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ABSTRACT Normal nonnucleated erythrocytes subjected to continuous hydrodynamic shear exhibit membrane deformation
or "tanktreading," a process important for reduction of the bulk viscosity of circulating blood. To characterize the effect of
this unique process on the erythrocyte membrane we have measured the lateral diffusion of band 3 during tanktreading.
Band 3 is normally constrained through interactions with the spectrin-actin cytoskeleton, therefore, any significant disruption
of these interactions would result in alterations in band 3 dynamics. Band 3 of human erythrocytes was labeled with
dichlorotriazinyl amino fluorescein. After laser photobleaching of an equatorial stripe, fluorescence images were recorded
from cells in the presence or absence of shear. The amplitude of induced nonuniformity in the surface distribution of
fluorescence was calculated directly from images of unsheared cells. In shear the bleached line rotated with the tanktreading
motion of the cells. The surface integral of fluorescence oscillated with this motion. For this case, the amplitude of
photobleaching-induced nonuniformity was defined as the amplitude at the fundamental frequency of fast Fourier transforms
in time of the oscillations. Shear stress-induced membrane flow did not interrupt the linkage of band 3 with the erythrocyte
cytoskeleton. Diffusion coefficient and mobile fraction (1.5 ± 0.5 x 10-10 cm2/s and 54 ± 1 1%, respectively) were

unaffected by shear. The rate of fluorescence recovery of cells in shear was also similar at the centers and at the edges,
where in-plane shear forces are maximal.

INTRODUCTION

Proteins in native membranes rarely diffuse at the rates
predicted by fluid dynamic theories for free diffusion in a
lipid bilayer (Saffman and Delbruck, 1975). Interactions
with the cytoskeleton (Fowler and Bennett, 1978; Koppel
et al., 1981; Sheetz et al., 1980; Golan and Veatch, 1980;
Smith and Palek, 1982; Tank et al., 1982), the extracellu-
lar matrix (Weir and Edidin, 1986), and the glycocalyx
(Weir and Edidin, 1988) have been implicated in restrict-
ing diffusion. The extremely limited diffusion of erythro-
cyte membrane glycoproteins in normal cells appears to
be due to their association with the cytoskeleton. In
particular the anion transporter, band 3, is tethered to or
corralled within the cytoskeletal network. In spectrin-
deficient mouse erythrocytes, however, band 3 exhibits
near free diffusion, limited only by the viscosity of the
lipid bilayer (Sheetz et al., 1980; Koppel et al., 1981).
Treatments which partially dissociate spectrin from itself
or from ankyrin (Schindler et al., 1980) or ankyrin from
band 3 (Fowler and Bennet, 1978) result in increased
mobility of band 3 in human erythrocytes, whereas
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cross-linking of spectrin with diamide reduces mobility
(Smith and Palek, 1982). As reviewed by Sheetz (1983),
these studies suggest that band 3 diffusion is restricted
both by linkage of (immobile) band 3 to the cytoskeleton
as well as by steric hindrance of the mobile population.
The erythrocyte cytoskeleton is also responsible for the

maintenance of cell shape and viscoelastic properties.
Certain diseases and pharmacological agents which per-

turb cytoskeletal linkages and alter the cell shape affect
the ability of the cell to tolerate mechanical stress
(reviewed by Bennett, 1985; Chasis and Mohandas,
1986). In shape altering diseases, this lack of deformabil-
ity results in early destruction in the circulation. The
deformability of the normal red cell is so high that in
model systems (Schmid-Schonbein and Wells, 1969;
Schmid-Schonbein et al., 1973; Fischer et al., 1978;
Chasis and Mohandas, 1986) it can be shown to extend
into a prolate ellipsoid with the length of the long axis up
to three times that of the original diameter of the
biconcave disk. Elongation occurs at forces and viscosities
similar to those found in normal circulating plasma
(Schmid-Schonbein, 1981). By visualization or cytoplas-
mic inclusions (Heinz bodies) and beads adhering to the
membrane it has been demonstrated that, when elongated
in continuous shear, the erythrocyte's membrane moves
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around its cytoplasm much as the tread of a tank rolls
around the wheels (tanktreading, Fischer et al., 1978).
This process dissipates energy into the cytoplasm forcing
it to flow. Yet when released from shear the cells
immediately return to their normal discoidal shape.

