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Abstract. Membrane fluidity of human cheek cells was 
determined using fluorescence recovery after photo- 
bleaching (FRAP) and steady-state fluorescence anisot- 
ropy. The FRAP data showed that the lateral diffusion 
coefficient (D) and mobile fraction (%R) of lipid in the 
plasma membrane of control cells were 2.01 x 10 -9 cm2/ 
sec and 54.25%, respectively. Trypsin treatment in- 
creased D and %R to 6.4 • 10 -9 cmZ/sec and 72.15%. 
In contrast, the anisotropy (r) for control cells was 0.270 
which remained unchanged by trypsin treatment. The 
results show that diffusion of lipids in the plane of the 
membrane is restricted by trypsin-sensitive barriers. 
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Introduction 

Human cheek (buccal epithelial) cells can be isolated by 
noninvasive methods and represent an accessible tissue 
on which to investigate the influence of diet on nutri- 
tional status (McMurchie et al., 1984). The isolation 
procedure relies on mechanical dislodgement of cells 
from the inner surface cheek and therefore isolates cells 
with associated extracellular protein (McMurchie et al., 
1984). A number of investigators have isolated cheek 
cells using this method and have demonstrated that the 
cell membrane lipid composition can be influenced by 
the lipid composition of the diet (McMurchie et al., 
1984; Sampugna et al., 1988). However, the biophysical 
properties of the cheek cell plasma membrane have not 
been investigated. Such studies are of importance since 
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physical properties, such as membrane fluidity, may 
have a profound influence on cell function. 

Membrane fluidity properties can be measured by 
2H-NMR, ESR, fluorescence recovery after photobleach- 
ing (FRAP), time-resolved and steady-state fluorescence 
anisotropy (Stubbs & Smith, 1984). However, these 
methods determine different aspects of membrane orga- 
nization. For example, 2H-NMR, ESR time-resolved 
and steady-state fluorescence anisotropy determine rota- 
tional motion of lipid in the membrane, whereas FRAP 
measures lateral motion in the plane of the membrane 
(Stubbs & Smith, 1984). The distinction between these 
measurements is important. Measurements of rotational 
diffusion provide information about molecular motion on 
a molecular length scale; in the case of FRAP, measure- 
ments of lateral diffusion provide information about mo- 
lecular motion on a much larger scale, determined by the 
dimensions of the illuminated spot on the membrane sur- 
face (e.g., 1-5 Ixm). Thus, this latter measurement is 
sensitive to the presence of barriers to diffusion that may 
be present within the membrane resulting in domain for- 
marion. Physical barriers to diffusion in the membrane 
can originate from within the cell, where they are gen- 
erally coupled to the cytoskeleton or can be located on 
the outer surface of the membrane, where they are re- 
ferred to as the extracellular matrix (ECM). 

The presence of such structures can cause the host 
cell to adopt a nonspherical appearance consistent with 
that observed with cheek cells. In this report, we de- 
scribe measurements of the membrane fluidity of human 
cheek cells by steady-state fluorescence anisotropy 
(Kuhry et al., 1985) and FRAP (Axelrod et al., 1976). 
The possible presence of a membrane-bound, protein- 
aceous, ECM which compartmentalizes lipid in domains 
within the membrane and therefore restricts lateral dif- 
fusion has been investigated by combined mild trypsinol- 
ysis and FRAP. 
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Fig. 1. Schematic representation of the 
photobleaching apparatus (abbreviations are 
discussed in the text). 

Materials and Methods 

COLLECTION OF CHEEK EPITHELIAL CELLS 

Cheek cells were collected by a modification of the method of Mc- 
Murchie et al. (1984). Subjects initially cleaned their mouths with 
bottled mineral water (Malvern), then rinsed their mouth vigorously 
with 20 to 25 ml of mineral water. Cheek cells were collected by 
expectoration of the fluid into a container. Usually two of these col- 
lection cycles were performed after an initial cleansing rinse, with the 
final volume of washings collected amounting to approximately 40 ml. 
Penicillin/streptomycin was added to this suspension to a final concen- 
tration of 100 IU/ml and 100 rag/liter, respectively. The sample was 
then centrifuged at 15,000 x g, at 4~ for 30 min. After discarding the 
supematant, the pellet of the cells was resuspended in 1 ml of Mg 2+ and 
Ca 2+ free phosphate-buffered saline (PBS buffer) at 4~ containing 100 
IU/ml penicillin and 100 mg/liter streptomycin. The cells were then 
disaggregated by aspiration through a 1 ml syringe fitted with a 25 
gauge needle. The cells were washed in PBS buffer by centrifugation 
at 3,500 x g for 5 min in a microcentrifuge. The cell pellet was finally 
resuspended in 1 ml of PBS-buffer at 4~ and stored on ice. 

