
Lateral Transport of a Lipid Probe and Labeled 

Proteins on a Cell Membrane 

Abstract. Diffusion coefficients (D) of a lipid probe and labeled proteins on L-6 
myoblast membranes have been measured giving D(protein) - 2 x 10-1 square cen- 
timeter per second and D(lipid probe) - 9 x 10-9 square centimeter per second. 
Some of the membrane proteins are immobile, but the lipid probe diffuses freely over 
macroscopic distances. Cytochalasin B slows protein but not lipid probe diffusion. 

It is now widely believed that mem- 
brane structure must be understood in 
dynamic terms (1, 2) and that lateral 
movements of cell surface constituents 
play an important role in controlling the 
response of a cell to its external environ- 
ment (3-4). New procedures for measur- 
ing macroscopic lateral transport of fluo- 
rescent labeled molecules (2, 5-8) can de- 
fine the structural constraints and test 
the physiological significance of cell sur- 
face dynamics. 

Before investigating the transport of 
specific plasma membrane receptors and 
antigens, we deemed it useful to measure 
the diffusion of a probe of the lipid phase 
of'the membrane and of a "cross sec- 
tion" of membrane proteins. The former 
indicates the degree to which the lipid bi- 
layer fluidity can influence the transport 
of molecules embedded in it. The latter 
provides surveys of the behavior of mem- 
brane proteins in general. 

We report here quantitative measure- 
ments of the lateral diffusion of a lipid 
probe and of nonspecifically labeled pro- 
teins on the plasma membrane of L-6 
(rat) myoblasts. We compare the diffu- 
sion of the lipid probe and the proteins 
and the effects on them of a metabol- 
ic poison and agents that disrupt cy- 
toskeletal elements. Measurements of 
the lateral transport of concanavalin A 
(Con A) binding sites (2, 6, 7) and of a 
carbocyanine lipid probe (2) in plasma 
membranes have been reported. This re- 
port pursues questions raised by Edidin 
(5) and by ourselves (2, 7). 

We used fluorescence photobleaching 
recovery (FPR) (2, 7-9) to measure later- 
al transport. An intense laser light pulse 
irreversibly bleaches the fluorophore in a 
small region of the membrane. Transport 
coefficients are calculated from rates of 
recovery of fluorescence in the bleached 
region due to entry of unbleached fluoro- 
phores from adjacent parts of the mem- 
brane. In principle, FPR can be used to 
distinguish among diffusion and mecha- 
nisms of systematic driven transport (8). 
Diffusion is characterized by lateral diffu- 
sion coefficients D (square centimeters 
per second) deduced from half times for 
fluorescent recovery, rl/2(seconds). This 
T712 represents approximately the time 
for diffusion of the fluorophore over a dis- 
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tance w of a few micrometers (8, 10). In- 
complete recovery is interpreted to in- 
dicate the presence of labeled particles 
which are immobile on the time scale of 
our measurements (2, 7). 

We have used 3,3-dioctadecylindo- 
carbocyanine iodide (diI) dissolved in 
the lipid portion of the plasma membrane 
as a fluorescent analog to indicate lipid 
behavior. Incorporation of the diI in the 
plasma membrane of these cells is in- 
dicated by detailed studies of peripheral 
fluorescence of various labeled cells (11). 
The diI does mimic the diffusion of phos- 
pholipids in model lipid bilayers (12) but 
may differ from natural lipids in its inter- 
action with membrane proteins. Figure 
la presents a typical FPR recovery curve 
for diI. It coincides with theory (8) for 
diffusion with a single coefficient 
D = 9.2 x 10-9 cm2/sec. The mean val- 
ue (+ the standard deviation) obtained 
from measurements on 18 cells is 
D = (9.0 + 4.0) x 10-9 cm2/sec. This 
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Fig. 1. Photobleaching recovery curves of L-6 
myoblasts labeled with (a) diI, D = 9.2 x 10-9 
cm2/sec (for beam radius w = 4 um) with a flu- 
orescence recovery of 95 percent; (b) TNBS 
and rhodamine-labeled antibodies to DNP, 
D = 1.9 x 10-10 cm2/sec (for beam radius 
w = 1.1 um) with a fluorescence recovery of 
54 percent. Both types of recovery curves fit 
the theory (8) for diffusion with a single diffu- 
sion coefficient D within their experimental 
accuracy. [Note that the fluorescence recov- 
ery is not expected to be described by simple 
exponential curves (8).] Experimental uncer- 
tainties preclude analysis sufficiently detailed 
to determine the spread of values of D contrib- 
uting to recovery. The observed variation of 
D by a factor of 3 with position on the cell sur- 
face suggests the range over which D varies 
because of the heterogeneity of the labeled 
proteins. 

