiting anisotropy, which for DPH was ob-
served to have an experimental value of 0.362 (12), rea-
sonably close to the theoretical upper limit of 0.40. The
fluorescence anisotropy, r, was also used to calculate the
apparent microviscosity, i7, in absolute units of poise,
using an indirect method for determining r (1, 12).

For studies of vitamin A, a fresh solution of 0.4 mMall
transretinol in absolute ethanol was prepared and 5 ,ul
was added with rapid mixing to 2 ml of PBS containing
microvillus membranes equivalent to 50-100 ,g protein,
as previously described (23). After 15-20 s the fluorescence
intensity and polarization was determined as described
for DPH, except that the wavelength of the exciting light
was 334 nm (Hg line). The fluorescence of each membrane
sample minus retiniol and that of retinol added to buffer
alone were also determined and subtracted as corrections,
never more than 30% of the total value. The maximal limit-
ing anisotropy, r0, for retinol has been estimated as 0.367
in propylene glycol at -50°C (23).

For experiments with anthroyl-stearate, a stock solution
of 0.25 mMin 80% ethanol (vol/vol) containing 10 mM
Hepes-Tris of pH 7.5 was prepared and stored at -15°C.
In fluorescence experiments 5 ,ul of the stock solution was
added with rapid mixing to 2 ml of PBS containing micro-
villus membranes equivalent to 50-100 ,ug protein. After
incubation for 15 min at room temperature the fluorescence
polarization was determined as described for DPH.
Appropriate controls containing either membranes alone or
the probe alone were examined in each experiment and
the fluorescence values observed, less than 15% of the total
value, subtracted as corrections. An ro value of 0.285 was
observed for anthroyl-stearate in propylene glycol at -50°C
and this was used in the calculations.

Lipid extracts and liposomes. Total lipids were extracted
from intestinal microvillus and human erythrocyte mem-
branes by the method of Folch et al. (24). The relative
proportions of lipid and protein, respectively, observed in
three separate preparations of rat jejunal microvillus mem-
branes prepared by the CaCl2 method were 36.8% (range
31.8-38.9%) and 63.2% (range 61.1-68.2%), in agreement
with prior data (25). Corresponding values obtained with a
preparation of huiman erythrocyte membranes were 44.9%
lipid and 55.1% protein, also in agreement with published
values (26).

To prepare liposome suspensions the dried, extracted lipid
was suspended in PBS to a final concentration of approxi-
mately 0.3 mg/ml and the mixture was sonicated for 10
min, under N2, at 5°C, as previously described (3). There-
after, the suspensions were centrifuged for 10 min at 20,000 g
in a Sorvall centrifuge at 5C. The supernatant liposome
stuspensions were tested with the fluorescent probes as
described for membranes above. In the final reaction mix-
tures the liposome suspensions were diluted two- to four-
fold and fluorescence readings were obtained as de-
scribed above.

Dried lipid extracts were also fractionated and assayed
quantitatively for individual lipids by thin-layer chromatog-
raphy according to the method of Yavin et al. (27).

Solubilized membrane proteins. Preparations of solubi-
lized membrane proteins were made by extraction with
Triton X-100 (Rohm & Haas Co., Philadelphia, Pa.) fol-
lowed by removal of the detergent. A suspension of mem-
branes equivalent to 2-6 mg protein was added to 10 vol

of 1.5% Triton X-100 in 10 mMTris buffer of pH 7.4 and
the mixture homogenized for 2 min in a Potter homogenizer
at 5SC. The mixture was then centrifuged at 104,000 g,
for 90 min, at 5°C in a Spinco model L2 ultracentriftige
(Beckman Instruments, Inc., Spinco Div., Palo Alto, Calif.).
The supematant solution was mixed with an equal volume
of washed Bio-Beads (Bio-Rad Laboratories, Richmond,
Calif.) and shaken for 2-3 h at 5°C. Aliquots of the solution
were tested for residual Triton by estimating the optical
density at 275 nm in a Beckman model DU spectrophotom-
eter (Beckman Instruments, Inc., Fullerton, Calif.). After one
or two treatments with the Bio-Beads, Triton was no longer
detectable. The beads were removed by centrifugation and
the supernatant solutions were stored frozen at - 15°C.
The final preparations from rat jejunal and human erythro-
cyte membranes contained approximately 10% of the total
membrane proteins. Assays of lipid phosphorus (28)
showed that the intestinal and erythrocyte preparations,
respectively, contained 31 and 66% of the original lipid
phosphorus per milligram protein as compared to the original
membranes.

Temperature studies. To examine the effects of tempera-
ture (T), membranes or liposomes loaded with DPH were
warmed to 40°C and the fluorescence polarization determined
every 1-2°C as the preparations were cooled slowly to
0°C. The logarithm of the parameter [(r0Ir)- was plotted
against the reciprocal of the absolute temperature. Prior
reports (3, 12-14) indicate that a change in slope of such a
plot can be used to detect a phase transition. In addition,
the "microviscosity", i7, was calculated from the anisotropy
values observed and from indirect estimates of the life-
time of the excited state, as previously described (1, 12).
The change of 11 with temperature can be described in a
simple exponential form:

AE/RT (2)

where AE is a "flow activation energy" determinable from
the slope of the plot of log i1 vs. l/T (10) and A is a constant
whose significance has been discussed (3).