TRYPSIN TREATMENT 

Isolated cheek cells (approx. 50,000/ml) were incubated in PBS con- 
taining 0.25% trypsin (EC 3.4.21.4, Imperial Laboratories) and 0.03% 
(w/v) EDTA at 37~ for 30 min. Control nontrypsin-treated samples 
were prepared in parallel. The progress of trypsinolysis was monitored 
by light microscopy since this treatment induced rounding of the cells 
and loss of their flattened polyhedral-like appearance. The cells were 
recovered after the incubation period by centrifugation at 400 • g for 5 
min. The supernatant was discarded and the cells were resuspended in 
Hanks balanced salt solution pH 7.4 at 4~ washed with buffer and 
harvested by centrifugation twice as above. The final cell pellet was 

resuspended in 0.5 ml of Hanks buffer. Cell viability was confirmed by 
their ability to hydrolyze fluorescein diacetate (Sigma). 

FLUORESCENCE LABELING OF CHEEK CELLS 

Cheek cells were incubated in Hanks buffer containing 2 I.tmol/liter 
5-N-(octadecanoyl) aminofluorescein (ODAF, Molecular Probes) on 
ice for 15 min. The cells were then recovered by centrifugation at 400 
x g for 5 min. The supernatant was discarded, and the cells were 
resuspended in Hanks buffer then washed twice as described above. 
The final cell pellet was resuspended in 0.5 ml of Hanks buffer. The 
cells were then drawn into 100 p.m thick, 50 mm long rectangular 
cross-section microslides (Camlab Cambridge) by capillary action 
(Bloom & Webb, 1983) and the ends of the slides were sealed with 
Critoseal (Hawksley and Son). The slide was then placed on a tem- 
perature-controlled microscope stage ready for photobleaching exper- 
iments. All samples were labeled and ready for analysis within 3 hr. 
Photographs were taken with Nikon FX35DX camera on Kodak Ek- 
tachrome 400 ASA film. 

FLUORESCENCE RECOVERY AFTER PHOTOBLEACHING (FRAP) 

Lateral diffusion measurements of the fluorophore, ODAF, in the 
plasma membrane of the cells was measured by FRAP (Fig. 1). The 
apparatus has been described (Bloom & Webb, 1983; Wolf, 1989) but 
had a number of unusual features as detailed below. 

Electro-optic modulator: The intensity of the 488 nm line of a 10 
W argon ion laser (At+; Coherent Innova 100-10) was modulated by an 
electro-optic modulator (EOM), constructed from two crossed Glan- 
Taylor polarizing prisms and an LCD light valve. The first polarizer 
prism was positioned in the light path and set to allow maximum light 
throughput (i.e., parallel with the polarization of the laser). The second 
polarizer prism (analyzer) was placed in the light path and adjusted to 
give minimum light output. The light valve (LV050AC; Displaytech) 
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was positioned between the two crossed polarizers and adjusted to give 
minimum light output (i.e., 90 ~ orientation from the first). The light 
valve was driven using a waveform which exhibited a +15 V switching 
transient, which decayed to a +_5 V hold voltage in 300--600 gsec. 
This device allowed rapid switching between the monitoring and 
bleach beam intensities, the latter being approximately 300-fold more 
intense than the monitoring beam. 

The microscope (Nikon Optiphot) was arranged with two epi- 
illumination attachments to permit fluorescence illumination from two 
separate light sources. This made it possible to switch between full 
field fluorescence illumination to allow labeled cell location and point 
illumination for the photobleaching experiments. Full field illumina- 
tion was provided by the beam output from a 488 nm air-cooled argon 
ion laser (Cyonics; model 2101). This was delivered via a fiber optic 
attachment into one epi-illumination port, through a ground glass dif- 
fusion filter and delivered to the sample via a dichroic mirror (DM2; 
DM510 Nikon) and barrier filter. Note it was necessary to remove 
DM1 from the light path for this form of illumination. 