Elastic memory and the ability to deform appear to be
functions of the intact erythrocyte cytoskeleton. Spectrin-
deficient mouse cells fragment in shear (Schmid-Schon-
bein, 1983). Erythrocytes with cross-linked spectrin
(Schmid-Schonbein, 1983, Chasis and Mohandas, 1986),
or photodamaged cells (personal observations) buckle in
shear and do not elongate. Vesicles fragmented by shear
from normal cells have lipid and protein compositions
identical to those of intact cells suggesting that tanktread-
ing is not the result of wholesale blebbing of the mem-
brane away from the cytoskeleton (Chasis and Mohan-
das, 1986). Yet lipid vesicles separated by shear from
ATP-depleted cells do not contain spectrin (Lutz, 1978).
Subtle alterations in the equilibrium of membrane-
cytoskeletal associations in ATP-replete cells would not
necessarily result in changes in composition.
Whereas the effects of shear on the normal erythrocyte

cytoskeleton and its membrane linkages have remained
unclear, several models can be proposed. The cytoskeleton
may move in concert with the membrane over the cytosol,
membrane-cytoskeletal interactions remaining intact.
Membrane-skeleton linkages may be constantly breaking
and reforming as the cell is sheared. A theoretical study of
the behavior of membrane "elements" in shear has
suggested a "periodic in-plane gliding" associated with
marked bending and extension with high frequencies
(Schmid-Schonbein, 1983) which might result from local
unfolding of the protein network or temporary dissocia-
tion of protein-protein interactions. The membrane might
be released completely from the cytoskeleton and move
independently of it. In this case, membrane proteins
would be free to intermix at rates influenced only by the
viscosity of the bilayer. Finally, an active stirring or
membrane components could occur, causing intermixing
of protein and lipids at rates higher than expected for
diffusion alone.
To take advantage of band 3's known interaction with

cytoskeletal components in assessing the effect of shear on
the status of the erythrocyte membrane, we have moni-
tored the lateral diffusion of fluorescently tagged band 3
as a function of shear stress and as a function of position
along the cell axis perpendicular to the direction of shear.
The disruptive processes described above were expected to
result in increases in the lateral diffusion rate of band 3 or
in reductions in the numbers of immobilized proteins.
Such effects should be proportional to the rate of shear,
and, under the same shear rate, to the energy dissipation
(Fischer, 1980) or membrane stress resultants (Tran-Son-

Tay et al., 1987) which are maximal in the lateral
margins of the cell.

SAMPLE PREPARATION

Materials
Dextran 70,000 was obtained from Sigma Chemical Co. (St. Louis,
MO). Dichlorotriazinyl amino fluorescein (DTAF) was obtained from
Molecular Probes Inc. (Eugene, OR), N-4-nitrobenzo-2-oxa-1,3, dia-
zole phosphatidylethanolamine (NBD-PE) was from Avanti Polar
Lipids Inc. (Birmingham, AL). All other chemicals were from Sigma
Chemical Co.

Methods
Preparation of erythrocytes. Venous blood was collected from healthy
human donors into sodium citrate anticoagulant, centrifuged at 1,200 g
for 10 min, and the serum and buffy coat were aspirated. A small volume
of the remaining erythrocytes was washed once at 1:100 dilution in
phosphate-buffered saline (PBS, 10 mM sodium phosphate, 135 mM
NaCl, pH 7.4), by spinning 10 s in a Fisher Scientific Co. (Pittsburgh,
PA) microcentrifuge, model 235A.

Labeling of band 3. Prewashed cells at 20% hematocrit were
incubated with an equal volume of 1 mg/ml DTAF in 0.2 M sodium
borate, pH 9.7 for 20 min on ice. Labeled cells were washed three times
with PBS containing 1 mg/ml bovine serum albumin (BSA), and
resuspended to 30% hematocrit in PBS, 1 mg/ml BSA, 10 mM glucose,
pH 7.4. Labeling of band 3 was confirmed by gel electrophoresis (data
not shown). As has been previously noted (Sheetz et al., 1980), this
procedure resulted in 80% of the DTAF label attached to band 3 with
the remainder largely on the glycophorins.

Labeling with lipid analogue. To assess the ability of the video image
analysis system to measure the surface distribution of species with
diffusion coefficients in excess of 10-`0 cm2/s, separate aliquots of cells
were labeled with the rapidly diffusing lipid analogue NBD-PE. 2 Ml of
NBD-PE at 1 mg/ml in absolute ethanol were incubated with 1 ml of
prewashed cells at 1% hematocrit in PBS, 10 mM glucose for 30 min at
370. To ensure adequate removal of free probe, cells were washed a total
of 12 times in PBS, 10 mM glucose, 1 mg/ml BSA, pelleting for 10 s in
the microcentrifuge each time. Between each of the second through the
fifth washes cells were resuspended and held on ice for 5 min before
pelleting. Finally labeled cells were resuspended to 30% hematocrit in
PBS, 10 mM glucose, 1 mg/ml BSA.