Effects of pH. To study the effects of the ambient pH,
membranes or liposomes were loaded with DPH in 0.15 M
NaCl in the absence of buffer. The pH of the suspension
was monitored directly with a Corning model A pH meter
and glass electrode (Corning Scientific Instruments, Medfield,
Mass.), and changes in pH were brought about by addition
of 1-,tl aliquots of 10 mMNaOHor HCI. Fluorescence polari-
zation was determined at each pH value as described above.

RESULTS

Comparison of crude homogenates and microvillus
membranes. Crude mucosal homogenates, brush-
border particulates, and microvillus membranes pre-
pared by the CaCl2 method from duodenal, jejunal,
and ileal segments were each tested with DPH, ret-
inol, and anthroyl-stearate, and the fluorescence
polarization values are shown in Fig. 1. For all three
probes and segments the [(r0Ir)-1l1-' values were
greater in the microvillus membranes and brush-border
particulates as compared to the corresponding homog-
enates (P < 0.001); and in all but one instance
(anthroyl-stearate in duodenal preparations) the
values for microvillus membranes exceeded those of
the corresponding brush-border particulates (P
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< 0.002). The greatest difference between I
and membrane was observed with DPHir
preparations, where the value for the
membranes was over 2.6-fold that for the h
For each probe the total fluorescence i
was also greater in the membranes as c
the homogenates (P < 0.001). The values of
units per milligram protein) observed w
the jejunal preparations, for example, weri
and 94.1, respectively, for the homoger
border particulate, and microvillus memi
pattern is noteworthy because the rela
polarization values observed for micro,
branes could in principle result from
lifetime of the excited state of the probe
However, a shortened lifetime would
whereas an increase was actually observe

Further evidence that the brush borc
much higher polarization of the fluoresce
than the whole mucosal cell was obtai
fluorescence polarization microscope (E
Haifa, Israel). In this instrument the exci
can be focussed on a single cell or isc
border and the polarization estimated.
mucosal cell suspensions and suspension
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TABLE I
Fluorescence Polarization of Diphenylhexatriene in Micro-

villus Membranes of Various Intestinal Segments

Fluorescence polarization
Microviscosity,

Segmiient r [(r/r) -

poise

Duodenum 0.282+0.006 3.68+0.35 12.4+ 1.2
Jejunum 0.282+0.006 3.74+0.41 12.5+1.3
Ileum 0.293+0.003 4.39+0.33 14.7+1.1

All values are means+SE for eight separate groups of rats.
On paired analyses the duodenal-ileal anisotropy difference
has SE=0.0025, P<0.005; the corresponding jejunal-ileal dif-
ference has SE=0.0027, P<0.005. All values are for 25°C.
Microviscosity, ~, was calculated as previously described
(3, 12).

ined with a brush borders from these cells were loaded with
lscint, Ltd., DPH (Methods) and examined individually in the
itation beam microscope. Values of [(rjr)-li-V for the whole cells
dated brush and brush borders, respectively, were 0.44+0.01 and
Rat jejunal 0.96+0.03 (mean+SE, n = 23, P < 0.001).

IS of isolated Comparison of segments. Regional differentiation
of the small intestinal mucosa for specific functions

ILEAL is well established, and we have reported previously
(23) that microvillus membranes from ileal segments
show higher polarization values with retinol than do
more proximal membranes. Table 1 summarizes the
results of eight experiments in each of which duodenal,
jejunal, and ileal membranes were tested with DPH.
Anisotropy values for the duodenal and jejunal mem-
branes were similar, whereas the ileal values were
significantly higher (P < 0.005). The mean value cal-
culated for fR, the "microviscosity", was approximately
18% higher for ileal as compared to duodenal and
jejunal membranes. It is ftirther noteworthy that the
absolute ij values (25°C) for all the microvillus mem-

branes, 12-15 poise, are considerably greater than
those reported for a number of mammalian membranes
(3), among which human erythrocyte ghost membranes
showed the highest value, 6.3 poise.