The modulated laser beam was guided into the microscope 
through a beam defining aperture (PHI) located at the image plane of 
the second epi-illumination attachment. The latter was equipped with 
a dichroic mirror (DM1; DM500). The beam was focused to a spot on 
the cell membrane using a 40x (Nikon 0.4-NA) long working distance 
objective. The spot intensity profile was determined using a BeamScan 
(Model 2180; Photon) and was found to be Gaussian. The spot radii 
(1/e 2) was 2.5 gm. The emitted fluorescence gathered by the objective 
lens was transmitted by the dichroic mirror (DM 1) and a 500 nm barrier 
filter, and focused on a second aperture (PH2) located at the image 
plane of the photomultiplier port. Fluorescence intensity was detected 
by a photoncounting photomultiplier tube (PMT; Thom-EMI). The 
detector tube was protected by a HV electronic gate and a mechanical 
shutter (MS). It is worth noting that during a photobleaching data 
collect sequence, DM2 and prism 3 were withdrawn from the light 
path. The stability of the input laser beam was monitored using a beam 
splitter (BS) and photodiode (PD) and this signal was used to electron- 
ically compensate for minor laser fluctuations. System timing and con- 
trol, data acquisition, and data analysis were performed using a VME 
microcomputer (Motorola 68020). 

FRAP data were analyzed by nonlinear least-squares fitting to an 
expression defining the time dependence of fluorescence recovery ob- 
served with a circular beam of Gaussian cross-sectional intensity and 
had the form (Yguerabide, Schmidt & Yguerabide, 1982): 

STEADY-STATE FLUORESCENCE ANISOTROPY 

Membrane fluidity was measured using the fluorescence anisotropy 
properties of the probe trimethylammoniumdipbenylhexatriene (TMA- 
DPH) under steady-state conditions using a spectrofluorimeter (Perkin- 
Elmer LS-5) coupled with a L-format polarization unit. TMA-DPH 
(Molecular Probes), prepared as a 0.5 mmol/liter stock solution in 
dimethylformamide, was stored refrigerated and protected from light. 
Equal volumes (0.5 ml) of cheek cells and TMA-DPH dispersion (1.0 
~tmol/liter) in PBS buffer were mixed and incubated at room temper- 
ature for 5 min. Sample temperature was equilibrated to 37~ in the 
fluorimeter and fluorescence emission obtained at 435 nm with 385 nm 
excitation was measured with constant stirring. 

Temperature was monitored continuously using a digital ther- 
mometer with an accuracy of :L-0.1~ The anisotropy (r) was calcu- 
lated using the expression: 

l w -  Glvn 
r l w  + 2Glvn (3) 

where I refers to the observed fluorescence intensity and the subscript 
denotes the orientation of the excitation and emission polarizers (V = 
vertical and H = horizontal). The instrumental correction factor (G) 
(Lakowicz, 1983) is given by 

lnH (4) 

Thus, anisotropy measurements were always collected with ver- 
tical excitation, whereas the correction factor involved horizontal ex- 
citation. The absorbance of the sample at the excitation wavelength 
was below 0.2 units and the results were corrected for light scattering 
(Kuhry et al., 1985; Deguercy et al., 1986). 

STATISTICAL SIGNIFICANCE 

Statistical analyses were performed using ANOVA and testing signif- 
icance by the Tukey method. 

R e s u l t s  

F(t) 
F(O) + F(~)(t/f~o) 

I + (t/f3ro) 

Where F(t) was observed fluorescence as a function of time, F(0) was 
the intensity of the fluorescence immediately after the bleach pulse, 
F(oo) was the fluorescence at infinite time after the bleach pulse, l~ was 
the depth of bleach parameter and "c o was the diffusion time. The 
lateral diffusion coefficient, D, is given by D = o3z/4~D, where r is the 
half-width at 1/e a height of the laser beam at its point of focus on the 
membrane. Mobile fraction (%R) is given by 

%R 
F(~)  - F(0) 

F(t < O) - F(O) 

where F (t < 0) is the prebleach fluorescence (Wolf, 1989). 
Single FRAP recovery curves were collected from ten separate 

cells for each experimental condition and then averaged before analy- 
sis. 

