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ABSTRACT Using a recently developed method (Petersen, N. O., W. B. McConnaughey, and 
E. L. Elson, 1982, Proc. Natl. Acad. Sci. USA., 79:5327-5331), we have measured changes in 
the deformability of lymphocytes triggered by cross-linking cell surface proteins. Our study 
was motivated by two previously demonstrated phenomena: the redistribution ("capping") of 
cross-linked surface immunoglobulin (slg) on B lymphocytes and the inhibition of capping and 
lateral diffusion ("anchorage modulation") of slg by the tetravalent lectin Concanavalin A (Con 
A). Both capping and anchorage modulation are initiated by cross-linking cell surface proteins 
and both require participation of the cytoskeleton. 

We have shown that the resistance of lymphocytes to deformation strongly increased when 
slg or Con A acceptors were cross-linked. We have measured changes in deformability in 
terms of an empirical "stiffness" parameter, defined as the rate at which the force of cellular 
compression increases with the extent of compression. For untreated cells the stiffness was 
~0.15 mdyn/pm; for cells treated with antibodies against slg or with Con A the stiffness 
increased to ~0.6 or 0.4 mdyn/pm, respectively. The stiffness decreased after completion of 
the capping of slg. The increases in stiffness could be reversed to various extents by 
cytochalasin D and by colchicine. The need for cross-linking was demonstrated by the failure 
both of monovalent Fab' fragments of the antibodies against slg and of succinylated Con A (a 
poor cross-linker) to cause an increase in stiffness. We conclude that capping and anchorage 
modulation involve changes in the lymphocyte cytoskeleton and possibly other cytoplasmic 
properties, which increase the cellular viscoelastic resistance to deformation. Similar increases 
in cell stiffness could be produced by exposing cells to hypertonic medium, azide ions, and 
to a calcium ionophore in the presence of calcium ions. These results shed new light on the 
capabilities of the lymphocyte cytoskeleton and its role in capping and anchorage modulation. 
They also demonstrate that measurements of cellular deformability can characterize changes 
in cytoskeletal functions initiated by signals originating at the cell surface. 

Cross-linking lymphocyte surface proteins by multivalent li- 
gands can initiate dramatic changes in the distribution and 
mobility of cell surface proteins. For example, cross-linking 
surface immunoglobulin (sIg) ~, the B lymphocyte antigen 

Abbreviations used in this paper. Anti-IgM, antibody specific for 
mouse immunoglobulin M; Con A, Concanavalin A; DME-HEPES, 
Dulbecco's modified Eagle's medium with 20 mM HEPES and 0.1% 
bovine serum albumin; FITC-Con A, Concanavalin A labeled with 
fluorescein isothiocyanate; IgM, immunoglobulin M; PBS, phos- 
phate-buffered saline; s-Con A, succinylated Concanavalin A; sIg, 
lymphocyte surface immunoglobulin; 2xPBS, twofold concentrated 
phosphate-buffered saline. 

receptor, by bivalent anti-slg antibodies first immobilizes (1) 
and then causes an active redistribution of the aggregated 
("patched") SIg to one pole of the cell to form a "cap." 
Subsequently the cell shape changes by formation of a uropod 
at the site of the cap, and cell motility and chemotaxis can 
begin (2-4). Evidence from a variety of  sources suggests that 
cytoskeletal contractility is involved in these events. They 
require cellular energy and can be inhibited by cytochalasins, 
which interfere with the assembly of actin microfilaments (2). 
Moreover, a morphological response similar to that which is 
observed after capping can be simulated by adding ATP in 
the presence of calcium and magnesium ions to glycerinated 
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lymphocytes (5). Immunofluorescence studies have demon- 
strated co-localization with both patches and caps of many 
cytoskeletal components which might be involved in cellular 
contractility including actin (6, 7), myosin (8, 9), alpha-actinin 
(10, l l), calmodulin (12, 13), and spectrin (14, 15). More 
recently, evidence for the participation of myosin light chain 
kinase in these processes has suggested similarities between 
the regulation of capping and contraction of smooth muscle 
(16-18). 

Other multivalent ligands such as the plant lectin Concan- 
avalin A (Con A), which can bind to a wide range of cell 
surface glycoproteins, can elicit different but apparently re- 
lated responses. On cells exposed to Con A at sufficiently high 
concentration the lectin does not cap, and it inhibits the 
capping of sIg-anti-sIg aggregates in a process called "anchor- 
age modulation" (19, 20). Moreover, exposure to Con A 
paralyzes cell motility (21). Inhibition of capping by Con A 
probably results from retardation of the lateral mobility of 
the slg molecules (22). Although Con A might bind directly 
to slg, there is good evidence that its inhibitory effect on the 
mobility of slg is exerted indirectly through the cytoskeleton. 
The inhibitory effect is reversed by colchicine and cytochal- 
asin B (22, 23). Furthermore, experiments in which the bind- 
ing of Con A was restricted to local regions on the lymphocyte 
surface demonstrate that patching and slg mobility can be 
retarded at locations on the cell remote from the sites at which 
the Con A is bound (22, 24, 25). (Different responses to Con 
A can be observed under other conditions. On cells exposed 
to low concentrations of Con A [<5 #m/ml] or preincubated 
at low temperatures or with colchicine [which interferes with 
microtubule assembly] and then exposed to Con A, Con A- 
acceptor complexes can cap.) 

In these responses there seems to be a reflexive pattern in 
the interactions from plasma membrane to cytoskeleton and 
then from cytoskeleton back to the plasma membrane. The 
changes in the cytoskeleton and in surface-cytoskeleton inter- 
actions which result from the initial cross-linking can, in turn, 
influence the mobility and distribution of both the cross- 
linked and other membrane proteins. 

Although evidence for the involvement of cytoskeletal con- 
tractility in these processes comes from a variety of sources, 
the direction of cause and effect is not thoroughly established. 
Conflicting interpretations of the role of the cytoskeleton have 
been proposed (26, 27). In this study we questioned whether 
the proposed contractile response of the lymphocyte cyto- 
skeleton to cross-linking surface proteins could be detected 
by direct mechanical measurements. We expected that the 
development of substantial contractile forces in the lympho- 
cyte cytoskeletal cortex might exert a circumferential tension 
around the nucleus which would increase the resistance of the 
cell to deformation. To test this hypothesis, we have compared 
the resistance to compression of untreated cells with that of 
cells on which surface proteins have been cross-linked under 
conditions which lead to capping or anchorage modulation. 
This has been accomplished using a recently developed 
method for measuring the viscoelastic resistance of cells to 
deformation (28). 

We have found that there was indeed a substantial cyto- 
skeleton-dependent increase in the resistance of lymphocytes 
to deformation in cells exposed to surface cross-linking li- 
gands. This elevated resistance decreased after capping or 
exposure to cytochalasin D or colchicine. Certain ligand- 
independent treatments, such as elevation of the intracellular 

calcium ion concentration or exposure to azide ion or hyper- 
tonic medium, also increased lymphocyte stiffness. These 
results demonstrate the use of direct measurements of cellular 
viscoelasticity as a probe of cellular and cytoskeletal function. 

MATERIALS AND METHODS 

Reagents 
Con A labeled with fluorescein isothiocyanate (FITC-Con A) was purchased 

from Miles-Yeda, Rehovot, Israel; cytochalasin D, colchicine, A23187 (calcium 
ionophore), and sodium azide from Sigma Chemical Co., St. Louis, MO; and 
rhodamine-labeled succinylated,Con A (s-Con A) from Vector Laboratories, 
Inc., Buflingame, CA. Fluorescein-labeled, affinity-purified goat IgG antibody 
specific for mouse immunoglobulin M (anti-IgM) and fluorescein labeled 
F(ab')2 fragments of this antibody were obtained from Cappel Laboratories, 
Cochranville, PA. Fluorescein-labeled monovalent Fab' fragments of the same 
antibody were prepared by reduction of the F(ab'h with 2-mereaptoethanol 
followed by alkylation with iodoacetamide and chromatography on Scphadex 
O-100 (29). SDS PAGE under nonreducing conditions detected no contami- 
nation by F(ab'h fragments. Covaspheres conjugated with FITC-Con A were 
prepared using MX beads purchased from Covalent Technology Corp., Ann 
Arbor, MI. The beads, which are polystyrene spheres 0.7/~m in diameter with 
carbonyl sites on their surfaces, were diluted 1:10 in distilled water and sonicated 
for I rain in a bath sonicator (Bransonic 2) (Branson Sonic Power Co., Danbury, 
CT). They were then resuspended and reacted with 0.4 mg/ml FITC-Con A in 
phosphate-buffered saline (PBS)(pH 7.0) for 75 min at room temperature. The 
beads were then centrifuged at 8,000 rpm, washed and sonicated in PBS + 1% 
bovine serum albumin to saturate binding sites, and stored in PBS + 1% bovine 
serum albumin + 0.1% azide at 4°C. 

Cells 

Mouse spleen lymphocytes were harvested from 8-16-wk-old BALB/c mice 
(Hadan Sprague Dawley, Inc., Indianapolis, IN) (30). A population of cells 
highly enriched in B lymphocytes (90% as judged by immunofluorescence 
detection of cells bearing sic) was prepared from the spleens of athymic nude 
mice (obtained from Harlan Sprague Dawley, Inc.). The cells were suspended 
in Dulbecco's modified Eagle's medium with 20 mM HEPES (pH 7.3) and 
0.1% bovine serum albumin (DME-HEPES, prelxared by the Washington 
University Cancer Center). The cells were passed through nylon wool, centri- 
fuged, and resuspended in Tris buffer + 0.75% NFLCI (pH 7.2) to lyse 
erythrocytes, then centrifuged immediately, and washed in DME-HEPES. Cell 
viability was 95% as judged by trypan blue exclusion. Cells were stored on ice 
or at room temperature in DME-HEPES. 