The DPH fluorescence intensity, F, observed for
the duodenal, jejunal, and ileal membranes, respec-
tively, in the foregoing experiments was 81.5±+11.3,
63.1+8.3, and 44.4+6.4 (mean+SE; arbitrary units
per milligram membrane protein). The duodenal-ileal
difference is significant (paired analysis, SE = 8.4,
P < 0.005) whereas the jejunal-ileal difference borders

nylhexatriene, on significance (SE = 8.5,0.05 < P < 0.1). These differ-
nated mucosal ences in F result from differences in the quantity
r suspensions of DPH taken up by the membranes rather than
:)ranes (MEM, from changes in lifetime of the excited state of therom five rats;
by the EDTA probe. Differences in uptake were demonstrated

directly by the following experiment. Duodenal,

Dynamics of Microvillus Membranes 539

...I



TABLE II
Fluorescence Polarizatiotn of Authtlroyll-Stearate int Micro-

vuillms Membranes of Various Itntestinal Segments

Fluorscenw c 1)oldarization

Scgmclit [ (rj,r) - ]

Duodenumiii 0.123+0.006 0.78±0.07
Jejtintum 0.133+0.009 0.90+0.10
Ileutim 0.137±0.008 0.97+0.10

Values are means +SE for three grouips of rats. On paired anal-
yses the anisotropy differences between ileal membranes and
those from the other segments have SE=0.0036, P<0.05. All
determinations were at 25°C.

jejunal, and ileal meml)ranes were prepared and
loaded with the probe as described (Methods), except
that the DPH contained stufficient [3H]DPH to yield
a specific radioactivity of 2 x 1010 epm/mmol. The
membranes were then washed twice with 40 vol of PBS
and aliquots were taken for determination of radio-
activity by li(uid scintillation spectrometry (29). The
uptake of [3H]DPH by the duiodenal, jejunal and
ileal membranes, respectively, was 6,580, 5,030, and
3,460 cpm/mg membrane protein. These (uantities
correspond to relative uptake values of 1.00/0.76/0.53
and parallel closely the corresponiding relative valuies
for F, 1.00/0.77/0.54.

Experiments with three grouips of rats were per-
formed to determine the fltuoreseence polarization of
anthroyl-stearate in microvilltus mem-branes from each
of the three intestinal segments. The resuilts shown
in Table II demonstrate that the molecuilar anisotropy

was significantly higlher in ileal membranes as comil-
pared to more proximal membranes (P < 0.05). The
imean [(rjr)-1 ]-' value of the ileal membranes was

24% greater than that of the duiodenial mneml)branies.
Comparison of whlole miiemzbratces antd mnemnbrautc

components. The relative contribuition of membrane
lipid as compared to proteini to the fluioreseenice
polarization of DPH ancd retinol was sttudied witlh rat
jejtunal microvilluis membranes an(l hlumilani erytlhrocyte
menmbranes. Three preparatiol)s of eachi mnembranie
type were used as starting materials from whichl lipid
extracts, liposomes, and Triton-solubilized proteins
were prepared (Metlhods). The intact memnlbranies andl
membrane components were theni tested with eaclch
probe and the fluiorescence polarization resuilts
are shown in Table III. In the microvilltus prepara-

tions the mean [(r,/r)-1l]-' valuie for DPHwas 72.8%
higher in the intact membranes than in the liposomes
(P < 0.01), and a still greater incremiient, 131.6%,
was observed for the corresponding retinol values (P
< 0.02). Thus, the presence of the membrane proteins
is essential for the relatively high polarization valuies
of the microvilluis membranes. This conclusioni is
further supported by a comparison of the DPHvalues
in microvillus and erythrocyte membranes. The
mean [(r0/r)-1]-' valtues (2.5°C) for the intact jejuinal
and erythrocyte membranes, respectively, were

5.46 and 2.93 (P < 0.02), confirming the restults de-

scribed in the preceding section. However, the corre-

sponding values for the liposomes prepared from these
membranes were 3.16 and 3.02 (NS). Thus, the
characteristic difference in polarization between the
microvilltus and eryth rocyte membranes is dependenit

TABLE III
Fluorescence Polarizationi in Whole Membranes and in Membratne Comiponents

Diphennlhe xatric ncl Retinol
MIetnbranc typci Prep)arationl [(rJr) - 1 ]- (rdr) - 1]

Ratjejunal microvillus Intact membranes 5.46+0.56 3.59+0.53
membrane Liposomes 3.16+0.12 1.55+0.08

Triton-solubilized 3.02+0.06 5.78+0.20
proteins

Human erythrocyte Intact membranes 2.93+0.09 2.50+0.51
membrane Liposomes 3.02+0.04 1.66+0.62

Triton-solubilized 2.96±0.15 2.91±0.72
proteins

Values are means±SE for three groups of rats or blood samples. Determinations of
fluorescence polarization were at 25°C. On t test the significant differences were the
following: for DPH, microvillus membranes vs. liposomes (SEM=0.51, P<0.01), micro-
villus membranes vs. erythrocyte membranes (SEM=0.62, P<0.02); for retinol, micro-
villus membranes vs. liposomes (SEM=0.51, P<0.02), microvillus membranes vs. sollu-
bilized proteins (SEM=0.51, P<0.01), microvillus solubilized proteins vs. liposomes
(SEM=0.18, P<0.001), and microvillus solubilized proteins vs. erythrocyte solubilized
proteins (SEM=0.49, P<0.01).
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upon the presence of the membrane proteins. The
retinol polarization values of the two membrane types
follow a pattern similar to that for DPH(Table III).