T h e  p l a s m a  m e m b r a n e  f lu id i ty  p r o p e r t i e s  o f  h u m a n  

(1) c h e e k  cei ls  we re  m e a s u r e d  by  F R A P  u s i n g  O D A F  as 

f luorescen t  probe.  Pr io r  to the  F R A P  m e a s u r e m e n t ,  f lu- 

o r e scen t - l abe l ed  c h e e k  cel ls  were  in spec ted  by  f luores-  

cence  m i c r o s c o p y  wi th  ful l  f ie ld  i l lumina t ion .  T h e  c h e e k  

cells  were  o f  a n o r m a l  p o l y h e d r a l  appea rance  ind ica t ing  

tha t  l abe l ing  d id  no t  a l ter  the i r  m o r p h o l o g y  (Fig. 2a) .  

T h e  F R A P  resu l t s  are s u m m a r i z e d  in the  Table .  T h e  data  

f rom cel ls  ob t a ined  f r o m  severa l  sub jec t s  r e tu rned  lateral  

d i f fus ion  coef f ic ien ts  w i th in  the  r ange  o f  expec t ed  va lues  

for  m a m m a l i a n  cel ls  at  37~ H o w e v e r ,  the  p ropor t i on  

o f  f l uo re scence  r ecove ry  o b s e r v e d  u n d e r  these  condi -  

(2) t ions  was  cons ide red  a b n o r m a l l y  low, a m o u n t i n g  to on ly  

a p p r o x i m a t e l y  5 0 %  o f  the  p r e b l e a c h  in tens i ty  as s h o w n  
by the  da ta  cu rves  in  Fig. 3. E x p e r i m e n t s  were  a lso per-  

f o r m e d  f o l l o w i n g  p r e i n c u b a t i o n  o f  the  s ample  at  37~ to 

e s t ab l i sh  w h e t h e r  the  s a m p l e ' s  t e m p e r a t u r e  h i s to ry  inf lu-  

e n c e d  the  ex ten t  o f  f l uo re scence  recovery .  H o w e v e r ,  no  
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Table 1. Effect of trypsin on the membrane fluidity of human cheek 
cells measured by FRAP and fluorescence anisotropy 

Treatment FRAP method Fluorescence 
polarization 

Diffusion Recovery Anisotropy 
coefficient (R) (r) 
(D) (%) 
(D • 10 -9 cm2/sec) 

ControP 2.01 _+ 0.151 54.25 _+ 3.46 0.270 +_ 0.0037 
37~ b 2.01 _+ 0.169 51.15 +_ 3.57 0.270 + 0.0065 
EDTA 2.08+ 0.204 55.78 +- 2.43 0.275 + 0.0058 
Trypsin-EDTA 6.40 + 0.667* 72.15 + 2.62* 0.270 + 0.0025 

Data values represent mean +_ SE of four determinations. 
a Control sample was stored on ice prior to equilibration at 37~ for the 
measurements, bThe 37~ was preincubated at 37~ for 30 min in the 
absence of trypsin prior to the measurements at 37~ *Data values 
which are significantly different from control values P < 0.05. 

Fig. 2. Effect of trypsin on the morphology of cheek cells. Photograph 
(a) shows control cells and (b) trypsin-treated cells both fluorescently 
labeled with ODAF. 

significant alteration in either the lateral diffusion coef- 
ficient or the extent of recovery was observed. 

It was unclear whether the polyhedral morphology 
derived from properties of the cytoskeleton or from a 
proteinaceous ECM. It was conceivable that the pres- 
ence of an ECM could compartmentalize the membrane 
inhibiting complete redistribution of the photobleached 
fluorophore by lateral diffusion. A mild trypsin-EDTA 
treatment was devised to test the latter hypothesis. The 
progress of trypsinolysis could be monitored by fluores- 
cence microscopy, since exposure to trypsin caused the 
cheek cells to adopt a spherical appearance (Fig. 2b). 