result was confirmed by the value 
D = (8.0 + 3.0) x 10-9 cm2/sec ob- 
tained by a different method, namely, flu- 
orescence correlation spectroscopy (13). 
The diI diffusion coefficients in lipid bi- 
layers are more than ten times larger 
(12). All measurements of diI diffusion in 
L-6 show - 100 percent recovery of the 
fluorescence after bleaching. This result 
suggests that the lipid bilayer exists as a 
continuous membrane matrix over dis- 
tances >> 4 ,um (the beam radius in 
these measurements) without being sig- 
nificantly partitioned into closed regions 
by membrane proteins. Furthermore, 
cross-linking of membrane glycoproteins 
(and possibly glycolipids) by Con A (66 
,ug/ml at 23?C) or by Con A and anti- 
bodies to Con A (100 ,/g/ml) did not af- 
fect the rate and extent of diI fluores- 
cence recovery. Fixation of the cells 
with 5 percent glutaraldehyde for 2 hours 
did not affect the extent of recovery, 
but did reduce the apparent diffusion 
coefficient to D = (1.5 + 0.5) x 10-9 
cm2/sec. Finally, sequential labeling first 
with Con A, and then with antibody to 
Con A, and then fixation with glutaralde- 
hyde reduces both the rate, to D= 
(1.5 ? 0.4) x 10-9 cm2/sec, and the ex- 
tent, to 30 to 70 percent, of the fluores- 
cence recovery. Presumably some of the 
lipid probe was trapped by this most 
drastic treatment. [Glutaraldehyde treat- 
ment completely inhibits protein diffu- 
sion (2, 5, 14, and this work).] 

Treating the cells with azide (which 
poisons oxidative metabolism), with col- 
chicine (which disrupts microtubule 
structure), or with cytochalasin B 
(which, among other effects, disrupts 
some microfilaments) had no effect on 
the diffusion of dil-all under the same 
conditions as used in studies of protein 
diffusion. 

The lateral transport of fluorescent la- 
beled proteins on L-6 plasma membranes 
is both far slower and more hetero- 
geneous than that of the lipid probe. Pro- 
teins labeled with fluorescein isothio- 
cyanate (FITC) should be unselected 
with respect to function or antigenic 
specificity. Edidin et al. (5) showed that 
most labeled molecules were indeed pro- 
teins. They have found that membrane 
proteins of mouse fibroblasts in dense 
culture labeled with FITC at pH 9.5 are 
effectively immobile for 2 hours after la- 
beling. After this period, photobleaching 
recovery methods gave a mean value of 
D = (2.6 ? 1.0) x 10-'1 cm2/sec. We 
have labeled L-6 plasma membrane with 
FITC at pH 7.6 without noticeable cell 
damage (15, 16). Measurements by FPR 
promptly after labeling and 3 hours later 
yielded diffusion recovery curves with a 
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Table 1. Measurements by FPR at three different positions on a single cell surface labeled with 
TNBS and rhodamine-marked antibodies to DNP. 