Cell Treatments 
A suspension of lymphocytes (0.2 ml, 2-5 x 106 cells/ml) was placed.0 n a 

round glass coverslip (No. 2, 18-mm diam, Taylor Chemical Co., St Louis, 
MO), and the cells were allowed to settle and attach to the glass for 5-10 rain 
at room temperature. The untreated cells adhered well to the glass; only a few 
detached when the coverslip was inverted and mounted in the cell poker 
chamber (28). The chamber was thermostatted and contained l0 ml of DME- 
HEPES. Lymphocyte deformability was measured at room temperature, 

CON A: Lymphocytes were incubated with Con A at 30 ug/mt for 30 min 
at room temperature in DME-HEPES. The cells were then washed, allowed to 
adhere to glass coverslips for 5-10 min, and mounted in the cell poker as 
described in the legend to Fig. 2. Compounds to be tested for their ability to 
reverse the Con A-induced increase in cellular stiffness were incubated with the 
Con A-treated cells for 30-45 min before measurement of cellular deformability 
in the presence of the compound. The inhibitors included l ~g/ml cytochalasin 
D (30 min), l0 uM colchicine (30 rain), and l0 mM sodium azide (45 min). 
FITC-Con A-Covaspheres were added to cells preattached to glass coverslips 
and allowed to react with the cells for l0 min at room temperature. The cells 
were then washed and immersed in the cell poker chamber. Cells with beads 
on their surfaces were readily distinguished in the microscope. A fraction of 
the cells carried no beads. Hence control and modulated cells could be measured 
on the same coverslip. 

ANTI-1GM: Lymphocyles were incubated on ice for 30 min with 100 
ug/ml fluorescein-labeled anti-lgM antibody, or with 100 ug/ml F(ab')2 or 200 
ug/ml Fab'-labeled fragments of that antibody. The cells were washed at 4°C, 
allowed to attach to the glass coverslips for 5 rain at room temperature, and 
then their deformability was measured. The binding of each of the antibody 
preparations to the cells was verified by fluorescence microscopy. Cells treated 
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in this way with divalent antibody or F(ab')~ were in the midst of the capping 
process during the deformability measurement carded out at room temperature 
over - 2 0  rain. Reversal by cytochalasin D or cholchicine of the modulation of 
cell stiffness by anti-lgM was carried out as described above. To prepare cells 
which had completed capping, we incubated lymphocytes exposed to anti-IgM 
as described above for an additional 30 rain at 37"C before measurement of 
deformability at room temperature. 

NONLIGAND TREATMENTS: Cells were exposed to several treatments 
which did not involve surface ligands (Con A or anti-lgM). Before exposure to 
hypertonic medium ceils were allowed to settle on a coverslip for 10 rain in a 
small volume of PBS. Twofold concentrated PBS (2xPBS) was then gradually 
added dropwise at room temperature for ~1 min. Cells were treated by sodium 
azide as described above. Cells were incubated with the ionophore A23187 at 
1/~g/ml in the presence of 1.8 mM Ca 2÷ ions for 30 rain at room temperature 
before measurement in the presence of the ionophore and Ca 2+ ions. Reversal 
by cytochalasin D of the modulation of stiffness by nonligand treatments was 
carried out as described above. Prevention by cytochalasin D of the modulation 
of stiffness by azide ions was tested by incubating cells with cytochalasin D ( 1 
ug/ml) and azide ion (10 mM) simultaneously for 45 min and measuring 
stiffness in the presence of both substances. 

MEASUREMENTS OF CELLULAR D E F O R M A B I L I T Y :  The design and 
principles of operation of the Cell Poker have been described previously (28, 
31). In our previous applications of this method, we studied spread cells with 
dimensions much larger than the diameter of the stylus tip. The lymphocytes 
studied in this work are much smaller cells. Hence rather than measuring the 
resistance to local indentation as before, we have in this work measured the 
resistance to small degrees of cellular compression. Cells with diameters of ~6 
um were compressed ~ lu re  using a stylus with tip diameter of ~4 um as 
depicted in Fig. I. The operation of the measurement is described schematically 
in Fig. 2. The cells, adherent to coverslips, are placed in the thermostat'ted 
chamber facing down toward the beam and stylus assembly, immersed in an 

S S I I 

FIGURE 1 Schematic view of the deformation of a lymphocyte 
during compression by the glass probe tip of the Cell Poker. 
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FIGURE 2 Schematic representation of a Cell Poker measurement 
(not drawn to scale). The bending of a horizontal glass beam (G) 
gauges the resistance to cellular deformation. A vertical glass stylus 
(T) with tip diameter 3-4 ~.m is mounted at the end of a 3-cm long 
horizontal vicor glass beam. The other end of the beam is mounted 
on a linear piezoelectric motor (M) which moves vertically according 
to a programmed waveform. Optical sensors monitor the vertical 
positions of the stylus and the motor. When the tip does not contact 
the cell (C) during its excursion, its displacement matches that of 
the motor (curve b). When the tip contacts the cell, the resistance 
of the ceil to deformation retards the motion of the tip (curve a) 
and thereby bends the horizontal beam. The extent to which the 
beam is bent at each stage of the compression cycle is proportional 
to the force exerted on the tip by the cell and is determined by 
comparing the tip displacements in the presence and absence of 
cell contact (i.e., curves a vs. b). The force (F) exerted by the cell 
on the tip is then determined using the force constant of the beam 
(k), which has been obtained by a prior calibration. Then the plot 
of force versus tip displacement is obtained as shown. The degree 
of indentation (D) is measured from the point at which the force 
first deviates from zero. 
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appropriate medium or balanced salt solution. The entire assembly is mounted 
on a Leitz-MeBain microscope fitted with a 32x Hoffman modulation contrast 
objective to permit observation of the cells and the positioning of the stylus 
with respect to the cell to be measured. In the experiments reported in this 
paper, the motor was programmed to execute a single triangular waveform 
(e.g., Fig. 2) with a velocity of 3.4 gm/s  and total amplitude of 1.7 gm. 

Data Analysis 
Ideally we should characterize the force versus displacement curves obtained 

in Fig. 2 in terms of a continuum mechanical analysis of the deformation of 
an object with the appropriate shape and viscoelastic properties. We could then 
quantitatively determine changes in the viscous and elastic contributions to 
cellular resistance to deformation. However, an appropriate analytical scheme 
has not yet been developed (32). Therefore, we used the slope of the first 
Ongoing) limb of the force versus deformation curve as an empirical measure 
of cellular viscoelasticity. This slope or"stiffness" in units ofmdyn/#m increases 
whenever either the cellular elastic or viscous resistance to deformation in. 
creases. For many measurements, including all those of untreated cells, the 
ingoing limb of the force versus deformation plot was approximately linear 
(e.g., Fig. 4), thereby yielding an unambiguous determination of the stiffness. 
Frequently, however, we observed in treated cells a biphasic curve in which 
there was a small concave downward portion followed by a larger linear or 
concave upward phase (e.g., Fig. 3). In these instances, we fitted the first two- 
thirds of the plot to a linear form thereby eliminating the largest deviations 
from linearity which occur at the largest extents of compression. In plots that 
show a small concave downward initial phase this fitting procedure may 
underestimate the initial stiffness. This fitting procedure seems to provide a 
relatively low estimate of the changes in cell stiffness which we have observed. 
Furthermore, when ceils stiffened due to the various treatments described in 
this work, a fraction of the cells fell off the coverslip and so could not be 
measured. It seems likely that these could be the stiffest cells. Hence we conclude 
that we have probably obtained a lower bound for the magnitude of the increases 
in cell stiffness which occurred in the cell population. 

We considered the possibility that the measured changes in cell stiffness 
could have resulted from changes in cell shape. We tested this by comparing 
the vertical thicknesses of untreated cells with those of cells exposed to anti- 
IgM. The thickness of a cell was measured by raising the probe tip to the point 
at which it just came into contact with the cell as detected by microscopic 
observation. Then the probe was moved laterally away from the cell, and the 
distance of its tip from the substrate was measured using the calibrated sensor 
of the Cell Poker. 

Occasionally we have used Student's t test to determine the statistical 
significance of the difference between the means of two measured distributions 
of stiffness values. We should note, however, that the application of this test to 
our measurements is of uncertain validity. The distributions of stiffness, espe- 
cially of modulated cells, may not be normal, nor can we assert that the 
variances of the compared distributions are the same. Nevertheless, we have 
used Student's t test for the sake of simplicity, despite these possible violations 
of the preconditions for its application, to provide a rough estimate of statisticaI 
significance in the few instances in which the presence or absence of a significant 
difference might be questioned. 

RESULTS 

As seen in Figs. 3 B and 4, A-F, measurements on untreated 
and on some of the treated primary spleen lymphocytes 
yielded an approximately linear dependence of  force on extent 
of compression for compressions of  - 1 #m. Therefore, it is 
appropriate to use the slope of  this plot as an empirical 
"stiffness" coefficient with units mdyn/#m to characterize 
quantitatively the resistance of  the lymphocyte to compres- 
sion. The control population of untreated mixed B and T 
spleen lymphocytes had an average stiffness of 0.15 __. 0.08 
mdyn/~m. Furthermore, at comparable extents of  deforma- 
tion the force exerted on the stylus tip by the cell was smaller 
as the deformation decreased (tip force decreasing) than it 
was as the deformation increased (tip force increasing). This 
hysteresis corresponds to a dissipation of  energy and in studies 
of fibroblast deformability was attributed at least in part to 
cytoplasmic viscosity (28, 31). The hysteresis seen in Fig. 3B 
and that generally observed in the measurements on untreated 
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lymphocytes was typically much smaller than seen in adherent 
fibroblasts. 