Preparation of high-viscosity dextran. Dextran 70,000 was dissolved
in deionized water at 20-50% (wt/vol) and dialyzed against deionized
water for 3 d. The viscosity of this solution was measured by capillary
viscometry, and it was mixed 15:1 with concentrated potassium phos-
phate saline (13.2 mM Na2HPO4, 1.7 mM NaH2PO4, 90.5 mM KCI,
44.6 mM NaCI). The pH was adjusted to 7.4, the osmolality was
measured by freezing point osmometry and adjusted to 295, and the
final viscosity determined. A single preparation of 57 cpoise dextran was
used throughout these experiments.

Conditions offluorescence redistribution afterphotobleaching (FRAP)
experiments. Immediately before FRAP experiments, labeled cells were
added to buffered dextran to a final hematocrit of 5%. 2-Mercaptoeth-
ylamine (cysteamine) was added to a final concentration of 15-30 mM
to minimize photodamage, and the sample was made 16-32 mM in
sodium salicylate to counteract stomatocytogenic effects of cysteamine.
5 Ml of the cell suspension were then added to the rheoscope chamber.
Measurements were made at 220C.
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FLUORESCENCE REDISTRIBUTION
AFTER PHOTOBLEACING

Optical instrument
The shear-induced behavior of a suspension of red cells in
the rheoscope has been described previously (Schmid-
Schonbein, 1973; Fischer, 1978). The rheoscopic cham-
ber, consisting of a transparent plastic cone which counter-
rotates with a glass plate, is mounted on a inverted
microscope (Diavert, Leitz, FRG). Cells suspended mid-
way between cone and plate remain stationary relative to
the observer during short periods of shear. The objective
mount was replaced with the illuminator head of a Leitz
Ortholux fluorescence microscope. As shown in Fig. 1, the
4880 A line of a 4W Lexel argon laser (Cooper Laserson-
ics, Inc., Palo Alto, CA) was directed via mirrors MI and
M2 to the first plate of a beamsplitter/shutter device
(described in Koppel, 1979, 1986) and used for both
bleaching and monitoring. A cylindrical lens (LI) focused
the unattenuated beam in one dimension to a line for
localized bleaching. The total power of the attenuated
beam, which illuminated a circular area several cell
diameters across for video monitoring, was increased
-100-fold (over the usual 10,000-fold attenuation used
when the two beams have the same profiles) by coupling
two mirrors (M3 and M4) to the surfaces of the beamsplit-
ter plates with immersion oil. Both beams were focused at
the back of the illuminator via a 40 mm focal length lens
(L2). A 63 x, 0.85 NA objective focused the beams onto
the cells, collected and imaged the resulting fluorescence.
Electronic shutters controlled the periods of bleaching
and monitoring illumination, and protected the camera
from illumination during the bleaching pulse.

For video microscopy a 5 x photo ocular was inserted

SIDE VIEW

into the photoport of the rheoscope as a relay lens to an

image intensifier coupled to a silicon intensified target
(SIT) camera (Dage-MTI Inc., Wabash, MI). The video
signal was fed through a time-date generator equipped
with a stop watch function to uniquely identify every

frame. All video data were recorded on a AG6300 VHS
recorder (Panasonic Co., Secaucus, NJ) for subsequent
playback and analysis.

General strategies
Bleaching a stripe across the full width of the cell at its
center (along axis b in Fig. 2), perpendicular to the
direction of shear, offered several advantages. With the
bleaching beam several cell diameters across in one

dimension, proper sample alignment required fine position-
ing in only one dimension, and allowed us to determine
localized diffusion rates, comparing areas exposed to
varying degrees of shear (i.e., the lateral margins versus

the center).
Low-light-level video was used for data recording to

permit the analysis of fluorescence redistribution after
photobleaching on individual continuously tanktreading
cells. Series of fluorescence images encompassing several
tanktreading cycles were recorded. Subsequently, the
continuing extent of photobleaching-induced nonunifor-
mity was determined for each series of images.