FRAP measurements were performed on the trypsin- 
treated cells and the results are shown in the Table. A 
threefold increase in the measured diffusion coefficient 
was observed along with a 29% increase in the extent of 
recovery as shown by the data curves in Fig. 3. Both 
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Fig. 3. Effect of trypsin on the lateral diffusion of lipids in cheek cell 
plasma membrane. The results from typical FRAP experiments are 
displayed on this graph. Data points (640) were collected for each 
treatment. Data were averaged and analyzed as described in the text. 
The unbroken line (-) is the computer-generated best-fit recovery 
curve. 

these changes were determined to be significant (P < 
0.05). In contrast, there were no significant changes de- 
tected in either diffusion coefficient or percentage recov- 
ery following treatment of the cells with EDTA alone. 

The fluidity properties of the plasma membranes of 
cheek cell samples were also assessed by steady-state 
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anisotropy measurements. The steady-state fluorescence 
anisotropy measured with TMA-DPH in human cheek 
cells at 37~ was 0.270. Surprisingly, few anisotropy 
measurements with the same probe, performed on intact 
cells at this physiological temperature, appear in the lit- 
erature. However, a value of 0.249 has been reported for 
platelets (Kitagawa et al., 1991) and 0.220 for isolated 
hepatocytes (Benedetti et al., 1989). Most measurements 
have been carried out at lower temperatures. For exam- 
ple, the anisotropy at 25~ for L929 cells was 0.289 
(Kuhry et al., 1985), and for erythrocyte membranes at 
the same temperature was 0.302 (Deguercy et al., 1986). 
The comparatively small difference between these ob- 
served anisotropy values at the lower temperature would 
seem to indicate that cheek cell membranes may not be 
as fluid as those of other cell types. The data from 
steady-state fluorescence anisotropy showed no signifi- 
cant change in membrane fluidity across all the condi- 
tions tested. 

Discussion 

Detection of only partial recovery of fluorescence fol- 
lowing photobleaching of the fluorescent lipid analogue 
in the plasma membrane of control human cheek cells 
indicated the presence of two lipid fractions in the mem- 
brane, one mobile, the other immobile. We have dem- 
onstrated that the barrier to diffusion is proteinaceous in 
nature, responsible for the maintenance of cell shape, and 
at least partially accessible to digestion and elimination 
by trypsin in the extracellular suspension medium. 

The changes in membrane properties were only de- 
tectable by the FRAP technique and not by steady-state 
fluorescence anisotropy. The explanation for this lies in 
the fact that TMA-DPH steady-state fluorescence anisot- 
ropy is sensitive to changes in the packing (Pottel, Meer 
& Herreman, 1983) of lipid molecules in the membrane, 
whereas FRAP measures the freedom of molecules to 
diffuse laterally in the membrane (Bloom & Webb, 
1983). Therefore, trypsin treatment only increases the 
diffusion of lipid molecules in the plane of the membrane 
without affecting the lipid-lipid interactions in the mem- 
brane. 

Incomplete recovery of fluorescence detected by the 
FRAP technique applied to the measurement of lipid 
diffusion has been attributed to plasma membrane re- 
gionalization (Gumbiner & Louvard, 1985; Yechiel & 
Edidin, 1987; Tocanne et al., 1989; Edidin, 1990; Edidin, 
1992; Tocanne, Dupou-Cezanne & Lopez, 1994). The 
mechanisms of regionalization vary between cell type 
but the most likely cause in the cheek cell is the inter- 
action of the extracellular matrix (Wade & Coleman, 
1989) molecules with the membrane. Numerous studies 
have shown that the cell shape, D and %R can be mod- 
ulated by the exogenous ECM components (Packard et 

al., 1984; Nakache et al., 1985; Tournier, Lopez & To- 
canne, 1989). 

Invariably, detachment of the cell from the extracel- 
lular matrix causes rounding-up, as observed in the 
present study following trypsin digestion. Thus, this 
protease appears to destroy the interactions between the 
extracellular matrix and the membrane in the cheek cell 
system. 