The Triton-solubilized proteins were studied to
obtain direct evidence concerning the membrane pro-
tein component. It bears emphasis, however, that the
preparations contained only 10%of the total membrane
proteins. The DPH [(r0Ir)-1]-1 values of the protein
preparations were essentially identical with those
of the liposomes (Table III) in each membrane type.
In contrast, the mean retinol value observed for the
microvillus protein preparations, 5.78, was con-
siderably greater than that of the liposomes, 1.55
(P < 0.001), or that of the intact membranes, 3.58
(P < 0.01). A less pronounced but similar pattern
was observed for the retinol values in erythrocyte
preparations, but the differences are not statisti-
cally significant. The results indicate that the in-
fluence of the microvillus membrane proteins on
the fluorescence polarization of DPH could be in-
direct, i.e., via restriction of lipid mobility due
to protein-lipid interactions. This mechanism seems
likely from the known properties
and from additional observations de
though direct binding of DPHby n
is not entirely excluded. The result
cate that at least some of the p
microvillus membrane proteins. ThE
tion procedure appears to concen
binding proteins, so that the fluo:
tion of retinol is relatively high in t
Further evidence is necessary to est
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FIGURE 3 Temperature dependence of the fluorescence
polarization of diphenylhexatriene in rat jejunal (Jej) micro-
villus membranes and in liposomes prepared from the mem-
brane lipid. Horizontal axis is labeled as in Fig. 2.

of DPH (12-14) ity of such binding, but it is noteworthy that the
zscribed below, al- [(rjr)-1l-1 value of the intestinal microvillus protein
nembrane proteins preparation, 5.78, considerably exceeds that of the
s with retinol indi- corresponding erythrocyte membrane preparation, 2.91
Irobe is bound to (P < 0.01).
ETriton-solubiliza- Binding of retinol to the plasma retinol-binding
trate some of the protein increases considerably the total fluorescence,

rescence polariza- F, of the probe (30, 31). It is noteworthy, therefore,
these preparations. that in the preceding experiments retinol F, expressed
ablish the specific- in arbitrary units per milligram protein, was 1.8

times greater in the solubilized protein prepara-
tions than in the intact microvillus membranes. The
corresponding increment for DPHwas only 1.3-fold.

oc / Temperature studies. Prior publications (1, 3, 12-
* 14) have demonstrated that plots of the log DPH

[(rjr)-1]-' or of log i) against the reciprocal of the
absolute temperature yield useful information con-
cerning phase transitions and dynamic parameters
of the microenvironment of the probe. Accordingly,
membranes and liposomes were loaded with DPH
and studied over the temperature range 40-0°C
(Methods).

WMES Fig. 2 illustrates a typical study with human eryth-
rocyte membranes and the liposomes prepared from
them. Values for the membranes fall along a single
line, indicative of a monophasic system, in accord

3.5 3.6 3.7 with prior observations of erythrocyte and certain other
mammalian membranes (1-3). The liposomes show
a single slope to about 150C, with a small decrease

of the fluorescence in slope at the lower temperatures. In contrast to
human erythrocyte the erythrocyte preparations, intestinal microvillus

ames prepared from
axis is the reciprocal membranes (8 preparations), whole brush borders
bsolute temperature (12 preparations), and liposomes prepared from them

(7 preparations) each showed a distinct decrease in
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FIGURE 4 Temperature dependence of the fluorescence
polarization of diphenylhexatriene and anthroyl-stearate in
liposomes prepared from rat jejunal microvillus membrane
lipid. Horizontal axis is labeled as in Fig. 2.

slope at approximately 26+2°C (mean-+SE), with a

tendency to curvilinear plots at the lower tempera-
tures. Fig. 3 illustrates a representative study with
jejunal microvillus membranes and liposomes pre-

pared from them. As the temperature was lowered

from 40°C, an initial linear region of relatively high
slope was followed at 30.5°C (membranes) or 29°C
(liposomes) by a decrease in slope and a curvilinear
plot.2 Since such changes in slope indicate the occur-

rence of a phase transition confirmatory evidence was

sought. To determine whether the phenomenon was

probe-dependent, liposomes prepared from jejunal
microvillus membranes were tested with DPH or

anthroyl-stearate, and the results are shown in Fig. 4.
Clear evidence of a change in slope was observed
with both DPH (26°C) and anthroyl-stearate (27°C).
Moreover, a sample of jejunal microvillus membrane
lipid which was hydrated and examined by differ-
ential scanning microcalorimetry in the laboratory of
Dr. Donald M. Small demonstrated a phase transition
at about 28°C; the transition temperature observed
in this sample by DPHfluorescence polarization was

30.50C.
Transition temperatures observed for all the in-

testinal preparations examined are listed in Table IV
along with values of AE and A (Methods) determined
from the initial, linear regions of the plots. The mean

transition temperature (±SE) of the microvillus mem-

2 In each temperature study a plot of log i7 (calculated as

described in Methods) against l/T was also made. The
phase transition indicated by a change in slope was some-
what accentuated in this plot as compared to Figs. 3-4,
but the temperature of the phase transition was identical
and the general shape of the plots was quite similar to those
illustrated. The data in Table IV are derived solely from
plots of log fl vs. I/T.