Cross-linking sIg using an anti-IgM antibody caused a 
marked change in the observed force-deformation curve as 
shown in Fig. 3A. The rate of increase of force with compres- 
sion (i.e., the stiffness) and the hysteresis area were both 
substantially increased. Modulation of the cellular viscoelas- 
ticity by the various treatments used in this work not only 
increased the cellular resistance to deformation but also pro- 
duced changes in the detailed shapes of the force-compression 
curves. Linear plots were often obtained. Frequently, how- 
ever, the plots deviated from linearity. Often they were bi- 
phasic with a small early concave-down component followed 
by a much larger linear or concave-up component. Fig. 3A 
provides an example. As an approximate estimate of stiffness 
from these measurements we chose the average slope of the 
first two-thirds of the in-going branch of the force-deforma- 
tion plots as described in Materials and Methods. 

In principle, the observed change in stiffness might result 

A 

I 

B 

FIGURE 3 Examples of force versus displacement data ob- 
tained on lymphocytes using the Cell Poker. (A) B lympho- 
cyte with slg cross-linked by anti-lgM antibody. The curve 
shows a small region of negative curvature just after the 
probe tip contacts the cell surface. This is followed by a 
much larger phase with positive curvature. This bimodal 
appearance is observed in ~50% of the measurements made 
on cells treated with anti-lgM which show an increased 
stiffness. Although the existence of the initial phase with 
negative curvature is not convincingly established by a single 
curve, its appearance in a substantial fraction of the mea- 
surements made on cells treated in this way suggests that it 
represents an authentic mechanical property. As discussed 
in the text, the initial phase might represent resistance to 
bending; the later phase, resistance to stretching. The value 
of the stiffness obtained by fitting the first two-thirds of this 
curve is 0.64 mdyn//~m. (B) Control measurement on an 
untreated lymphocyte. The stiffness value obtained from this 
measurement is 0.18 mdyn/~m. 

from a change in cell shape. For example, cross-linking slg 
might have caused the cells to spread more and thereby reduce 
their thickness normal to the substrate. This reduction in cell 
thickness could account for an increase in stiffness (32). We 
tested the effect of cross-linking sIg on cell thickness as 
described in Materials and Methods. We observed that the 
average thickness _+ SD of 20 untreated cells was 4.76 _+ 0.33 
urn. For 20 cells in the midst of capping after treatment with 
anti-IgM (100 #g/ml), the average thickness was 4.77 _+ 0.32 
~m. Hence we cannot attribute the observed increases in 
stiffness to decreases in cell thickness. The diameter of the 
cells as observed through the microscope was similar to their 
height so that even these lymphocytes which adhere to a solid 
substrate preserve an approximately spherical shape. 

Our quantitative measurements revealed a consistent pat- 
tern: lymphocytes became stiffer in response to various treat- 
ments such as cross-linking of sIg or Con A acceptors or 
exposure to azide ion, to a calcium-specific ionophore and 
extracellular calcium ions, or to hypertonic medium. More- 
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over, we observed that the stiffer modulated cells adhered less 
well to glass coverslips and had a rougher appearing surface 
compared with untreated cells. 

C o n  A 

When a mixed population of mouse spleen lymphocytes 
was treated with FITC-Con A at a concentration of 30 ~tg/ 
ml, the cells displayed a bright ring of diffuse fluorescence. 
No caps or patches of aggregated Con A were detected over a 
2-h period at room temperature. This observation verifies that 
the mobility of the Con A acceptor complexes had been 
retarded and that the cells were under anchorage modulation. 
This modulation was likely to preserve the cells in a constant 
cytoskeletal state during the measurement of deformability 
(~30 rain). Fig. 4, a and d characterizes the effect of Con A 
on the deformability of a population of mixed spleen lyre- 

phocytes. Upon exposure to Con A, there was a large increase 
in the average resistance to deformation; the stiffness values 
increased almost threefold to 0.40 _+ 0.20 mdyn/~m. The 
distribution of values was broad with an SD of 50% of the 
mean. A considerable fraction of the treated cells continued 
to have stiffness values in the same range as the untreated 
control cells. Note that the standard deviation of stiffness 
values relative to the mean was also large (30-50%) for control 
cells. This heterogeneity in deformability is possibly related 
to the heterogeneity of  immunological functions in this mixed 
population of lymphocytes (see below). As seen in Fig. 4 a, 
the increase in stiffness caused by Con A was correlated with 
a large increase in the hysteresis area of the force-compression 
plots; this suggests that viscous forces contribute to the in- 
creased resistance to deformation. 

Cytoskeletal inhibitors weakened the increase in lympho- 
cyte stiffness caused by Con A. Fig. 4 depicts examples of 
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FIGURE 4 Effects of various inhibitors on the increased stiffness of lymphocytes treated with Con A (at 30 pg/ml). (a-e) 
Distributions of stiffness values obtained on lymphocytes treated first with Con A and then with the listed inhibitors as described 
under Materials and Methods. (f) Distribution of stiffness values obtained on lymphocytes treated with s-Con A (at 30 #g/ml). (A- 
F) Representative force versus displacement curves from each of the populations shown in a-f. The linear fit to the ingoing limb 
of the plot which determines the stiffness value is superimposed. The stiffness values obtained, which are close to the means for 
the respective populations, are (A) 0.54, (B) 0.16, (C) 0.24, (D) 0.13, (E) 0.43, and (F) 0.15 mdyn/pm. 

TABLE I 

Modulation of Deformability of Mouse Spleen Lymphocytes by Con A 

Ligand Stiffness +_ SD Treatment after Con A Stiffness + SD 
mdyn/pm N mdyn/t.,m N 

- 0.14 ± 0.06 (23) 
0.14 - 0.05 (I 4) Cytochalasin D 0.13 - 0.04 (15) 

Con A 0.41 ± 0.21 (28) Cytochalasin D 0.14 _ 0.05 (17) 
Con A 0.41 ± 0.21 (28) Colchicine 0.22 _ 0.13 (19) 
Con A 0.41 + 0.22 (I 9) Cytochalasin D + 0.S pM Colchicine 0.17 + 0.06 (I 8) 
Con A 0.49 ± 0.27 (12) NaN~ 0.45 ± 0.30 (14) 
S-Con A 0.17 ± 0.07 (17) 
Covaspheres-Con A 0.39 ± 0.23 (I 7) 

Cells were incubated wi th Con A or s-Con A (30 pgJml) for 30 min at room temperature, then washed and incubated with inhibitors for 30 rain at room 
temperature. We measured the deformaloi l i ty wi th inhibitors present. Cytochalasin D (1 pg/ml), colchicine (10 pM), NaN~ (10 raM). N, Number of ceils 
measured. 
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typical force-deformation plots for cells subjected to various 
treatments along with histograms which characterize the re- 
sponses of the several populations of treated cells. The results 
are summarized in Table I. The increase in stiffness provoked 
by Con A was entirely reversed by cytochalasin D (Fig. 4, b 
and B). In contrast, cytochalasin D had no effect on the 
deformability of the already soft control cells (Table I). Col- 
chicine partially reversed the stiffening effect of Con A. So- 
dium azide, which poisons oxidative energy production and 
depletes the concentration ofintracellular ATP, prevents cap- 
ping but not the inhibition of the lateral mobility of slg by 
Con A (2, 22). Surprisingly, azide ion alone caused an increase 
in lymphocyte stiffness comparable with that produced by 
Con A (Table III) and did not affect the stiffness of cells 
already treated with Con A. A dimeric fragment of Con A, s- 
Con A, which is a less effective cross-linker of surface proteins 
than the tetrameric parent molecule, did not significantly 
increase lymphocyte stiffness. 

Although the involvement of the cytoskeleton was demon- 
strated by the effects of colchicine and cytochalasin D, it 
might be supposed that the generation of a uniform layer of 
cross-linked Con A acceptor complexes over the cell surface 
could contribute directly to the observed increase in stiffness. 
To test this possibility, we have treated a mixed population 
of spleen lymphocytes with 0.7-#m spheres (covaspheres) to 
which FITC-Con A was covalently attached. We measured 
the deformability of cells which had 10 or more beads on 
their surfaces, a percentage of surface coverage shown previ- 
ously with Con A platelets to be at or above the threshold for 
anchorage modulation of slg mobility (22). These cells had a 
discontinuous surface distribution of Con A including ~25% 
of the surface area which was in contact with the glass cover- 
slip before addition of the beads and which was therefore free 
of the beads. The cells treated in this way showed an increase 
in resistance to compression similar to that caused by soluble 
Con A (Table I). Hence continuity of the surface layer of 
cross-linked Con A acceptor complexes was not necessary for 
the observed increase in stiffness. Cells on the same coverslip 
which had no beads attached to their surfaces had the same 
stiffness values as untreated control cells. 