The effects of ECM components on D and %R in 
FRAP measurements of membrane lipid properties de- 
pend on cell type. Packard et al. (1984) demonstrated 
that when MDCK cells were cultured on substrata con- 
sisting of collagen, fibronectin or laminin, %R for the 
lipid probe used was reduced by 45.7, 57.6 or 42%, 
respectively. However, D for the lipid probe increased 
by 65 or 66% for cells grown on collagen or fibronectin 
but remained unchanged for cells grown on laminin ma- 
trix. In contrast, Nakache et al. (1985) using primary 
cultures of bovine pulmonary artery endothelial cells, 
showed no change in D and %R of a lipid probe in 
membranes of cells grown on collagen or fibronectin- 
coated coverslips. However, cells grown on glass cov- 
erslips coated with ECM extract showed an eightfold 
decrease in D. 

The removal of barriers to lipid diffusion by enzyme 
digestion has been attempted for sperm, keratocytes and 
yeast. Wolf, Lipscomb and Maynard (1988) demon- 
strated that when ram sperm were treated with a nonspe- 
cific protease (pronase), no change in the D or %R of the 
lipid probe was observed. They ascribed the immobile 
lipid fraction to lateral phase separation of the lipid in the 
membrane. Similarly, keratocytes (Lee et al., 1993) 
treated with an enzyme that removes components of the 
glycocalyx (heparinase) also showed no change in D or 
%R. In contrast, trypsin-treated yeast plasma membrane 
(Greenberg & Axelrod, 1993) did show an increase in D 
and %R of the lipid probe which is in keeping with the 
findings of this study on human cheek cells. However, 
prior to FRAP measurements on the yeast plasma mem- 
brane, the cell wall was removed by zymolase digestion 
followed by trypsin treatment of the exposed plasma 
membrane. This treatment resulted in increased lateral 
diffusion in the membrane of the yeast but the reasons for 
this were unclear. The most likely explanation was the 
removal of membrane protein, but the possibility that cell 
wall fragments remain after zymolase treatment which 
are further disrupted by trypsin treatment cannot be ruled 
out. 

In conclusion, cheek cells isolated by the method of 
McMurchie et al. (1984) have surface structures which 
hinder lateral diffusion. This is an important finding that 
will need to be taken into account in future studies of the 
influence of dietary lipid on the biophysical properties of 
cheek cell plasma membrane, since changes caused by 
lipid manipulation may be masked by the effect of the 
ECM. 



228 S. Ladha et al.: Cheek Cell Membrane Fluidity 

References 

Axelrod, D., Koppel, D.E., Schlessinger, J., Elson, E., Webb. W.W. 
1976. Mobility measurement by analysis of fluorescence photo- 
bleaching recovery kinetics. Biophys. J. 16:1055-1069 

Benedetti, A., Ferretti, G., Curatola, G., Brunelli, E., Jezequel, A.M., 
Orlandi, F. 1989. Plasma membrane fluidity in isolated rat hepato- 
cytes: A comparative study using DPH and TMA-DPH as fluores- 
cent probes. J. Gastroenterol. Hepatol. 4:221-227 

Bloom, J.A., Webb, W.W. 1983. Lipid diffusibility in the intact eryth- 
rocyte membrane. Biophys. J. 42:295-305 

Deguercy, A., Schrevel, J., Duportail, G., Laustriat, G., Kuhry, J.G. 
1986. Membrane fluidity changes in P. Berghei-infected erythro- 
cytes, investigated with a specific plasma membrane fluorescent 
probe. Biochem. Int. 12:21-31 

Edidin, M. 1990. The super-ordered fluid: a domain model of cell 
surface membranes. In: Biophysics of the Cell Surface. R. Glaser, 
D. Gingell, editor, pp. 51-59. Springer-Verlag, New York 

Edidin, M. 1992. The variety of cell surface membrane domains. Com- 
ments Mol. Cell Biophys. 8:73-82 

Greenberg, M.L., Axelrod, D. 1993. Anomalously slow mobility of 
fluorescent lipid probes in the plasma membrane of yeast Saccha- 
romyces cerevisiae. J. Membrane Biol. 131:115-127 

Gumbiner, B., Louvard, D. 1985. Localized barriers in the plasma 
membrane: a common way to form domains. Trends Biochem. Sci. 
435-438 