TABLE IV
Parameters Determined from Temperature Studies of the Fluorescence

Polarization of Diphenylhexatriene

No. of Transitioni
Preparation preparations AE A teminperatire

kcallrnol IALPOiSe

Microvillus membranes:
Duodenal 2 10.0, 8.4 21, 22
Jejunal 4 10.0+0.7 26+2
Ileal 2 8.6, 11.3 28, 34
All segments 8 9.8±0.5 3+1 26+2

Liposomes, jejunal microvillus 2 10.1, 11.1 0.4, 0.1 28, 29
membranes

Whole brush borders 12 8.3+0.5 16±12 23±1
Liposomes, brush borders 5 9.5±0.5 0.2±0.04 23±2
Erythrocyte ghost membranes 2 8.4, 9.0 8, 20
Liposomes, erythrocyte ghost 1 9.2 1

membranes

Values are means±SE or individual values. The parameters AE and A were determined from
plots of log X1 vs. L/T, as described in the text (Eq. 2) and in a prior report (3). For the intestinal
preparations the AE and A values are determined for the initial, linear slope of the plot in the
temperature range from 40°C to the transition temperature.
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FIGURE 5 Effects of pH on the fluorescence polarization
of diphenylhexatriene in rat jejunal microvillus membranes
and in human erythrocyte ghost membranes (RBC membr).

branes, 26+2°C, and of the liposomes, 28-29C, was
the same within experimental error. Similarly, an
identical value, 23°C, was observed for the brush-
border transition temperature and that of their lipo-
somes. The transition temperature, therefore, is
not influenced by the membrane proteins. A similar
conclusion obtains for the AE values. As shown in
Table IV, the AE values of the microvillus memrn
branes and their liposomes are the same within experi-
mental error; the corresponding erythrocyte mem-
brane and liposome values are also similar. In these
membrane types the AE is not significantly affected
by the membrane proteins. In the microvilfus mem-
branes, however, the DPH [(rJr)-11-1 orij values are
clearly greater than in the liposomes (Table III) so
that an effect of the membrane proteins on the A con-
stant would be anticipated from the relation given ins
equation (2). The data in Table IV indicate that the
mean value of A of microvillus membranes anld brush
borders is significantly greater than that of the lip)&-
somes (P < 0.02).

pH sttudies. The effects of ambient pH on the
fluiorescence polarization of DPHin jejunal microvilts
membranes as comnpared to erythrocyte ghost mem-
branes are illustrated in Fig. 5. Relatively little change
in the erythrocyte membrane values was observed in
the pH range 3-11. In contrast, marked effects wese
noted with the microvillus membranes. A maximal
[(rjr)-1]-l value was observed at pH 6.5-7.0') with
decreases on both the acid and alkaline sides. In the'
acid range the fall was relatively steep, decreasing
by over 50% to pH 3, and characterized by two infilec-
tion points at approximately pH 4 and 6. The' less
marked fall on the alkaline side also showed inflection
points.

To assess the relative contributions of membrane

protein and lipid to the pH changes noted above,
liposomes prepared from the microvillus membranes
were tested similarly and the results are shown in
Fig. 6 (upper curves). Change in pH affected the lipo-
some [(rjr)-l'-1 values much less than those of the
membranes; a fall in pH from 7 to 3 decreased the
liposome values only one-fourth as much as the mem-
brane values. The general shape of the liposomne
curve was, however, similar to that of the membranes
(Fig. 6, lower curve, expanded scale). Apeaak [(r0Ir)- 1 ]-'
value was observed at pH 6.0-6.5 with decreases
on the acid and alkaline sides and inflection points
at approximately pH 4 and 55.

Effects of calcium. DPH, being a hydrocarbon, is
relatively nonpolar as compared to anthroyl-stearate
or retinol, which contain hydrophilic residues. Con-
sequently, one would expect a difference in localiza-
tion of these probes in the membrane, DPH to the
more nonpolar (interior) regions and the other probes
to the more polar (surface) areas. Since calcium is
believed to interact with the polar head groups of

.#F \ ~~membr

4'
3

li posomes

2 2

c]23 rJ

2

' 9

3 4 a 6& 7 8 9 10
p H

FICURE- 6 Effects, of pHI on the' fluorescence polarization
of diphenylhexatriene in' raff jejunal mic rovillus membranes
and ia liposomes prepared fom' their lipid. Upper curves:
comparison of whole membranes. and. liposomes over the pH
range 3-11. Lower-curve: re-plot of the same liposome values
on a fivefold expanded vertical scale of [(rJr)-1 ]-.
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TABLE V
Effects of Calcium on Fluorescence Polarization of Three