First bleach Second bleach 
Fluorescence 

intensity* D Fractional 
(arbitrary units) (cm2/sec) recovery cmsec rec 

22.5 6.6 x 10-10 31 6.6 x 10-10 90 
27.0: 3.3 x 10-10 62 3.3 x 10-10 84 
17.0 2.0 x 10-10 54 2.3 x 10-10 66 

*The fluorescence intensity was measured from an illuminated spot radius - 1.1 zm. tNote that fraction- 
al recovery on second bleach remains < 100 percent because bleaching is always incomplete; ultimately sub- 
sequent bleaches approach 100 percent recovery. tIn this experiment the bleached region was above the 
nucleus. 

representative value, D = (2.2 ? 1.0) x 
10-1( cm2/sec for 11 cells with the degree 
of fluorescence recovery in the range 30 
to 50 percent. Repeated measurements 
at the same position yield reproducible 
values of D. However the value of D and 
fractional fluorescence recovery vary 
from position to position on the cell. The 
substantial spatial variation of apparent 
diffusion coefficient is probably due to 
heterogeneity of the composition or ar- 
rangement of proteins labeled by FITC. 

To test the generality of these results 
and discover whether FITC was selec- 
tively labeling proteins with exceptional 
diffusion coefficients, we have applied a 
distinctly different labeling procedure. 
Plasma membrane components of L-6 
were conjugated with 2,4,6-tri- 
nitrobenzene sulfonate (TNBS) and 
marked with rhodamine-labeled anti- 
body to dinitrophenol (DNP) (16, 17). 
Figure lb presents a recovery curve (typ- 
ical of 15 cells) from a cell labeled in this 
way;D = 1.9 x l0-10cm2/sec, with a flu- 
orescence recovery of 54 percent. In gen- 
eral, results obtained with TNBS-labeled 
components closely parallel those ob- 
tained with FITC. Hence our results 
seem to reflect the behavior of a repre- 
sentative collection of membrane com- 
ponents (expected to be mostly proteins) 
able to bind FITC or TNBS (for ex- 
ample, with exposed lysine amine 
groups). The components labeled with 
TNBS and then antibody to DNP com- 
ponents also show substantial variation 
of D and fractional recovery at different 
positions in the same cell (Table 1). 

The existence of an immobile fraction 
of the labeled proteins and known drug 
effects on transport of Con A receptors 
(2, 3) suggest that factors other than fluid- 
ity of the lipid bilayer determine the rate 
of transport of the proteins embedded in 
it. We have therefore attempted to as- 
sess the role of cytoskeletal structures 
and metabolism in the lateral transport. 
Neither colchicine (10-5M for 45 min- 
utes) nor azide (10-2M, 30 minutes) af- 
fect the rate or extent of recovery with 
either protein label. Hence neither oxida- 
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tive phosphorylation nor microtubules 
seem to be strongly involved in the ob- 
served protein mobility. Cytochalasin B 
(10 ,ug/ml, 45 minutes), however, dramat- 
ically decreases the apparent diffusion 
coefficient of the labeled proteins by a 
factor of 10 into the range 1.9 x 
10-11 < D < 3.3 x 10-11 cm2/sec with- 
out noticeably affecting the extent of re- 
covery. We had observed a similar effect 
on Con A receptors (2). Furthermore, 
the mobility of the proteins labeled with 
TNBS and antibody to DNP is reduced 
to D - 2 x 10-11 cm2/sec by Con A (33 
/zg/ml). This result could derive either 
from a direct cross-linking of the labeled 
proteins by the lectin or by an ancho- 
rage-dependent modulation as proposed 
by Edelman (3). 

We have attempted to assess the con- 
tribution of systematic cell surface flow 
(18) to the observed recovery curves; we 
used curve-fitting procedures already de- 
scribed (8). In all curves tested, only dif- 
fusive transport was detected. This was 
expected because the reported flow rates 
are too slow by about a factor of 10 to af- 
fect our results. Our analysis indicates 
that the flow velocity of diI and labeled 
proteins must be less than 2 x 10-5 

cm/sec and 2.4 x 10-0; cm/sec, respec- 
tively. 