Surface Immunoglobulin 

We verified that cells observed as soon as possible after 
incubation with anti-IgM at room temperature were in the 
midst of the capping process. Using fluorescence-labeled an- 
tibody, about half of the cells were seen to have patches of 
aggregated antibody-slg complexes. Approximately 50% of 
these labeled B cells showed caps in various stages of devel- 
opment at the end of the 25-min measurement period. A 
typical example of the increases in resistance to compression 
and in the hysteresis area of the force-compression curve 
caused by cross-linking slg is shown in Fig. 3. On the average, 
there was a three- to fourfold increase in stiffness in a popu- 
lation of unfractionated mouse spleen lymphocytes. As is 
shown in Fig. 5, a and b, there was a wide distribution of 
stiffness values in the treated cells, with some cells in the 
treated population having values in the same range as cells in 
the untreated control population. That this modulation of 
cellular viscoelasticity depended on cross-linking the slg mol- 
ecules is shown in Fig. 5, c-f. Fab' fragments of the anti- 
mouse IgM antibody elicited only a slight increase in stiffness 
which is, however, statistically significant to p < 0.005 ac- 
cording to Student's t test. (This small increase in stiffness 
might have been caused by a small contamination of divalent 
antibody fragments, although none was detected by gel elec- 
trophoresis, or it could have been a genuine response to the 
binding of monovalent ligands.) When cells to which the Fab' 
fragments of the goat anti-mouse IgM were bound were 
treated with divalent rabbit antibody directed against goat 
IgG, the resulting cross-linking of the Fab'-slg complexes 
caused an increase in the resistance to compression which 
was comparable with that provoked by the intact anti-IgM 
antibody or the divalent F(ab')2 fragment. Fig. 5, b, d and f 
show that stiffness values were distributed over a wide range 
in modulated cells comparable to that seen in cells treated 
with Con A. This could have resulted from heterogeneity in 
the cell population which included lymphocytes (T cells 
among others) which do not have immunoglobulin on their 
surfaces, from heterogeneity in the response among cells 
bearing slg, and from the cell-to-cell variation in the extent 
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T A B L E  II 

Modulation of Deformability of Mouse Spleen Lymphocytes by 
Anti-lgM Antibodies 

Ligand Condition Stiffness + SD 
mdynll~m N 

Effect of Capping 

Anti-lgM 
Anti-lgM 

Control 
During capping* 
After capping* 

Effects of inhibitors 

0.16 _ 0.09 (34) 
0.56 + 0.30 (42) 
0.27 _ 0.10 (55) 

Control 0.16 + 0.08 (46) 
Anti-lgM During capping* 0.47 +_ 0.27 (70) 
Anti-lgM Cytochalasin D s 0.30 _+ 0.11 (18) 
Anti-lgM Colchicine ! 0.23 _ 0.12 (27) 
Anti-lgM Cytochalasin D 0.19 _ 0.10 (45) 

+ Colchicine 

Requirement for cross-linking m 

Control 0.15 + 0.06 (56) 
Fab' (anti-lgM) 0.20 + 0.09 (81) 
Fab' + anti-Fab 1 During capping* 0.61 _+ 0.35 (32) 
F(ab')2 During capping* 0.61 + 0.34 (26) 

All mechanical deformability measurements were done at room tempera- 
ture./'4, Number of cells measured. 

* Incubated with anti-lgM (I00 vg/ml) for 30 min at 0*C. Washed at 4*C and 
allowed to settle on substrate for 10 rain at room temperature. Measured 
during subsequent 20-rain interval. 

* After incubation with anti-lgM and adherence to substrate as above, incu- 
bated for an additional 30 min at 37"C on substrate, 

i Cells prepared as described (*) were subsequently incubated with cyto- 
chalasin D (I vg/ml), colchicine (10 pM), or both for 30 min at room 
temperature. 

I Fab' fragments (200 ~g/ml), anti-Fab' (100 pg/ml), F(ab')2 (100 ~zg/ml). 

of capping in the population of measured cells. 
Cytochalasin D, in contrast to its complete reversal of the 

response to Con A, only partly reversed the increased stiffness 
caused by anti-IgM (Table II). Colchicine was comparable to 
cytochalasin D in its partial reversal of the increased stiffness 
and had similar effects on cells treated either with Con A or 
anti-IgM. Colchicine and cytochalasin D acting together were 
more effective than either was separately and appeared to be 
able to reverse the response to anti-IgM almost completely. 

Completion of the capping process also partially reversed 
the increase in stiffness induced by anti-IgM antibodies (Table 
II) (Fig. 6). Lymphocytes which were treated with anti-IgM as 
described above were incubated at 37"C for an additional 30 
rain to produce the cells which had completed capping. With 
the use of fluorescence-labeled anti-IgM, we observed that 
80% of labeled cells had formed caps after l0 min under these 
conditions. Previous work suggests that dissipation of the cap 
by internalization or shedding has already begun at this time 
(33, 34). By 30 min at 37"C capping was over. Of the cells 
incubated for this period, some had elongated shapes and a 
few had a spot of fluorescence. A fluorescent rim was detected 
on none of the cells, but most cells showed a diffuse weak 
fluorescence which might have resulted from internalized 
surface complexes. Fluorescent particles, possibly shed from 
the cell surface, were seen in the medium. The deformability 
measurements were carried out at room temperature. As seen 
in Fig. 6, the average stiffness of cells after capping was 0.27 
+ 0. l0 mdyn/~m, about half the value obtained from cells in 
the midst of capping (0.56 _+ 0.30 mdyn/um). In ceils which 
had completed capping as in untreated control cells the dis- 
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FIGURE 6 Change of stiffness with time during and after the cap- 
ping of slg. (Top panel) Control. (Middle panel) Cells treated with 
anti-lgM on ice for 25 min were then measured during the capping 
process at room temperature. During the 20-min measurement 
interval the percentage of capping cells increased from 10% to 
50%. (Bottom panel) Cells treated as in previous panel and then 
incubated for 30 min at 37°C before measurement at room tem- 
perature. Most of the B cells in this sample have eliminated their 
fluorescent caps. Hence stiffness diminishes at this late stage of the 
process. 

tribution of stiffness values was narrower, the cell surface 
apparently smoother, and the cells were more firmly attached 
to the glass coverslip. Finally, we observed that incubation of 
cells at 37"C for 15 min which have not been exposed to 
surface cross-linking agents caused a small increase in the 
stiffness from 0.16 -4- 0.07 to 0.20 _ 0.08 mdyn/um. This 
difference was of marginal statistical significance (0.05 < p < 
0.1). 

Table II summarizes the modulation of deformability of 
mouse spleen lymphocytes by anti-IgM. Cross-linking sIg 
induced a larger increase in stiffness than did Con A under 
comparable conditions despite the fact that Con A should 
bind to all the lymphocytes whereas less than half of the cells 
bear sIg, (According to Student's t test, the mean stiffness of 
cells treated by Con A was significantly different from that of 
cells treated by F[ab']2 fragments of anti-IgM and from that 
of cells treated by Fab' fragments cross-linked by a second 
antibody at p < 0.005 and from cells treated by anti-IgM at 
p < 0.025.) 

Ligand-independent Treatments 
Cross-linkage of surface proteins by multivalent ligands is 

not a necessary condition for their capping. This is well- 
demonstrated by the induction of capping of several proteins 
on lymphocyte membranes by hypertonic medium (e.g., 
2xPBS) in the absence of cross-linking ligands (35, 36). Ex- 
posure of lymphocytes to 2xPBS increased cellular stiffness to 
an extent comparable to that produced by Con A (Table III). 
Morever, the breadth of the distribution of stiffness values 
obtained in hypertonic medium was also comparable with 
that produced by cross-linking ligands. Hence the broad dis- 
tribution of values generated by cross-linking can not result 
only from differences among cells in the numbers or affinities 



TABLE III 

Modulation of Deformability of Mouse Spleen Lymphocytes by Ligand-lndependent Treatments 

Contro l  Treated Reversal by cytochalasin D 

NaN3 
NaN3 + cytochalasin D 
A23187 + Ca 2+ 
2xPBS 
Cytochalasin D 

Stiffness 4- SD Stiffness + SD Stiffness + SD 

mdyn [l~m N mdyn ] lam N mdyn /l~m N 
0.17 _+ 0.07 (43) 0.47 4- 0.22 (43) 0.44 4- 0.25 (26) 
0.15 4- 0.08 (18) 0.14 4- 0.07 (17) - 
0.19 4- 0.11 (36) 0.41 4- 0.17 (41) 0.43 4- 0.22 (16) 
0.18 + 0.10 (23) 0.49 4- 0.28 (25) 0.34 4- 0.27 (22) 
0.14 ___ 0.05 (14) 0.13 ___ 0.04 (15) - 

Ceils treatments and measurement as described in Materials and Methods. N, 

of binding sites. The increase in stiffness produced by 2xPBS 
was partly reversed by cytochalasin D. Incubation of cells in 
DME-HEPES plus 0.3 M mannitol caused an increase in 
stiffness to an average value of 0.52 ___ 0.15 mdyn/~m, com- 
parable with that caused by 2xPBS. Incubation in DME- 
HEPES plus 0.2 M mannitol caused a substantially smaller 
increase in stiffness to an average value of 0.27 __. 0.15 
mdynes/#m. 

Treatment of lymphocytes with a metabolic inhibitor or 
increase of their intracellular calcium ion concentration also 
induced an increase in stiffness without cross-linking cell 
surface proteins (Table III). Incubation of lymphocytes with 
10 mM sodium azide for 30-45 min at room temperature 
caused a marked increase in stiffness and induced a spikey 
appearance of the cell surfaces. This increase in resistance was 
not reversed by subsequent exposure of the treated cells to 
cytochalasin D. In contrast, cytochalasin D did prevent an 
increase in stiffness when the cells were incubated with it and 
azide simultaneously. Incubation of lymphocytes with the 
ionophore A23187 at a concentration of 1 t~g/ml in the 
presence of calcium (1.8 mM) at room temperature for 30- 
45 min also increased cell stiffness. The increase in stiffness 
caused by the ionophore was not reversed by subsequent 
addition of cytochalasin D. 