Kitagawa, S., Matsubayashi, M., Kotani, K., Usui, K., Kametani, F. 
1991. Asymmetry of membrane fluidity in the lipid bilayer of blood 
platelets: Fluorescence study with diphenylhexatriene and analogs. 
J. Membrane Biol. 119:221-227 

Kuhry, J.G., Duportail, G., Bronner, C., Laustriat, G. 1985. Plasma 
membrane fluidity measurements on whole living cells by fluores- 
cence anisotropy of trimethylammoniumdiphenylhexatriene. Bio- 
chim. Biophys. Acta 845:60-67 

Lakowicz, J.R. 1983. Fluorescence polarization. In: Principles of Flu- 
orescence Spectroscopy. pp. 112-151. Plenum, New York 

Lee, G.M., Zhang, F., Ishihara, A., McNeil, C.L., Jacobson, K.A. 1993. 
Unconfined lateral diffusion and an estimate of pericellular matrix 
viscosity revealed by measuring the mobility of gold-tagged lipids. 
J. Cell Biol. 120:25-35 

McMurchie, E.J., Margetts, B.M., Beilin, L.J., Croft, K.D., Vandongen, 
R., Armstrong, B.K. 1984. Dietary-induced changes in the fatty 

acid composition of human cheek cell phospholipids: correlation 
with changes in the dietary polyunsaturated/saturated fat ratio. Am. 
J. Clin. Nutr. 39:975-980 

Nakache, M., Schreiber, A.B., Gaub, H., McConnell, H.M. 1985. Het- 
erogeneity of membrane phospholipid mobility in endothelial cells 
depends on cell substrate. Nature 317:75-77 

Packard, B.S., Saxton, M.J., Bissell, M.J., Klein, M.P. 1984. Plasma 
membrane reorganization induced by tumor promoters in an epi- 
thelial cell line. Proc. Natl. Acad. Sci. 81:449-452 

Pottel, H., Meer, W.V.D., Herreman, W. 1983. Correlation between the 
order parameter and the steady-state fluorescence anisotropy of 
1,6-diphenyl-l,3,5-hexatriene and an evaluation of membrane flu- 
idity. Biochim. Biophys. Acta 730:181-186 

Sampugna, J., Light, L., Enig, M.G., Jones, D.Y., Judd, J.T., Lanza, E. 
1988. Cheek cell fatty acids as indicators of dietary lipids in hu- 
mans. Lipids 23:131-136 

Stubbs, C.D., Smith, A.D. 1984. The modification of mammalian mem- 
brane polyunsaturated fatty acid composition in relation to mem- 
brane fluidity and function. Biochim. Biophys. Acta 779:89-137 

Tocanne, J.F., Dupou-Cezanne, L., Lopez, A. 1994. Lateral diffusion of 
lipids in model and natural membranes. Prog. Lipid Res. 33:203- 
237 

Tocanne, J.F., Dupou-Cezanne, L., Lopez, A., Tournier, J.F. 1989. 
Lipid lateral diffusion and membrane organization. FEBS Lett. 
257:10-16 

Tournier, J.F., Lopez, A., Tocanne, J.F. 1989. Effect of cell substratum 
on lateral mobility of lipids in the plasma membrane of vascular 
endothelial cells. Exp. Cell Res. 181:105-115 

Wade, J.B., Coleman, R.A. 1989. Direct visualization of the interrela- 
tionship between intramembrane and extracellular structures. Proc. 
Natl. Acad. Sci. USA 86:2723-2727 

Wolf, D.E. 1989. Designing, building and using a fluorescence recov- 
ery after photobleaching instrument. Methods Cell Biol. 30:271- 
306 

Wolf, D,E., Lipscomb, A.C., Maynard, V.M. 1988. Causes of nondif- 
fusing lipid in the plasma membrane of mammalian spermatozoa. 
Biochemistry 27:860-865 

Yechiel, E., Edidin, M. 1987. Micrometer-scale domains in flbroblast 
plasma membranes. J. Cell Biol. 105:755-760 

Yguerabide, J., Schmidt, J.A., Yguerabide, E.E. 1982. Lateral mobility 
in membranes as detected by fluorescence recovery after photo- 
bleaching. Biophys. J. 39:69-75 