The main conclusions of this study of 
L-6 myoblasts are: (i) The rate (D - 9 x 
10-9 cm2/sec) and completeness of the 
fluorescence recovery of the lipid probe 
diI suggest that the plasma membrane 
contains a fluid lipid bilayer matrix that 
is continuous over distances much larger 
than 4 ttm. (ii) Cross-linking of mem- 
brane glycoproteins by Con A and treat- 
ment with azide, colchicine, or cy- 
tochalasin B does not affect the diffusion 
of the lipid probe. (iii) Proteins on the 
plasma membrane labeled with FITC 
and TNBS show similar rates, D - 2 x 
10-10 cm2/sec, and extents of fluores- 
cence recovery. (iv) The mobility of the 
labeled proteins is probably not deter- 
mined by the viscosity of the lipid bilayer 
alone (some of these proteins are immo- 
bile on the experimental time scale) (2). 

(v) The temporary immobility of protein 
after FITC labeling is avoided by label- 
ing at pH 7.6. (vi) The rate of lateral 
transport of mobile proteins and the pro- 
portion of "immobile" proteins is spa- 
tially heterogeneous on the plasma mem- 
brane of a single cell. Perhaps this is 
related to observed patterns of ultrastruc- 
tural organization (19). (vii) The reduc- 
tion of protein mobility by cytochalasin 
B and the absence of any effect on the 
mobility of the lipid probe suggests that 
constituents of microfilaments influence 
transport of the proteins. 
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Developmental dyslexia, or specific 
reading disability, refers to the clinical 
syndrome of difficulty in reading in in- 
tellectually, emotionally, and medically 
normal individuals. Such a deficit is par- 
ticularly incapacitating in modern, highly 
literate societies and frequently results in 
secondary behavioral and emotional diffi- 
culties. Estimates of the incidence of the 
disorder are as high as 5 percent of 
school-age children, which makes it a 
prevalent as well as a serious disorder 
(1). 

Numerous etiological hypotheses of 
dyslexia have implicated various neuro- 
logical, social, and educational factors 
(2). None, however, has received strong 
or consistent support. One long-standing 
neural hypothesis, originally suggested 
by Orton (3), implicates abnormal cere- 
bral dominance or functional asymmetry 
of the hemispheres. Testing this hypothe- 
sis has become possible only within the 
last decade with the development of a 
number of experimental techniques; for 
example, tasks requiring the perception 
of lateralized stimuli allow inferences 
about hemisphere specialization in non- 
brain-damaged individuals (4, 5). Numer- 
ous studies using these techniques, par- 
ticularly dichotic (auditory) stimulation 
(6) and, to a lesser extent, tachistoscopic 
stimulation in the lateral visual fields (7), 
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beled antibodies to DNP were stained peripher- 
ally. Similar diffusion coefficients were obtained 
for cells labeled with TNBS and rhodamine-la- 
beled Fab antibodies to DNP indicating that 
cross-linking between surface proteins via the 
intact antibody is unlikely. 

17. The cells were incubated with 1 ml of TNBS 
(10 mM) in Hanks BSS for 15 minutes at 37?C, 
then washed three times and incubated for 15 
minutes at 37?C with 1 ml (25 u/g/ml) of rhoda- 
mine-labeled antibodies (sheep, immunoglobulin 
G) to DNP. 
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have been reported with variously de- 
fined groups of poor readers. All these 
studies used linguistic stimuli and ad- 
dressed themselves to the question of 
whether the left hemisphere is special- 
ized for linguistic processing in such chil- 
dren; the implicit assumption has been 
that specialization of the left hemisphere 
is impaired in dyslexia. This assumption 
probably arose from the well-established 
clinical knowledge that acquired alexia 
or dyslexia is usually associated with le- 
sions in the left (speech dominant) hemi- 
sphere (8) and from the fact that reading 
has traditionally been conceptualized as 
a language skill. The results of these stud- 
ies (6, 7) have consistently indicated 
right-ear and right-visual-field superior- 
ities and, by inference, specialization of 
the left hemisphere for linguistic process- 
ing in poor readers, as is the case in nor- 
mal individuals. However, in spite of the 
data, many of these reports contain un- 
founded suggestions of a lack of, or less 
strong, specialization of the left hemi- 
sphere in dyslexia. 