B Lymphocytes 
Unfractionated spleen lymphocytes consist of ~42% B cells 

as detected by immunofluorescence staining for slg. The 
current version of the Cell Poker does not permit detection 
of fluorescence from the cells on which the deformability 
measurements are being carried out. Therefore we could not 
selectively measure the changes in stiffness of B cells in an 
unfractionated population of spleen lymphocytes. Hence our 
measurements included randomly B, T, and null cells. It 
would, however, be useful to observe specifically changes in 
B cell stiffness to be able to relate them more directly to 
earlier studies of the redistribution and mobility of surface 
proteins and changes in cytoskeletal organization which have 
been carried out on B cells. Therefore, we have repeated the 
measurements described above on lymphocytes prepared 
from the spleens of nude athymic mice which, according to 
our immunofluorescence observations, consisted of >90% B 
cells. The results, shown in Table IV, obtained after treatment 
with anti-IgM antibody, the ionophore A23187, or sodium 
azide were very similar to those obtained previously with the 
mixed population of cells. The response to anti-lgM seems 
paradoxical because less than half of the cells in the mixed 
population carried slg. Con A increased the stiffness of B cells 
less than that of the mixed cells, suggesting that Con A may 
cause a larger increase in the stiffness of T- than of B-cells. 

Number of cells measured. 

DISCUSSION 

We have shown by direct mechanical measurements that 
cross-linking Con A acceptors or slg on lymphocyte surfaces 
caused a large (three- to fourfold) increase in the cellular 
resistance to compression. Not only the stiffness (i.e., the 
slope) but also the hysteresis of the measured plots of force 
versus compression was increased by surface cross-linking. 
This suggests that both elastic and viscous resistance to defor- 
mation were increased. To determine the relative contribu- 
tions of increases in elastic and viscous resistance will, how- 
ever, require further experimental and theoretical work (32). 

An important general conclusion from the results summa- 
rized in Fig. 7 is that measurements of deformability can 
reveal and monitor changes in physiological state via changes 
in cellular mechanical characteristics. We look forward to 
investigating analogous processes in other celt types. Lympho- 
cytes, however, offer certain specific advantages for mechan- 
ical studies. The fact that they are initially approximately 
spherical and that they remain so, apart from relatively small 
deviations of shape such as formation of a uropod, facilitates 
the development of an interpretive mechanical model. Fur- 
thermore, because the layer of cytoplasm surrounding the 
nucleus in lymphocytes is relatively thin and apparently ho- 
mogeneous, we expect that its mechanical properties may be 
dominated by the cytoskeletal cortex which lies immediately 
beneath the plasma membrane. Hence mechanical responses 
of the cortical cytoskeleton may be more easily detected in 
lymphocytes than in fibroblasts, which have a larger cyto- 
plasmic volume occupied by a cytoskeleton of a variegated 
and apparently more complex organization. In addition these 
observations of mechanical changes should increase our un- 
derstanding of the mechanisms of capping of cross-linked slg 
together with the ensuing morphological changes and dy- 
namic processes (2) and of anchorage modulation of capping 
and of the lateral mobility of membrane proteins by Con A 
(19, 20, 22, 25). The responses to cross-linking of slg are 
thought to be related to normal cellular activities including 
directional polarization and locomotion (2) whereas the phys- 
iological significance of the responses to Con A (e.g., in 
mitogenesis of T cells) is unknown. 

The Increased Cell Stiffness Induced by Con A 
Parallels Anchorage Modulation of 
Lateral Mobility 

Exposure of lymphocytes to Con A at a concentration of 
30 #g/ml caused an approximately threefold increase in stiff- 
ness (Table I). There are several similarities between this 
modulation of deformability and the previously observed 
modulation of lateral mobility (22, 25) (Table I) (Figs. 5 and 
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TABLE IV 

Modulation of Deformability of B Spleen Lymphocytes 

Treatment Stiffness ___ SD Control-Stiffness _ SD 
N N 

Con A 0.25 _+ 0.08 (17) 0.14 -4- 0.09 (19) 
Anti-lgM 0.50_+0.19 (19) 0 .13_0.06 (36) 
NaN3 0.42 - 0.18 (18) 0 .20_ 0.06 (18) 
A23187+Ca +2 0.41 ___0.16 (17) 0.17_+0.10 (18) 

B lymphocytes were prepared from the spleens of nude athymic mice. Cells 
were treated as described in Materials and Methods identical]y to the mixed 
populations of lymphocytes. N, Number ol cells measured. 

7). (a) Both phenomena can be triggered by locally bound 
Con A. Cells beating Con A beads have substantial surface 
areas free of Con A. Hence the increase in stiffness in these 
cells does not result simply from the creation of a cross-linked 
surface matrix around the cell. The increase, therefore, in 
stiffness and the inhibition of lateral mobility are both reflec- 
tions of global cellular responses to locally applied signals. (b) 
Both phenomena require cross-linking of Con A receptors; 
binding of s-Con A, an ineffective cross-linker, is insufficient. 
(c) Both phenomena are reversed by cytoskeletal inhibitors. 
The Con A-induced increase in stiffness is reversed entirely 
by cytochalasin D and partially by colchicine. The modulation 
of lateral mobility is reversed partially by colchicine or cyto- 
chalasin B separately and entirely by the two inhibitors acting 
together. Whether this is a significant difference or is due to 
the greater potency of cytochalasin D relative to cytochalasin 
B as an inhibitor of  actin assembly remains to be tested. (d) 
Neither anchorage modulation of diffusion nor the increase 
in stiffness is reversed by azide ion. 

These similarities between the modulation of lateral mobil- 
ity and cell stiffness by Con A suggest that the two phenomena 
may have a causal connection. It has been suggested that 
anchorage modulation of mobility could result from an effect 
of Con A on the state of  the cytoskeleton or on the linkage of 
cell surface proteins to the cytoskeleton (22). Our results 
demonstrate the occurrence of the former although not its 
relationship to inhibition of mobility. The effect of Con A on 
the linkage of slg to the lymphocyte cytoskeleton remains to 
be tested. 

There is a significant overlap of the deformability distribu- 
tions in control and in Con A-treated cells (Fig. 5, a and d). 
This is unlikely to be due to unresponsiveness of a defined 
fraction of the mixed lymphocyte population (e.g., either B 
or T cells). Both B and T lymphocytes bind and respond to 
Con A. On a mixed population of cells preincubated at 0°C, 
Con A will cap at 370C even when applied at high concentra- 
tion (37). Most of  the capped cells are T cells. As seen in 
Table IV, B cells from nude mice do respond significantly 
although less on the average than the mixed population from 
normal mice. If B cells from nude and normal mice are 
comparable in their response to Con A, then one must con- 
clude that T cells display a stronger mechanical response to 
Con A than do B cells. 

Exposure of  human erythrocytes to wheat germ agglutinin 
increases their viscous (38) and elastic (39) resistance to 
deformation by micropipette aspiration. The viscous resist- 
ance was attributed to increased viscous drag of the aqueous 
medium on the wheat germ agglutinin molecules bound to 
the cell surface (38). It could not be certainly decided whether 
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FIGURE 7 Schematic model of experimental results. The increases 
in stiffness elicited by surface cross-linking and various ligand in- 
dependent treatments are shown as resulting from the development 
of a mechanically resistant cytoskeletal shell around the nucleus. 
This may decrease cellular deformability both by contracting around 
the nucleus and thereby generating resistance to stretching the 
tensed cytoskeletal matrix (symbolized in the figure by the in- 
creased density of the shell) and by resisting bending (symbolized 
by an increased thickness of the shell) as discussed in the text. The 
cytoskeletal shell of increased density is shown extending to the 
cell surface in most instances to account for the corresponding 
retardation of the lateral mobility of cell surface proteins which is 
observed in capping and anchorage modulation. The response to 
NaN3 is exceptional; there is no effect either on the baseline lateral 
mobility of cell surface proteins nor on anchorage modulation. The 
effects of 2xPBS and of the ionophore A23187 plus calcium ions 
on the lateral mobility of slg have not yet been determined. The 
former treatment does, however, induce capping of several cell 
surface proteins (35, 36), and the latter generates slg patches in 
some cells (34). The effect of cytochalasin D in completely or 
partially reversing the increase in stiffness caused by various treat 
ments is also shown as is the partial reversal that occurs after 
completion of capping. Not shown in this scheme are the following 
observations: cytochalasin D partly reverses the increase in lym 
phocyte stiffness caused by 2xPBS but not that caused by azide ion 
or A23187 plus calcium ion; simultaneous incubation of cells with 
both cytochalasin D and azide ion prevents the increase in stiffness 
otherwise caused by the latter (Table III); colchicine partly reverses 
to a similar extent the increases in stiffness caused by anti-lgM and 
Con A (Table ll). 

the increased elastic resistance resulted from the formation of 
an external cross-linked matrix or from an effect of  wheat 
germ agglutinin on the erythrocyte cytoskeletal cortex as had 
previously been suggested (39, 40). The effectiveness of Con 
A-beads in increasing stiffness and of cytochalasin D in re- 
versing the increase suggests that the observed effects of Con 
A on lymphocyte deformability depend little, if at all, on 
either surface viscosity or a cross-linked surface matrix; rather, 
the increases in stiffness are mediated through the cytoskel- 
eton. 