For data analysis, this method is capable of efficiently
handling the enormous volume of data generated with a

minimum of operator intervention. Each video tape seg-

FIGURE 2 Geometry of a tanktreading cell. a and b are the semimajor
and semiminor axes of the elliptical projection, e and c mark the areas of
edge and central surface integration. Theta is the angle of rotation
relative to the screen axis. B = area of integration for background
fluorescence.
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FIGURE 1 Modification of the optical bench for video FRAP experi-
ments using the rheoscope as described in Methods, optical instrument.
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ment of 5 s of illumination in a single tanktreading
sequence consists of 150 frames; equaling 36.9 Mbytes of
information per single time point once digitized. The
analysis ultimately reduces this to three floating-point
numbers. Data from tanktreading and stationary cells
were treated in comparable fashions, and we were able to
make localized measurements in the cell center and
lateral edges. Finally, the analysis also compensated for
the effects of photobleaching during monitoring. With the
probes and detectors used, a certain amount of photo-
bleaching during monitoring was unavoidable. For these
purposes, we adopted an approximate form of the normal-
mode analysis of lateral diffusion on a bounded mem-

brane surface (Koppel, 1985), as described below.

Experimental protocols
Under incandescent light, a cell was positioned so that its
center corresponded with the position of the center of the
bleaching line. At this point, the VCR was started to
record continuously throughout the experiment. A pre-
bleach fluorescence image was taken with 2 s of monitor-
ing laser illumination at manual gain of the SIT camera.

We had previously determined that the camera response
was linear at the range of gain settings used. The same

manual gain settings were maintained throughout a single
day's experiments. The camera was shuttered off and a

10-ms bleaching laser pulse was applied. Although a

number of cells in the field were bleached, only the single
cell centered on the bleaching beam was followed and
analyzed.

After bleaching, DTAF labeled cells (tanktreading and
stationary) were illuminated with the expanded monitor-
ing laser beam for 5 s every 30 s. The cells were followed
in brightfield illumination (with the camera switched to
automatic gain) during the intervening periods. Only
those cells that showed no evidence of photodamage, as

detected by the absence of buckling during periods of
shear, were analyzed.

In studies of tanktreading cells, a 2-s postbleach fluores-
cence image of the cell was recorded before tanktreading
was initiated. Subsequently, cells were continuously ex-

posed to shear. One group of cells was exposed to low
shear (shear stress, -8 dyn/cm2; shear rate, -4/s; elonga-
tion, 20-50% of maximal) throughout the experiment.
Others were exposed to high shear (shear stress, -40
dyn/cm2; shear rate, -70/s; elongation, 60-80% of maxi-
mal, greater than 2:1 elongation) during the intervening
periods, but low shear during fluorescence imaging.

Similar bleaching conditions were employed for cells
labeled with the lipid analogue NBD-PE. Fluorescence
redistribution was so rapid that only stationary cells could
be studied. Beginning immediately after bleaching,

NBD-PE labeled cells were continuously illuminated with
the expanded monitoring laser beam for 20 s. Some of
these cells became stomatocytes after bleaching; only
those that did not change shape were analyzed.

For data playback, digitization, and analysis, the VHS
recorder was coupled to a digital image processor (Recog-
nition Technology Inc., Holliston, MA), with an IBM-
PC/AT serving at host computer (IBM Instruments Inc.,
IBM Corp., Danburg CT). A computer control board was
constructed that mimicked the operation of the wired
VCR remote controller.

For the analysis of a tanktreading sequence, the com-

puter advanced the VHS recorder frame by frame, and
directed the image processor to digitize each frame and
compute a series of four-frame averages. As the average

period of the tanktreading cycle was 1.74 s (52.2 frames)
this represented an average over 0.08 periods, giving a

fourfold decrease in the volume of data and a twofold
increase in signal-to-noise without significant loss of time
resolution. The area of a single cell represented <5% of
the full frame, therefore, we further reduced the volume
of data, and eliminated much of the stray light from other
cells in the field, by storing only a small, rectangular
"area-of-interest" centered around each cell. The remain-
der of stray illumination was corrected for during back-
ground subtraction. Images which were blurred due to
stage movement or loss of focus were rejected at this
point.

Images taken of stationary, unsheared cells were pro-

cessed and stored in a similar fashion. Data for NBD-PE-
labeled cells were stored as a series of contiguous 16-
frame averages. At each time point, single images of
stationary DTAF-labeled cells were computed as aver-

ages of 64 or 128 consecutive frames.