Probes in Microvillus Membranes

Fltuorescence p)olarization
[(rj/r) - 1]-'

Percenit
Probe Segmiient -Ca +Ca chanige

Diphenyl- Duodenum 3.45 3.52 +2.0
hexatriene Jejunum 3.66 3.65 -0.3

Ileum 3.90 3.82 -2.0

Mean -0.1

Anthroyl- Duodenum 0.77 0.81 +5.2
stearate Jejunum 0.80 0.84 +5.0

Ileum 0.86 0.93 +8.1

Mean +6.1

Retinol Duodenum 2.09 2.27 +8.6
Jejunum 2.18 2.42 + 11.0
Ileum 2.47 2.78 + 12.5

Mean + 10.7

Values are means for two separate groups of rats. Microvillus
membranes suspended in 0.15 MNaCl-5 mMHepes-Tris of
pH 7.5 were tested at 25°C in the presence or absence of
2.5 mMCaCl2. On paired analysis (all segments) the effects
of calcium are significant for anthroyl-stearate (SEM=0.009,
P<0.005) and retinol (SEM=0.039, P<0.005) but not for DPH
(SEM=0.049).

membrane phospholipids (32, 33), we hypothesized
that the cation might influence the fluorescence polari-
zation of the more polar probes but not that of DPH.
The hypothesis was tested with microvillus mem-
branes from two groups of rats and the results are
shown in Table V. Values of [(r/r)-1V' for DPH
were not affected by calcium, whereas those of
anthroyl-stearate and retinol, respectively, were in-
creased by 6.1% (P < 0.005) and 10.7% (P < 0.005).

DISCUSSION

The intestinal microvillus membrane is highly
specialized to perform transport and enzymatic func-
tions essential for normal digestion and absorption.
In keeping with this distinctive functional specializa-
tion the fluorescence polarization studies reported
here demonstrate several unique features of the dy-
namics of the microvillus membrane lipids. The polari-
zation of the fluorescence of DPHin the membranes,
expressed as [(r0Ir) - 1]-' or as j, the "microviscosity",
is exceptionally high, indeed, the highest value yet
reported in normal biological membranes. Moreover,
studies of the temperature dependence of the fluores-
cence polarization indicate clearly the occurrence of
a phase transition, the first to be demonstrated and
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confirmed in plasma membranes isolated directly from
a mammalian organism.

Inasmuch as a number of biological membranes and
cell types have now been studied with DPH, direct
comparisons of the i2 (25°C) values are possible.3
Ranked in order, the membranes and their respective
mean values (poise) are: rat ileal, jejunal, and duodenal
microvillus membranes, 14.7, 12.5, and 12.4 (Table I);
human erythrocyte ghost membranes, 6.3 (3); bovine
chromaffin granules, 5.2 (3); normal human lympho-
cytes, 4.4 (3); human chronic lymphatic leukemic
lymphocytes, 3.4 (3); beef heart mitochondria 2.1
(3); rat liver cells, 1.7 (3); mouse 3T3d cells, 1.5
(7); and human Burkitt lymphoma cells, 1.2 (3).
The ij values of the present studies are also greater
in microvillus membranes as compared to suspen-
sions of whole brush borders, unfractionated mu-
cosal homogenates, or whole mucosal cells examined
with a fluorescence polarization microscope. In-
deed, the fluorescence polarization of DPH could
be used to monitor the purification of the mem-
branes from the homogenates. Regional differentiation
of the small intestinal mucosa is reflected in the higher
polarization values observed for ileal as compared to
more proximal segments with each of the three fluoro-
phores, DPH (Table I), anthroyl-stearate (Table II),
and retinol ([23]; Table V). The functional significance
of this pattern or of the very high ij values of the
microvillus membranes generally is unknown. Two
possibilities, however, are noteworthy. Recent studies
(3, 34) suggest that high ij values increase the avail-
ability or rotational mobility of the surface receptors
of certain membranes. Since a major function of the
microvillus membrane surface is to adsorb a variety of
nutrients, the high r1 values may assure optimal avail-
ability of essential surface receptors or enzymes. The
second possibility derives from a number of studies
(35, 36) which demonstrate that the cholesterol con-
tent of artificial or natural membranes can influence
markedly the passive permeability, carrier-mediated
permeability, and electrical properties of the mem-
branes. Since cholesterol content is closely correlated
with i2 (3,35), it is reasonable to suggest that the normal
transport and barrier functions of the microvillus
membrane may depend on the high I1 values.