Cross-linking SIR Increases Lymphocyte Stiffness 
and Initiates Capping 

The sequence of dynamic functions initiated by cross- 
linking slg, including capping, formation of a uropod, and 
induction of cellular motility, involves the active movement 
of one part of the cell relative to others and therefore the 
performance of mechanical work. As pointed out above, 
cytoskeletal contractility seems to be involved in these proc- 
esses. Our studies of this system were motivated by the 
supposition that mechanical tensions generated in the cell 
during capping might cause a detectable increase in the overall 
resistance of the cell to compression. We did, indeed, observe 
a substantial increase in cellular stiffness due to cross-linking 
sIg but we cannot yet confidently interpret this as the result 
of a cytoskeletal contraction. 

Changes in cellular stiffness occurred over the same time 
period as the redistribution of surface molecules and cyto- 
skeletal components during capping (Table II) (Fig. 6). 
Whereas the average stiffness of cells in the midst of capping 
was 0.56 mdyn/~m, cells measured at a later stage in the 
process and an average stiffness of 0.27 mdyn/~m. Hence the 
stiffness diminished when the capping of the sIg had com- 
pleted. This reinforces the suggestion that the same cytoskel- 
etal processes are involved in capping and in the increase of 
stiffness. Moreover, the distribution of stiffness values was 
narrower after capping (Fig. 6). This suggests that the cells 
with the highest initial stiffness values relaxed first or that all 
modulated cells converged to a modestly elevated stiffness 
value after capping. Measurements of the kinetics of the 
increase and relaxation of stiffness relative to the formation 
and dissipation of the cap should help to clarify the relation- 
ship between these two phenomena. The relationship between 
ligand-dependent capping and ligand-dependent increases in 
stiffness is further reinforced by the fact that both functions 
require cross-linking of the ligand-receptor complexes on the 
cell surface (Table II). 

The effect of cytoskeletal inhibitors on capping are complex 
and differ from the effects on anchorage modulation (2, 19). 
Similarly, the effects of these inhibitors on the increases in 
stiffness caused by anti-IgM and Con A differ. Cytochalasin 
D only partially reversed the increase in stiffness caused by 
cross-linking slg (Table II) in contrast to its complete reversal 
of the Con A effect (Table I). This difference in sensitivity 
provides a further indication that the two cross-linking ligands 
provoke significantly different cytoskeletal changes. It has 
previously been shown that cytochalasin B is only partially 
effective in reversing sIg caps but reverses Con A caps com- 
pletely (2). Colchicine does not inhibit and may even enhance 
capping (2), and it partly reversed the increase in stiffness 
caused by anti-IgM. Disruption of microtubules could reverse 
stiffening either by enhancing the rate of capping (l 9) or by a 
direct effect on the mechanical properties of the cell. Colchi- 
cine and cytochalasin D together were more effective than 
either was separately (Table II). 

In a mixed population of spleen lymphocytes, less than half 
should be sIg-bearing B cells. A population enriched in B cells 
(to the 90% level) was obtained from the spleens of nude 
athymic mice. Treatment by anti-IgM antibodies elicited a 
very similar effect on stiffness in the nude and wild type 
populations of spleen lymphocytes (Table IV). This suggests 
(a) that the stiffness of T cells was increased in the presence 
of modulated B cells even without ligand binding to the T 
cells, or (b) that the absence of T cells in the population 

obtained from nude mice modulated the increase in B cell 
stiffness caused by anti-slg. B cells from nude mice have been 
shown to cap inefficiently (41). 

Sodium Azide Increases Cellular Stiffness without 
Affecting the Mobility or Distribution of Plasma 
Membrane Proteins 

The threefold increase in stiffness provoked by sodium 
azide is comparable to that caused by Con A. In contrast to 
Con A, however, sodium azide has no effect on the lateral 
mobility of slg (1, 22). It interferes neither with the formation 
of patches of slg cross-linked by antibody (2) nor with an- 
chorage modulation ofsIg mobility by Con A (22). Moreover, 
azide does not impair the adherence of cross-linked slg to 
detergent-insoluble cytoskeletons (42) or to detergent-ex- 
tracted actin (43). These results suggest that azide modulates 
the state of the cytoskeleton in these cells without disturbing 
its interaction with cell surface components. 

Earlier work has demonstrated effects of azide on the 
morphology of lymphocytes including increased expression 
of microvilli (44) and the formation of a constriction ring on 
cells bearing caps of cross-linked SIR (33). We have observed 
that azide-treated lymphocytes seem to have rougher surfaces 
under modulation contrast optics and to adhere less well than 
untreated cells to glass coverslips. These morphological effects 
and the increase in stiffness which we have observed might 
be attributed to an irreversible contraction of actomyosin 
analogous to a rigor state of muscle (34). This is consistent 
with our observation that the azide-induced increase in stiff- 
ness was not reversible by cytochalasin D but could be pre- 
vented by incubating cells with cytochalasin D simultaneously 
with azide (Table III). In the latter case we suppose that the 
cytochalasin disassembled actin filaments before the ATP 
content of the poisoned cells was sufficiently depleted to cause 
rigor contraction. (See reference 45 for other examples of the 
ineffectiveness of cytochalasins in the presence of azide ion.) 
Nevertheless, it does not appear that cellular actin and myosin 
are entirely immobilized in azide-treated cells; both proteins 
co-patch with aggregated sIg in the presence of azide (7). 
Furthermore, azide has been reported to enhance the polym- 
erization of actin in thymocytes and to render the actin 
resistant to depolymerization by DNase I (46). These results 
were also interpreted in terms of an azide-induced rigor state. 

These observations as well as our own suggest alternative 
interpretations of the inhibition of capping by azide. It is 
usually supposed that azide prevents capping by interfering 
with an energy-requiring process which is needed to move the 
cross-linked slg molecules to one pole of the cell. Perhaps, 
however, depletion of the G actin pool by azide inhibits a 
specific actin polymerization process necessary for capping 
(46). Alternatively, the stiffening responsible for the decreased 
deformability of azide-treated lymphocytes might also prevent 
movement of patched sIg to the cap by immobilizing com- 
ponents which participate in the process. 

Exposure to Hypertonic Medium or to a Calcium 
Ionophore Plus Extracellular Calcium Increases 
Lymphocyte Stiffness without Need for 
Surface Cross-linking 

Exposure of lymphocytes to hypertonic medium, either 
2xPBS or PBS containing high concentrations of mannitol, 
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stimulates capping of several uncross-linked proteins (35, 36) 
and increases lymphocyte stiffness (Table III). Assuming that 
sIg does not aggregate in the absence of a multivalent ligand, 
the capping of surface proteins which have not been cross- 
linked argues against hypotheses which interpret capping in 
terms of a membrane flow (27). The capping and stiffening 
responses could both be interpreted in terms of a contraction 
of the cortical cytoskeleton induced by exposure to hypertonic 
medium. We cannot, however, rule out that other factors 
(e.g., a thickening of the cytoskeleton consistency) could cause 
or at least contribute to the stiffening effect. These ligand 
independent responses do, however, demonstrate that surface 
cross-linking is an exclusive requirement neither for the gen- 
eration and transmission of an activating signal for capping 
nor for the development of the putative interactions from 
cytoskeleton to cell surface which draw the sIg molecules into 
the cap. Exposure to hypertonic medium initiates both proc- 
esses. 

It has been suggested that an increase in the concentration 
of cytoplasmic calcium ions plays a role in capping (2, 47) 
although evidence to the contrary also exists (48). In the 
absence of cross-linking ligands, an increase in the concentra- 
tion of cytoplasmic calcium ions causes a redistribution of 
myosin and even a low frequency of patching ofslg (49). The 
increase in lymphocyte stiffness which we have observed in 
the presence of A23187 and calcium ions is consistent with a 
possible role for calcium ions in cytoskeletal activation. The 
fact that increasing cytoplasmic calcium ion concentration by 
A23187 does not cause capping but rather inhibits or even 
reverses capping indicates that additional factors must regu- 
late the potentially antagonistic effects of calcium ions on the 
cytoskeleton (50-53). 

Our experimental results also verify that the mechanisms 
by which the calcium ionophore and cytochalasin D inhibit 
and reverse caps are different. The former caused an increased 
cellular stiffness which is consistent with a contractile response 
of the cytoskeleton. The latter caused a reduced cell stiffness 
which is consistent with the expectation that cytochalasins 
interfere with the assembly of microfilaments which are prin- 
cipal determinants of the increased stiffness caused by cross- 
linking ligands. 

The Observed Increase in Cell Stiffness Might 
Result from a Contraction of the Cortical 
Cytoskeleton and/or an Increase in Its Resistance 
to Bending 

A mechanical interpretation of the observed increases in 
cellular viscoelasticity requires that we consider the overall 
structure of lymphocytes. Morphometric studies have shown 
that human lymphocytes are small, approximately spherical 
cells. Almost three-fourths of the diameter of the cell is 
occupied by the nucleus which is surrounded by a spherical 
shell of cytoplasm which is ~ 1 #m thick (54). We shall suppose 
that mouse and human lymphocytes are sufficiently similar 
that we need not distinguish between them for present pur- 
poses. Our measurements show that the deformability of 
untreated cells was insensitive to cytochalasin D (Tables I and 
IV). Previous studies have shown that cytochalasin B causes 
a marked reduction in the stiffness of the perinuclear regions 
of adherent fibroblasts but has little, if any, detectable effect 
on the resistance of the nucleus to indentation (28). Assuming 
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that the results obtained on flbroblasts are pertinent to our 
lymphocyte measurements, we conclude that the resistance 
to compression of untreated lymphocytes was dominated by 
the nucleus, expected from the earlier work to be insensitive 
to cytochalasins, or that the cytoplasmic consistency of these 
lymphocytes did influence our measurements, but, unlike 
fibroblasts, was unaffected by cytochalasins. We consider the 
former to be the more likely alternative. Then by the same 
logic, the ability of cytochalasin D to reverse the increased 
stiffness triggered by anti-IgM and Con A suggests these 
cellular mechanical responses take place in the cytoplasmic 
shell. 