In contrast, I have investigated (i) spe- 
cialization of the right hemisphere for 
spatial processing, (ii) specialization of 
the left hemisphere for linguistic pro- 
cessing, and (iii) the relative participa- 
tion of the two hemispheres on a task 
that requires the specialized functions of 
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both. Performance on the last task may 
be particularly illuminating for, like read- 
ing, it involves both types of cognitive 
processing (9). 

The results indicate that in dyslexics, 
spatial functions are represented in both 
hemispheres in contrast to the special- 
ization of the right hemisphere in normal 
children. In addition, and consistent with 
the previous studies, dyslexics have the 
typical pattern of left-hemisphere repre- 
sentation of linguistic functions. Al- 
though the left hemisphere may mediate 
the typical cognitive functions, the re- 
sults suggest that left-hemisphere pro- 
cessing may be deficient in dyslexics. 
These two possible neural correlates 
may result in a cognitive pattern of defi- 
cits and biases in dyslexia; specifically, a 
deficiency in the linguistic, sequential, 
analytic cognitive mode of information 
processing, and an intact or even over- 
developed use of the spatial, parallel, ho- 
listic mode. 

A group of 85 right-handed boys (6 to 
14 years of age, X = 10.6), selected as 
cases of developmental dyslexia on the 
basis of extensive pediatric, psychiatric, 
and clinical psychological assessments, 
were given a battery of four tests consid- 
ered to reflect hemisphere specialization. 
Two tests are considered to be indices of 
right-hemisphere specialization for spa- 
tial processing: (i) "dichhaptic stimula- 
tion" with meaningless shapes, a rela- 
tively new task, in which two different 
shapes are simultaneously presented one 
to each hand, to be perceived by active 
touch alone (5, 10), and (ii) a tachisto- 
scopic task, adapted from the test proce- 
dures originally developed with adults, 
in which pairs of identical or different fig- 
ures of people were presented in either 
the right or left visual half-field and had 
to be identified as "same" or "differ- 
ent." Specialization of the left hemi- 
sphere for linguistic processing was as- 
sessed with a typical dichotic stimulation 
test that used free recall of series of pairs 
of digits. The final test involved dichhap- 
tic presentation of letters that were to be 
named by the subject (5). The perform- 
ance of the dyslexic group on these tests 
was compared to that of a group of 156 
normal, right-handed boys who were 
matched for age (X = 10.5 years) and so- 
cioeconomic class, who had no history 
of academic or behavioral difficulty, and 
who obtained age-appropriate scores on 
reading and spelling achievement tests. 
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who obtained age-appropriate scores on 
reading and spelling achievement tests. 

On the dichhaptic shapes test, the dys- 
lexic group showed no difference in accu- 
racy in recognizing shapes presented to 
their left and right hands (X = 5.1 and 
5.5, respectively, t = 1.43, d.f. = 61), in 
contrast to the normal group, who ob- 
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Developmental Dyslexia: Two Right Hemispheres and None Left 

Abstract. Developmental dyslexia may be associated with (i) bi-hemisphere repre- 
sentation of spatialfunctions, in contrast to the right-hemisphere specialization ob- 
served in normal children, and (ii) typical left-hemisphere representation of linguistic 
functions, as is observed in normal children. The bilateral neural involvement in spa- 
tial processing may interfere with the left hemisphere's processing of its own special- 
ized functions and result in deficient linguistic, sequential cognitive processing and 
in overuse of the spatial, holistic cognitive mode. This pattern of cognitive deficits 
and biases may lead dyslexics to read predominantly with a spatial-holistic cognitive 
strategy and neglect the phonetic-sequential strategy. Such an approach in learning 
to read phonetically coded languages, such as English, may be inefficient and limit- 
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