Comparison of the fluorescence polarization of
DPH in liposomes and intact microvillus membranes
indicates clearly that both the lipid and protein com-
ponents of the membrane contribute to the high i
(DPH) values. The lipid contribution can be con-
sidered in terms of a number of determinants which

3 It is noteworthy that the excited state lifetimes, r, used
in the calculation of i1 in the studies quoted are indirect
estimates. The i2 values listed are therefore only approximate
values subject to correction when direct estimates of T in
the various cell preparations become available.



have l)een defined in the past decade, mainly by
extensive sttudies of liposomes as model membranes
(3, 4, 10-12, 35-38). Increases in r restult fromii
inicreases in the molar ratio of cholesterol/phos-
pholipid (11, 37, 39, 40), the molar ratio of sphingo-
myelin/lecitlhin (3, 12), or the degree of saturation of
the fatty acid side chains of the polar lipids (40).
The cholesterol/plhospholipid ratio in rat mibcrovilltus
meml)rane lipid has been estimated as 1.26 (25), in
excess of the ratio in human erythrocyte membranes,
0.9-0.95 (41), or in the otlher membrane types listed
above. Furtlhermiiore, the molar ratios of sphingomyelin/
lecithin estimiiated in our laboratory in samples of rat
jejtunal mierovillus membrane lipid from two groups of
rats were 0.71 and 1.10. These ratios are comparable
to those of human erythrocyte membranes, 0.82-
0.96 (41). Thus, the available analytical data would
predict that liposomes of microvillus membrane lipid
wouild have, (DPH) values at least as high as those
of liposomes of erythrocyte membrane lipid and there-
fore higher than the values of the other membrane
types above (3). As demonstrated in Table III, the
fluorescence polarization of DPH is, in fact, similar
in the intestinal and erythrocyte liposomes. On the
other hand, the -i (DPH) values of the microvilltus
and erythrocyte intact membranes differ markedly.
In erythrocytes the values of the membranes and their
liposomes are about the same (Table III), as previously
reported (2, 3). In contrast, the microvillus membrane
values are considerably higher than those of their
liposomes. The presence of the membrane proteins,
therefore, accouints for the exceptionally high 7j
(DPH), in excess of that in erythrocyte memiibranes,
characteristic of microvillus membranes. The studies
of pH dependence further support this conclusion.
On lowvering the ambient pH from 7 to 3 (Fig. 5),
the relatively high DPH fluorescence polarization of
the microvillus membranes falls to the level of the
erythrocyte membranes, and this marked decrease is
for the most part absent in the liposome studies (Fig. 6),
i.e., it depends upon the membrane proteins.

The effect of memiibrane proteins on ij would pre-
sumably restult from protein-lipid and protein-protein
interactions. Although the nature of these interac-
tions depends mainly on the particular molectules in-
volved, the ntumber of interactions may well relate to
the total protein content of the membrane. It bears
emphasis that the microvillus membrane contains a
high proportion of protein/lipid, 1.7/1.0 (wt/wt) as
compared for example, to the erythrocyte membrane,
1.2/1.0. Thtus, it is reasonable to suggest that the pro-
tein/lipid ratio of a meImbrane may be an additional
determinant of its rj value.

In mnicrovillus membranes and in liposomes pre-
pared from their lipid the log 7j (DPH) varies linearly
with 1/°K in the temperature range from 40 to 26+2°C,

i.e., in the liqtuid crystalline phase preceding the
tranisitioin to a crystalline gel. The slope of this line
represenits a flow activation energy AE (DPH), wlhichi
is anl index of the degree of order in the hydrophobic
regions of the membrane (3). The AE (DPH) values
observed for microvillus memiibranes and eryth rocyte
mem-n-branes (Table IV) are approximately the same,
in agreemiient with prior observations that the range
of these values is relatively narrow in biological memil-
braines. Since membranes with low molar ratios of
cholesterol/ph-ospholipid, e.g., beef heart mito-
clhond(rial memiibranies, gave AE values considerably
less than those predicted from their lipid composi-
tion, the conclusion was drawn (3) that membraine pro-
teins lowzer the AE values. It seems clear from the
present resuilts, on the other hand, that the proteins
do not influience appreciably the AE valtues in memii-
branes with hliglh clholesterol/phospholipid ratios. As
shown in Table IN' the AE values of either the micro-
villus membranes or the erythrocyte ghost membranes
are the same wvithin experimental error as those of'
their corresponding liposomes.

The temperature dependence of DPHfluorescence
polarization also provides clear evidence of a phase
transition at 26±20C in microvillus membranes and in
the liposomes prepared from them. The sensitivity
and validity of this fluioreseence method for identifica-
tion of suich transitions has been amply established by
stuidies with artificial liposome systems (3, 12-14).
Since prior examinatioin of a number of cell types
and isolated meimibranies, including erythrocyte ghost
membranes, revealed no phase transitions by similar
fluiorescence polarization studies (2, 3), the present
restults were confirmed by experiments with another
fluiorescent probe, anthroyl-stearate, and more directly
by differential scanning microcalorimetry of micro-
villuis mnembrane lipid. The memibrane proteins seem
to have no influience on the transition observed, inas-
mcth as the transition temperatuires (Table IV) for
individual microvillus membrane samples are the same
within 1-2°C as those of the corresponding liposomes.4
The biochemical basis of the phase transition in terms