Earlier studies have suggested that cross-linking slg initiates 
an actomyosin contraction which drives capping and related 
dynamic cellular responses (2, 7, 55) and which may be 
regulated by a mechanism similar to that which controls 
contraction of smooth muscle (12, 13, 16-18). More recent 
electron microscopic studies have shown that the amount of 
actin filaments bound to the cytoplasmic surface of the plasma 
membrane is substantially increased in cells with cross-linked 
slg or Con A aeceptors (56). Furthermore, the filaments were 
frequently arranged in a ringlike pattern which was especially 
prevalent in cells prepared under conditions which promote 
capping. Therefore the simplest model for the observed in- 
crease in cellular stiffness might also be based on a contraction 
of the cytoskeletal cortex around the nucleus. An isometric 
tension could develop due either to a uniform circumferential 
or radial contraction of the cortex. Then, in contrast to 
untreated cells in which the relatively weak resistance to 
compression is expected to result mainly from shearing the 
nucleus, the treated cells could be substantially compressed 
only by stretching the tensed cortex. The stronger the cortical 
contraction, the greater the increase in resistance to cellular 
compression. 

Detailed examination of the dependence of force on the 
extent of compression of modulated cells suggests, however, 
that additional factors may be involved. Frequently there was 
a biphasic dependence of resisting force on extent of compres- 
sion. Especially in cells treated with anti-IgM or A23187 plus 
calcium ions there was often a small initial component in 
which force increased rapidly but with negative curvature 
(i.e., concave down). This first phase was then followed by a 
much longer phase during which the rate of increase of force 
either remained constant or increased with increasing 
compression to produce linear or concave-upward plots (see 
Fig. 3). This change in the sign of the curvature of the force 
versus compression curve from negative to positive is not 
seen in the simple elastic stretching of osmotically swollen 
human erythrocytes, which should be a good model of spher- 
ical cells surrounded by tensed membranes (57). Rather, the 
biphasic characteristics of the force-compression curves sug- 
gest an additional component in the resisting force. Theoret- 
ical and experimental studies of macroscopic model systems 
(58, 59) have suggested that the additional component might 
be a bending resistance which develops from a mechanical 
thickening of the cytoskeletal shell around the nucleus. More 
theoretical and experimental work will be required to test this 
hypothesis (32). 

Conclusions 
Our experimental results are summarized in Fig. 7. Based 

on these results we conclude the following: (a) Cross-linking 



slg on Con A acceptors on primary mouse spleen lymphocytes 
caused an increase in the resistance of the cells to deformation. 
Simple binding of monovalent Fab fragments of antibody 
against sIg or of s-Con A to its acceptors (without cross- 
linking) was insufficient to elicit an increase in cellular stiff- 
ness. (b) The observed increases in cellular stiffness depended 
on the integrity of the cytoskeleton; they could be reversed to 
varying extents by such cytoskeletal inhibitors as colchicine 
and cytochalasin D. Differences in the effectiveness of the 
inhibitors in reversing the Con A-  and anti-IgM-induced 
increases in stiffness suggest differences in the cytoskeletal 
processes involved in these functions. Furthermore, Con A 
beads applied locally to the cell surface (leaving other regions 
of the surface devoid of Con A) caused an increase in stiffness 
comparable to that observed by soluble Con A. Hence the 
observed increase in stiffness cannot be attributed simply to 
the development of a cross-linked matrix over the entire cell 
surface. Rather, it must involve a change in the state of the 
cytoskeleton. (c) There are many correlations between the 
observed increases in cell stiffness and capping or anchorage 
modulation. These include the effects of cytoskeletal inhibi- 
tors and the evolution of stiffness over the same time period 
as the development and dissipation of caps. Hence it is likely 
that the changes in the distribution and mobility of cell surface 
proteins are related to the changes in the mechanical proper- 
ties of the cytoskeleton. The mechanism and structural basis 
of this relationship remain to be determined. (d) Various 
ligand-independent treatments also cause an increase in cell 
stiffness. Hence changes in deformability can be generated in 
the absence of surface cross-linking. ([i] Exposure of lympho- 
cytes to hypertonic medium, which had previously been 
shown to cause capping of several membrane proteins, also 
produced an increase in cell stiffness. This demonstrates that 
capping is still correlated with an increase in stiffness even in 
the absence of surface cross-linking. [ii] Exposure of lympho- 
cytes to azide ion prevents capping (2) and caused an increase 
in cell stiffness without influencing the mobility and distri- 
bution of surface proteins. This change in deformability could 
be a kind of rigor effect resulting from ATP depletion. [iii] 
Increasing intracellular calcium ion concentration by an ion- 
ophore caused an increase in stiffness although it prevents 
capping.) (e) Cell poking measurements of cellular deforma- 
bility can provide a sensitive assay of changes in the mechan- 
ical and functional state of the cytoskeleton and of the com- 
plex formed by the plasma membrane and the cytoskeletal 
cortex. 

We thank W. B. McConnaughey for advice on the operation of the 
Cell Poker, B. Daily for important suggestions and critical discussions 
concerning the mechanical interpretation of the measured increase 
lymphocyte stiffness, J.-I. Young for technical assistance, and S. 
Felder for help with data analysis. 

This work was supported by National Institutes of Health grant 
GM 27160 and a grant from the Mallinckrodt Foundation. The 
Washington University Center for Basic Cancer Research provided 
tissue culture media. 

Received for publication 26 July 1984, and in revised form 19 Novem- 
ber 1984. 

REFERENCES 

1. Dragstcn, P., P. Henkart, R. Blumcnthal, J. Weinstein, and J. Schlessinger. 1979. Lateral 
diffusion of surface immunoglobulin, thy-1 antigen, and a lipid probe in lymphocyte 
plasma membranes. Proc. Natl. Acad. Sci. USA. 76:5163-5167. 

2. Schreiner, G., and E. R. Unanue. 1976. Membrane and cytoplasmic changes in B 
lyrnphocytes induced by ligand-surface immunoglobulin interaction. Adv. Immunol. 24: 
37-165. 

3. Loot, F. 1980. Plasma membrane and cell cortex interactions in lymphocyte functions. 
Adv. lmmunol. 30: l -  120. 

4. de Petris, S. 1975. Concanavalin A receptors, immunoglobulins, and antigen of the 
lymphocyte surface. Interactions with Concanavalin A and with cytoplasmic structures. 
Z Cell Biol. 65:123-146. 

5. Norberg, B. 1971. The formation of an ATP-induced constriction ring in a glycerinated 
lymphocyte during migration. Scand. ,L Haematol. 8:75-80. 

6. Gabbiani, G., C. Chaponnier, A. Zumbe, and P. VassaUi. 1977. Actin and tubulin cocap 
with surface immuooglobulins in mouse B lymphocytes. Nature (Lond.). 269:697-698. 

7. Bourguignon, L Y. W., and S. J. Singer. 1977. Transmembrane interactions and the 
mechanism of capping of surface receptors by their specific ligaods. Proc. Natl. Acad. 
Sci. USA. 74:5031-5035. 

8. Schreiner, G. F., K. Fujiwara, T. D. Pollard, and E. R. Unanue. 1977. Redistribution 
of myosin accompanying capping of surface Ig..L Exp. Med. 145:1393-1398. 

9. Braun, J., K. Fujiwara, T. D. Pollard, and E. R. Unanue. 1978. Two distinct mechanisms 
for redistribution of lymphocyte surface macromolecules. I. Relationship to cytoplasmic 
myosin. Z Cell Biol. 79:409-419. 

10. Geiger, B., and S. J. Singer. 1979. The participation of a-actinin in the capping of cell 
membrane components. Cell. 16:213-222. 

I I. Hoessli, D., E. Rungger-BPandlc, B. M. Jockuseh, and G. Gabbiani. 1980. Lymphocyte 
a-actinin: relationship to cell membrane and co-capping with surface receptors. Z Cell 
Biol. 84:305-315. 

12. Salisbury, J. L., J. S. Condcelis, N. J. Malhle, and P. Satir. 1981. Calmodulin localization 
during capping and receptor-mediated endocytosis. Nature (Lond.). 294:163-166. 

13. Nelson, G. A., M. L. And~ws, and M. J. Karnovsky. 1982. Participation of calmodulin 
in immunoglobulin capping. J. Cell Biol. 95:771-780. 

14. Lcvine, J., and M. Willard. 1983. Redistribution of fodrin (a component of the cortical 
cytoplasm) accompanying capping of cell surface molecules. Proc. Natl. Acad. Sci. USA. 
80:191-195. 

15. Nelson, W. J., C. A. L. S. Colaco, and E. Lazafides. 1983. Involvement of spectrin in 
cell-surface receptor capping in lymphocytes. Proc. Natl. Acad. Sci. USA. 80:1626-1630. 

16. Bourguignon, L. Y. W., M. L. Nagpal, and Y.-C. Hsing. 1981. Phosphorylation of 
myosin light chain during capping of mouse T-lymphoma cells. Z Cell Biol. 91:889- 
894. 