Data analysis theory
We characterize c(c, t), the distribution of fluorescent
molecules on the cell surface at time t, through calcula-
tions of the normalized second moment, which we define
as:

M(s) 2(X2)s = fX2 c(a, t) d2cTfc(, t) d2a, (1)

where x (-1 x < 1) is the distance from the cell center
perpendicular to the bleached line (in the direction of
tanktreading) normalized by the radius of the cell along
this axis, and s specifies the area covered by the integral
over the surface of the cell. As indicated in Fig. 2, we

designate integrals over the whole surface (within the
bold oval of Fig. 2), the central 50% of the cell width
(areas c) and the outermost 50% of the cell width (25% on

each edge, areas e in Fig. 2) as s = w, c, and e (for whole,
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center, and edge), respectively. The normalization inte-
gral in the denominator of Eq. 1 corrects for the effects of
bleaching by the monitoring beam.

Bleaching a line across the center of the cell (where by
definition x is near zero) will increase the value of the
second moment over its initial prebleach value on uniform
cells. For stationary cells, then, we can define a function
A2(t) as a measure of the photobleaching-induced nonuni-
formity:

A(s)(t) = (s)(t) - k2s)(-') (2)

where (-) specifies the prebleach value.
For the surface of a sphere, A(W)(t) has a known

analytical form. In this case, M2w)(-) has the solution 1/3
for a sphere of uniform intensity, (or a uniformly labeled
spherocytic erythrocyte, Koppel, 1980) so that

A(w)(t) = (2/3) (P2(x))w, (3)

where P2(x) = h/2 (3X2 1) is the 2nd-order Legendre
polynomial. By normal-mode analysis (Koppel, 1985), we
then know that A(w)(t) decays exponentially due to the
diffusion with a decay rate proportional to diffusion
coefficient D, and inversely proportional to the square of
the effective radius a:

A4(w)(t) = A(w)(0) exp (-6Dt/a2). (4)

Although we do not have an analytical form of As)(t)
for the complex geometry of the erythrocyte membrane, it
has already been shown that the decay rate of As)(t) can

be used as an empirical measure of the rate of the
diffusion-mediated redistribution back to uniformity (Kop-
pel, 1985).

It was not possible to stop tanktreading cells so that the
bleached line was exactly in its original position and
record single images. Any rotation or misalignment of the
bleached areas on the upper and lower surfaces of the cell
would be difficult to distinguish from diffusional broaden-
ing. For tanktreading cells, therefore, we are better served
by a different definition of A()(t). M2s)(t), calculated
from each stored image in a tanktreading sequence,
oscillates periodically for bleached, tanktreading cells,
but not for uniformly labeled cells (see Results). M<2s)t
reaches a maximum when calculated from those images
in which the bleached line is along axis b in Fig. 2, and a

minimum when it is at the periphery. As our measure of
photobleaching-induced nonuniformity, in this case, the
oscillations in MA2s)(t) were fit to sums of sine waves using
fast Fourier transforms in time. As)(t) was defined as the
amplitude of the periodic modulation calculated at the
fundamental frequency of the transforms.

Data analysis methods
We make the assumption that the membrane fluorescence
recorded within a given pixel in the two-dimensional
image array is simply proportional to the product of the
illuminating intensity, the surface concentration of un-

bleached fluorophore, and the surface area of membrane
within the pixel. In this case, experimental estimates of
the surface integrals specified in Eq. 1 can be computed as

simple sums of the form: 12m0s) (x..)k (Fj - B)/I,j, with
k = 0 or 2. Here xi and Fij are the values ofx (see Eq. 1),
and the fluorescence intensities, respectively, at the ith,
jth pixel position, B is the average background intensity
level, and mij is an array of l's and O's which masks the
desired area of the cell. The values of Iij are taken from an

image of a thin, uniform layer of dye solution. B is
calculated for each image as the average intensity in the
area surrounding the cell. To normalize for bleaching
during monitoring, the result when k = 2 is then divided
by the result when k = 0. Calculations of m0s) and xij take
into account the lengths of the semimajor and semiminor
axes of the projected cell image (modeled as an ellipse),
the angle between the major axis and the image vertical,
and the aspect ratio of the digitized video frame. To
minimize computation time, the arrays of the products
mis) (x..)k, the masks for each individual cell, are gener-
ated only once for each tanktreading series and stored as

images in the digital framestore.
For each tanktreading sequence, A')(t), the measure of

bleaching-induced nonuniformity, is taken as the ampli-
tude of the periodic modulation of M02)(t), calculated at
the fundamental frequency of the fast Fourier transform
of the oscillation. The data are interpolated with cubic
splines to cover an integral number of periods with 32
points, and fast fourier transformed in time using the
MathCAD software package (Mathsoft, Cambridge,
MA). The fundamental period of oscillation is found by
systematically varying the total time range of the interpo-
lated data for whole-cell integrations (s = w) so as to
maximize the modulation amplitude. For tanktreading
and stationary cells, approximate values ofD and percent
recovery are calculated from nonlinear least squares best
fits of A')(t) to exponential decays to baselines.