4 That the membrane proteins do not appear to affect the
thermal transition temperature may seem surprising in view of
their proposed role in increasing the apparent microviscosity
of the microvillus membrane lipids. It is noteworthy, how-
ever, that electron spin resonance sttudies indicate that
membrane lipids consist of bulk and boundary lipids.
Bulk lipids, which are relatively free of the influence of
the membrane proteins and show greater fluidity, wotuld be
involved in the cooperative interaction underlying a thermal
phase transition. Hence, the membrane proteins need not
influience the thermal transition. On the other hand, boundary
lipids, which interact relatively strongly with the membrane
proteins and show, reduced fluiidity, would be expected to
contribute to the fluorescence polarization values observed
for DPH in the whole membrane and therefore to the rela-
tively high apparent microviscosity.
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of specific lipid determinants is unknown as yet.
Since artificial liposomes with high sphingomyelin/
lecithin ratios show phase transitions at 28-34°C
(3, 12), the ratio of these substances in two samples of
jejtunal microvillus lipid was determined. As men-
tioned above, the values are similar to those in htuman
erythrocyte ghost membranes and fail, therefore, to
provide an adequate explanation. It is conceivable that
the microvillus and erythrocyte membrane lipids be-
have differently due to a difference in the ratio of
cholesterol/total polar lipid. This ratio is lower in
microvillus membrane lipid d(ue to its high content
of glycolipid (25). Moreover, it hals been reported (42)
that erythrocyte membrane lipid, which does not
show a phase transition on differential scanning
calorimetry, will show a broad transition encompassing
37°C after removal of the cholesterol. Further studies
with isolated fractions of' microvillus memllbrane
lipids, incluiding particuilarly the glycolipids (25),
may lead to the identification of the specific de-
terminants of the phase transition.

An extensive literature now exists on the identifica-
tion and characterization of phase transitions in model
bilayers and microbial organisms (43). In addition to
fluorescent probe analysis the techniques used in-
clude differential scanning calorimetry (44), X-ray
diffraction (45), electron spin resonance (46-48),
niuclear magnetic resonance (49, 50), and the tempera-
ture dependence of various enzyme and transport
functions (43, 51). Evidence for phase transitions in
mammalian membranes, however, has been limited to
mouse LH cells cultured in monolayers (52, 53)
and studied by electron spin resonance and the nitrox-
ide spin label, SN10, in association with a numiber
of physiological parameters. The present study pro-
vides the first clear demonstration of a phase transi-
tion in plasma membranes isolated directly from a nor-
mal mammalian tissue. While the mean transition tem-
perature of approximately 26°C is sufficiently below
37°C to preclude a physiological role for the change in
state, the transition phenomenon should prove
useful in further studies of membrane transport and
enzyme reactions as it has in other cell types (43,
52, 53).

It is instructive to contrast the fluorescence polariza-
tion results obtained with the synthetic hydrocarbon,
DPH, and the essential nutrient, retinol. Prior publica-
tions (3, 12-14) and the present data stupport the hy-
pothesis that DPHreports mainly, if not entirely, from
the nonpolar lipid regions of the plasma membrane.
In our studies the microvillus membranes gave values
similar to the liposomes for both the AE (DPH)
parameter and the transition temperature. Moreover,
the phase transition identified initially by DPH
fluorescence polarization in the membranes was
confirmed subsequently by direct microcalorimetric
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examination of the isolated membrane lipid. Finally,
Ca++ did not appreciably affect the DPH fluores-
cence polarization in microvillus membranes (Table
V), apparently because the probe is located sufficiently
far from the polar head groups of the lipids. In con-
trast to DPH, at least a portion of the fluorescence of
retinol seems to originate from binding of vitamin A
to one or more membrane proteins. As reported pre-
viouisly (23), treatment of microvillus membranes with
trypsin decreases the fluorescence polarization and
fluorescence intensity of the retinol buit not those of
the DPH. In the present experiments (Table III)
retinol [(r0Ir)- 1]-' and fluiorescence intensity per milli-
gram protein were considerably greater in a Triton-
soltubilized membrane protein soltution than in the in-
tact microvillus membrane. The evidence stuggests that
the microvillus membrane may contain one or more
binding proteins which could play a role in the absorp-
tive mechanism for the vitamin.

Variations in ambient pH affected markedly the DPH
fluorescence polarization in microvilltus membranes,
primarily by influencing the membrane proteins. The
inflection points observed (Fig. 5) suggest that the side
chains of gluLtamic acid (pK 4.1) and histidine (pK
6.1) might be involved in these effects. Aside from
the significance for the molectular organization of the
membrane, the change in "microviscosity" with pH
is of interest becauise the microvillus membrane is the
interface normally in contact with intralumenal H+.
A spectulative btut intrigtuing possibility is that the de-
crease in r1 (DPH) at acid pH may represent an early
stage in the destabilization of the membrane which
leads eventually to mutcosal cell destrtuction and peptic
tulceration.
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