17. Kerrick, W. G. L., and L Y. W. Bourguignon. 1984. Regulation of receptor capping in 
mouse lymphoma T cells by Ca2+-activated myosin light chain kinase. Proc. Natl. Acad. 
Sci. USA. 81:165-169. 

18. Fcchbeimer, M., and H. J. Cebra. 1982. Phosphorylation of lymphocyte myosin cata- 
lyzed in vitro and in intact cells. J. CellBiol. 93:261-268. 

19. Yahara, I., and G. M. Edelman. 1972. Restriction of the mobility of lymphocyte 
immunoglobulin receptors by concanavalin A. Proc. Natl. Acad. Sci. USA. 69:608-612. 

20. Edelman, G. M. 1976. Surface modulation in cell recognition and cell growth. Science 
(Wash. DC). 192:218-226. 

21. Rutishauser, U., I. Yahara, and G. M. Edelman. 1974. Morphology, motility, and 
surface behavior of lymphocytes bound to nylon fibers. Proc. Natl. Acad. Sci. USA. 
71:1149-1153. 

22. Henis, Y. I., and E. L. Elson. 1981. Inhibition of the mobility of mouse lymphocyte 
surface immunoglobulins by locally bound concanavalin A. Proc. Natl. Acad. ScL USA. 
78:1072-1076. 

23. Yahara, l., and G. M. Edelman. 1973. Modulation of lymphocyte receptor redistribution 
by concanavalin A, anti-mitotic agents and alterations ofpH. Nature (Lond.). 246:152- 
155. 

24. Yahara, I., and G. M. Edelman. 1975. Modulation of lymphocyte receptor mobility by 
locally bound concanavalin A. Proc. Natl. Acad. Sci. USA. 72:1579-1573. 

25. Henis, Y. I., and E. L. Elson. 1981. Differences in the response of several cell types to 
inhibition of surface receptor mobility by local concanavalin A binding. Exp. Cell. Res. 
136:189-201. 

26. Oliver, J. M., and R. D. Berlin. 1982. Mechanisms that t~gulate the structural and 
functional architecture of cell surfaces. Int. Rev. Cytol. 74:55-94. 

27. Bretscher, M. S. 1984. Endocytosis: relation to capping and cell locomotion. Science 
(Wash. DC). 224:681-686. 

28. Petersen, N. O., W. B. McConnaughey, and E. L. EIson. 1982. Dependence of locally 
measured cellular deformability on position on the cell, temperature, and cytochalasin 
B. Proc. Natl. Acad Sci. USA. 79:5327-5331. 

29. Parham, P., M. J. Androlewicz, F. M. Brodsky, N. J. Holmes, and J. P. Ways. 1982. 
Monoclonal antibodies: purification, fragmentation and application to structural and 
functional studies of class I MHC antigens..L Immunol. Methods. 53:133-173. 

30. Ryan, J. L., R. D. Arbeit, H. B. Dickler, and P. A. Henkart. 1975. Inhibition of 
lymphocyte mitogenesis by immobilized antigen-antibody complexes..L Exp. Med. 
142:814-826. 

31. Elson, E. L., B. B. Daily, W. B. McConnaughey, C. Pasternak, and N. O. Petersen. 
1983. Measurement of forces which determine the shapes of adherent cells in culture. 
In Frontiers in Biochemical and Biophysical Studies of Proteins and Membranes. T.-Y. 
Liu, S. Sakakibara, A. Schechter, K. Yagi, H. Yajima, K. T. Yasunobu, editors. Elsevier, 
New York. 399--411. 
Daily, B. B. 1984. Experimental and theoretical studies of the mechanical behavior of 
single cells. Ph.D. thesis. Washington University, St. Louis, MO. 266 pp. 
Taylor, R. B., W. P. H. Duffus, M. C. Raft, S. DePetris. 1971. Redistribution and 
pinocytosis of lymphocyte surface immunoglobulin molecules induced by anti-immu- 
noglobulin antibody. Nature (Lond.). 233:225-229. 
Schreiner, G. F., and E. R. Unanue. 1976. Calcium-sensitive modulation oflg capping: 
evidence supporting a cytoplasmic control of ligand-receptor complexes. J. Exp. Med. 
143:15-31. 
Yahara, I., and F. Kakimoto-Sameshima. 1977. Ligand-independent cap formation: 
redistribution of surface receptors on mouse lymphocytes and thymocytes in hypcrtonic 
medium. Proc. Natl. Acad. Sci. USA. 74:4511-4515. 
Yahara, I., and F. Kakimoto-Sameshima. 1979. Analysis of ligand-independent cap 
formation induced in hypertonic medium. Exp. Cell. Res. 119:237-252. 
Yahara, I., and G. M. Edelman. 1973. The effects of concanavalin A on the mobility of 
lymphocyte surface receptors. Exp. Cell. Res. 81:143-155. 
Smith, L., and R. M. Hochmuth. 1982. Effect of wheat germ agglutinin on the 
viscoelastic properties of erythrocyte membrane. J. Cell Biol. 94:7-1 I. 
Evans, E., and A. Lcung. 1984. Adhesivity and rigidity of erythrocy~ membrane in 
relation to wheat germ agglutinin binding. Z Cell Biol. 98:1201-1208. 
Lovrien, R. E., and R. A. Anderson. 1980. Stoichiomctry of wheat germ agglutinin as a 

32. 

33. 

34. 

35. 

36. 

37. 

38, 

39, 

40. 

PASTERNAK AND ELSON Lymphocyte Mechanical Response 871 



morphology controlling agent and as a morphology protective agent for the human 
erythrocyte. J. Cell Biol. 85:534-548. 

41. Rink, T. J., C. Monteeuceo, T. R. Hesketh, and R. Y. Tsien. 1980. Lymphocyte 
membrane potential assessed with fluorescent probes. Biochim. Biophys. Acta. 595:15- 
30. 

42. Braun, J,, P. S, Hochman, and E. R. Unanue. 1982. Ligand-induced association of 
surface immonnglobulin with the dctergent-insoluble cytoskeletal matrix of the B 
lymphocyte. J. Immunol. 128:1198-1204. 

43. Flanagan, J., and G. L. E. Koch. 1978. Cross-linked surface ig attaches to actin. Nature 
(Lond). 273:278-281. 

44. Loor, F., and L. B. Hagg. 1975. The modulation of mieroprojections on the lymphocyte 
membrane and the redistribution of membrane bound ligands: a correlation. Eur J. 
Immunol. 5:854-865. 

45. Bershadsky, A. D., V. 1. Gelfand, T. M, Svitkina, and I. S. Tint. 1980. Destruction of 
microlllament bundles in mouse embryo fibroblasts treated with inhibitors of energy 
metabolism. Exp. Cell Res. 127:421-429. 

46. Laub, F., M. Kaplan, and C. Gitler. 1981. Actin polymerization accompanies thy-l- 
capping on mouse thymocytes. FEBS (Fed. Eur. Biochem. Soc.) Lett. 124:35-38. 

47. Braun, J., R. I. Sha'ati, and E. R. Unanue. 1979. Crosslinking by figands to surface 
immunogiobuiin triggers mobilization of intracellular 45Ca 2+ in B lymphocytes. J. Cell 
Biol. 82:755-766. 

48. Pozzan, T., P. Arslan, R. Y. Tsien, and T. J. Rink. 1982. Anti-immunogiobulin, 
cytoplasmic free calcium and capping in B lymphocytes. J. Cell Biol. 94:335-340. 

49. Braun, J., K. Fujiwara, T. D. Pollard, and E. R. Unanue. 1978. Two distinct mechanisms 

for redistribution of lymphocyte surface macromolccules. 11. Contrasting effects of local 
anesthetics and a calcium ionophore. J. Cell Biol. 79:419-426. 

50. Korn, E. D. 1982. Actin polymerization and its regulation by proteins from nonmuscle 
cells. Physiol. Rev. 62:672-737. 

51. Weeds, A. 1982. ActinJoinding proteins---regulators of cell architecture and motility. 
Nature (Lond.). 296:811-816. 

52. Craig, S. W., and T. D. Pollard. 1982. Actin-binding proteins. Trends Biochem. Sci. 
7:88-92. 

53. Pozzan, T., A. N. Coq~ T. R. Montecucco, T. R. Hesketh, and J. C. Metcalfe. 1980. 
Cap formation by various ligands on lymphocytes shows the same dependence on high 
cellular ATP levels. Biochim Biophys. Acta. 602:558-566. 

54. Schmid-Schonbein, G. W., Y. Y. Shih, and J. Chien. 1980. Morphometry of human 
lcokocytes. Blood. 56:866-875. 

55. Loor, F. 1981. Cell surface-cell cortex transmembranous interactions with special 
reference to lymphocyte functions. Cell Surf Rev. 7:253-335. 

56. Michaels, R. L., C. Pastetmak, J.-L Young, E. L. Elson, and J. Heuser. 1984. The 
organization of membrane-associated actin filaments following crosslinking of Con A 
receptors and surface immunoglobulins. J. Cell Biol. 99:32a. 

57. Daily, B,, E. L. Elson, and G. I. Zahalak. 1984. Cell Poking. Determination of the elastic 
area compressibility modulus of the erythrocyte membrane. Biophys. J. 45:671-682. 

58. Taber, L. A. 1982. Large deflection of a fluid-filled spherical shell under a point load. 
Journal of Applied Mechanics. 49:121 -127. 

59. Taber, L. A. 1983. Compression of fluid-filled spherical shells by rigid indenters. Journal 
of Applied Mechanics. 50:717-722. 

872 THE JOURNAL OF CELL BIOLOGY • VOLUME 100, 1985 