RESULTS

To demonstrate the decay in fluorescence depletion ob-
served during the course of a FRAP experiment, images
collected from an NBD-PE-labeled erythrocyte are shown
in Fig. 3. Redistribution of fluorescence is rapid such that
the edges of the bleached region become blurred to the eye
within a few seconds (B2-B4). A substantial amount of
bleaching of the entire cell also occurred during the
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FIGURE 3 Images taken from the video screen of the course of a FRAP experiment on a NBD-PE labeled cell. Each image represents a four frame
sum of the incoming video signal. (A ) Prebleach image. (Bl-B7) Images taken over the course of continuous illumination. Image B1 is 2 s postbleach,
time between each of the images Bl through B7 is 4/3o S.

monitoring period resulting in dimming of the entire cell
(B4-B7). Each image corresponds to a single time point
on the decay curve shown in Fig. 4. Similar images were

collected from DTAF labeled stationary cells. Our analyt-
ical methodology compensated for any effects that uni-
form bleaching, as seen in Fig. 3, would have had on the
calculation of A(w)(t).
The average decays in A(W)(t) of unsheared, DTAF-

70

FIGURE 4 Plot of the decay of fluorescence depletion for lipid and
protein labeled stationary cells. (Triangles) First two points of average
protein decay, N = 8. Error bars have been eliminated for simplicity.
(Circles) A single representative lipid labeled cell. Solid lines are the
theoretical curves from nonlinear least squares fits of A($)(t) to an
exponential decay plus a constant.

labeled cells and a representative unsheared, NBD-PE-
labeled cell analyzed identically are shown in Fig. 4. The
solid lines in Fig. 4 represent a nonlinear least squares
best fit of A'w)(t) to an exponential decay plus a constant.
Diffusion coefficients differed by two orders of magnitude
as has been seen for the diffusion of band 3 and lipid
probes using fluorescence redistribution after photobleach-
ing (Koppel et al., 1981). Thus, we are confident that
digitization of fluorescent images permits detection of
differences in lateral diffusion rates.
The lag time between bleaching and initiation of

tanktreading was much longer than the half time for lipid
diffusion. Therefore, it was not possible to follow NBD-PE-
labeled cells in the presence of shear. Fig. 5 demonstrates
the course of a FRAP experiment on a DTAF-labeled
tanktreading cell. Fig. 5 A is the prebleach image, 5 B =
2 s postbleach, and Cl is taken after the initiation of
tanktreading. Note the elongation of the tanktreading cell
relative to its resting diameter. Due to the wide depth of
field of the objective relative to the cell thickness, the
bleaching pulse destroyed the fluorophore on both sides of
the cell. Tanktreading displays the complete surface
distribution of fluorescence; a form of the bleached line
appears at x = 0 (in the center of the cell) twice per cycle
(Fig. 5, Cl and C9), and when the two sides of the
bleached region reached x = -1 and x = 1 (Fig. 5, C4
and C5) the fluorescent image of the cell appears uniform
and slightly smaller. This is due to the lack of signal from
the perimeter (note the absence of the bleached region
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FIGURE 5 Images taken from video screen of the course of a FRAP experiment on a tanktreading erythrocyte. Each image represents a four frame
sum of the incoming video signal. (A) prebleach image. (B) 2 s postbleach. Cl and Cl0 are a series of images taken after initiation of tanktreading in
low shear. Cl is 22 s postbleach, time between images C3 and C4, and C7 to C8 is sho s; time between all other images C is 4/3o s.

from the center of the cell). These images clearly show
that the membrane does in fact move like a tank's tread,
substantiating the interpretation of the latex bead-Heinz
body experiments (see Introduction).

During tanktreading, bleached cells exhibited a maxi-
mum value of M(')(t) when the bleached region was in the
center of the cell (Fig. 5, Cl) and a minimum when it was
at the edge (Fig. 5, C4), the value of M($)(t) oscillating
over the period of tanktreading. A representative oscilla-
tion in M(s)(t) for the entire surface of a cell in low shear
(s = w) is shown in Fig. 6. Each data point represents a

single digitized image of the sort shown in Fig. 5. The
average period of tanktreading in low shear was 1.74 s.

This is at the low end of reported values for tanktreading
frequency in dextran solutions (Fischer, 1980). Such a

low frequency was required to achieve sufficient stability
for extended periods of data collection. The solid line in
Fig. 6 A is the cubic spline interpolation of the oscillation.
The fast Fourier transform of the fundamental period of
the oscillation to give the fundamental frequency is shown

in Fig. 6 B. We refer to the height of the peak of the
fundamental frequency as the modulation amplitude.
Oscillations in M(s)(t), for s = whole surfaces (w),
centers (c), and edges (e, see Fig. 2 and Methods) for cells
in high shear and low shear were analyzed in a similar
fashion.
The effect of shear on the average decay in modulation

amplitude, A'W), of DTAF labeled cells is shown in Fig. 7.
The solid lines represent the theoretical fit. The rate of
decay of the modulation amplitude did not change signifi-
cantly as a function of shear stress. Decay rates and
mobile fractions were obtained from nonlinear least
squares best fits of the average decay curves shown in Fig.
7. Based on the normal mode analysis theory developed by
Koppel (1985), an effective radius (a) of 3.0 ,um was

estimated. The rate of decay of A(')(t) was then converted
to diffusion coefficients using Eq. 4. Mobile fractions were
calculated by the method of Axelrod et al. (1976). As
there were no significant differences in decay rates as a

function of shear, an average decay curve was con-
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FIGURE 6 (A) Representative oscillation in M(s)(t) during tanktread-
ing of a DTAF labeled cell in low shear. Squares are values of M(s)(t)
for images taken at 4/3o s intervals. Solid line is the cubic spline
interpolation used for the Fourier transform. to = initial frame of the
sequence. 130/30, the total number of frames/30 frames s-' = 4.33 s.

(B) Peak of the transform, points connected for clarity. (wj/2II)
(tmax - tmin) defines the frequencies of the transform, where t,,x and tmin
= the ending and starting points, respectively, of the tanktreading
sequence shown in A. The fundamental frequency of the transforms
equalled the period of tanktreading.
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FIGURE 7 Effect of shear stress on the decay in modulation amplitude
for DTAF-labled cells. (Triangles) Average of eight stationary cells;
(squares) low shear, 8 dyn/cm, average of 10 cells; (circles) high shear,
40 dyn/cm, average of five cells. Error bars have been omitted for
clarity. Solid line is the theoretical curve of the nonlinear least squares

best fit of AWs(t) to an exponential decay plus a constant.

shear (data not shown). The normal mode analysis used
for the calculation of diffusion coefficients above is not
applicable to geometry of the center and edge integra-
tions, therefore, we did not attempt to estimate the
diffusion coefficient or mobile fractions for these cases.

DISCUSSION

Using fluorescence redistribution after photobleaching
combined with image processing we have measured the

1.0|

structed. The average diffusion coefficient and mobile
fraction were 1.5 ± 0.5 x 10-10 cm2/s and 55 ± 11%
(n = 8 stationary, 10 low, and 5 high shear, from a total
of 6 experiments using 6 different donors), respectively.

In-plane shear forces are maximal at the lateral edges
of the cell perpendicular to the direction of shear (Fischer,
1980; Tran-Son-Tay, 1987). Therefore, the spectrin-actin
network may have been locally rather than totally dis-
rupted. To determine positional effects of shear on band 3
lateral diffusion, we calculated the average decay in
modulation amplitude A()(t) as a function of distance
along the minor axis, for high shear, the most stressed
case. The areas of the appropriate surface integrals are c

(center) and e (edge) in Fig. 2. As shown in Fig. 8, no

significant differences in band 3 diffusion were detected
between the outermost 50% of the cell width perpendicu-
lar to the tanktreading axis and the center. Identical
results were obtained for stationary cells and those in low

A

0

FIGURE 8 Decay in modulation amplitude of the centers and lateral
margins of cells in high shear, error bars omitted for clarity. Solid line is
the theoretical curve of the nonlinear least squares best fit ofA')(t) to an
exponential decay plus a constant. (Circles) Entire cell, (squares)
centers, (triangles) edges.
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lateral diffusion of band 3 in human erythrocytes sub-
jected to continuous shear. We obtained similar estimates
of diffusion coefficients for band 3 in the absence of shear
as have been obtained by other photobleaching methods.
However, our estimates are higher, by approximately a
factor of four. This is most likely due to a discrepancy
between our estimate of the effective radius for diffusion
and the actual value if measured directly, and to approxi-
mations resulting from digitization. We show here that
the shear stresses imposed on the human erythrocytes in
the counter-rotating chamber of the rheoscope do not
result in an appreciable release of restrictions to band 3
diffusion. These shear forces were in the lower range of
tolerated and naturally occurring values (which can reach
shear rates of 700/s in plasma; Fischer, 1980), suggesting
that normal band 3-cytoskeletal interactions can persist
when the erythrocyte experiences this type of stress in the
circulation. As disruption of band 3-cytoskeletal interac-
tions, or the spectrin network, by certain agents and in
certain diseases results in release of restrictions to band 3
diffusion and alterations in the rheology and stability of
the cells, our results offer further evidence that stable
erythrocyte membrane-cytoskeletal associations are essen-
tial for survival in the circulation.

Because of the motion of the cells within the chamber,
we were unable to extend our study to the upper limits of
tolerated shear. Additionally, because of bleaching during
recording, we were unable to measure lateral diffusion
over very long times. Sheetz et al. (1980) have shown that
the so-called immobile fraction of band 3 does diffuse if
measurements are made at sufficiently long times after
bleaching. A small decrease in immobile protein occur-
ring with long term shear might have escaped detection in
the present study. Sheetz (1983) has calculated that for
a >10% dissociation of spectrin from actin the association
constant must be decreased - 100-fold, with other cytoskel-
etal components also having extremely high association
constants. Even at shear forces sufficient to fragment
normal cells the proportions of membrane and cytoskele-
tal components in membrane fragments do not differ
significantly from intact cells (Chasis and Mohandas,
1986). Therefore, it appears unlikely that the equilibria
of cytoskeletal associations are significantly affected by
shear.

Photobleaching in the absence of cysteamine under the
conditions used here frequently resulted in cells which
buckled in shear, reminiscent of the behavior of cells with
spectrin cross-linked by diamide (Fischer et al., 1981).
The necessity of including both cysteamine and sodium
salicylate with the cells to prevent this photodamage may
have introduced changes in the properties of the erythro-
cyte membrane. Stomatocytogenic agents, of which cys-
teamine is one, are believed to act by intercalating into the

inner leaflet of the bilayer, thereby changing its curvature
(Sheetz and Singer, 1974), with echinocytogenic agents
acting on the outer leaflet. The influence of amphipath-
induced shape changes on mechanical behavior is contro-
versial, opposite effects on deformability having been
obtained in media of different viscosities, and in different
experimental systems (Mohandas and Shohet, 1978;
Pfafferott et al., 1982; Reinhart and Chien, 1986). The
consensus seems to be that under conditions of reversible
shape change when no membrane area is lost, cellular
deformability is identical to that of the biconcave disk,
except at shear stresses <10 dyn/cm. In the present
experiments, cells retained the biconcave disk shape, and
no difference in the behavior of band 3 was detected
between 8 and 40 dyn/cm. The effects echino- or stomato-
cytogenic agents which act at the lipid bilayer have on the
lateral diffusion of membrane proteins have yet to be
determined, although recent data suggest that the distri-
butions of glycophorin and spectrin do change with
amphipath-induced shape changes (Polster, unpublished
results).
The largest amount of energy dissipated in shear is in

the extreme lateral margins (10%) of the tanktreading
cell (Fischer, 1980). Due to errors in focusing and in
background subtraction due to cell associated fluores-
cence, we are able to analyze only the lateral 25%. Within
this limitation, there appears to be no difference in band
3-cytoskeletal interactions at the lateral margins of cells
in shear than in the central portion.
Our results are inconsistent with pulling of the entire

membrane away from the cytoskeleton or with shear-
induced mixing of membrane components. We suggest
that the spectrin-actin network and the membrane un-

dergo reversible extensions and compressions in tandem.
Dissociations of the spectrin-actin network, if occurring,
must result in transient openings in the network which are
of shorter duration than is necessary to allow passage of
slowly diffusing band 3. Thus, it appears from the present
data that, as suggested by Elgsaeter et al. (1986), the
erythrocyte membrane and cytoskeleton move as a unit
when the cell is deformed in the normal circulation. The
effect of shear on the dynamics of other membrane
proteins and on the lipid bilayer remains a question for
future study.
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