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ABSTRACT Actin is a ubiquitous protein in eukaryotic cells. It plays a major role in cell motility and in the maintenance and
control of cell shape. In this article, we intend to address the contribution of actin to the passive mechanical properties of human
neutrophils. As a framework for assessing this contribution, the neutrophil is modeled as a simple viscous fluid drop with a
constant cortical ("surface") tension. The reagent cytochalasin B (CTB) was used to disrupt the F-actin structure, and the
neutrophil cortical tension and cytoplasmic viscosity were evaluated by single-cell micropipette aspiration. The cortical tension
was calculated by simple force balance, and the viscosity was calculated according to a numerical analysis of the cell entry into
the micropipette. CTB reduced the cell cortical tension in a dose-dependent fashion: by 19% at a concentration of 3 pM and
by 49% at 30 pM. CTB also reduced the cytoplasmic viscosity by -25% at a concentration of 3 plM and by -65% at a con-
centration of 30 pM when compared at the same aspiration pressures. All three groups of neutrophils, normal cells, and cells
treated with either 3 or 30 pM CTB, exhibited non-Newtonian behavior, in that the apparent viscosity decreased with increas-
ing shear rate. The dependence of the cytoplasmic viscosity on deformation rate can be described empirically by p =

pc(b,/YC)-b, where p is cytoplasmic viscosity, y' is mean shear rate, pc is the characteristic viscosity at the characteristic
shear rate -j', and b is a material coefficient. The shear rate dependence of the cytoplasmic viscosity was reduced by CTB
treatment. This is reflected by the changes in the material coefficients. When oc was set to 1 s-1, pc = 130 ± 23 Pa-s and
b = 0.52 + 0.09 for normal neutrophils and pc = 54 ± 15 Pa-S and b = 0.26 ± 0.05 for cells treated with 30 pM CTB. These
results provide the first quantitative assessment of the role that Pa-s-actin structure plays in the passive mechanical proper-
ties of human neutrophils.

INTRODUCTION

Neutrophils are an integral part of the cardiovascular system,
and neutrophil deformability can have important effects on
blood flow, especially in the microvasculature. There is
growing evidence that neutrophil deformability plays an im-
portant role in cell retention in capillaries and concomitant
tissue damage in the lung and other tissues (Downey and
Worthen, 1988; Worthen et al., 1989; Downey et al., 1990;
Erzurum et al., 1992). Furthermore, it is becoming increas-
ingly evident that neutrophils not only affect the microcir-
culation because they are less deformable than erythrocytes,
but also participate in the signaling processes that regulate
blood flow in the microvasculature (Mantovani and Dejana,
1989; Mantovani et al., 1992; Johnson et al., 1992). The
degree of neutrophil participation in these processes is de-
termined by the interaction between neutrophils and endo-
thelial cells, an interaction which depends in part on neu-
trophil deformability. However, a great deal is still unknown
about how the mechanical properties of human neutrophils
are regulated.

Actin is a ubiquitous protein in all eukaryotic cells. It is
the most abundant structural protein (-8 pg/cell or -4.6%
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of the total proteins) in human neutrophils (Wallace et al.,
1987) and is thought to play the major role in cell motility
(Stossel, 1988; Sheterline and Rickard, 1989; Cooper, 1991).
Actin has a remarkable ability to polymerize reversibly from
globular monomers (G-actin) into filaments (F-actin).
F-actin in association with a wide variety of actin-binding
proteins can be bundled and cross-linked into networks
(Hartwig et al., 1985). Ultrastructural evidence obtained
from detergent-extracted neutrophils indicates that most of
the polymerized actin within the cell is localized in a thin
cortical submembranous layer. The detergent-insoluble resi-
due (cytoskeleton) retains the overall shape, size, and struc-
tural features of the intact cell. In these studies, actin appears
to be largely confined to a thin cortical filamentous mesh-
work, and no actin-like structures are evident in the region
between this cortex and the nucleus (Sheterline and Hopkins,
1981). This view of cell structure is further supported by the
localization of NBD-phallacidin, a fluorescent marker of
polymerized actin, to the cell periphery (Sheterline et al.,
1984, 1986; Stossel, 1988; Sheterline and Rickard, 1989).
This actin cortex is thought to be the essential determinant
of neutrophil chemotaxis and phagocytosis (Stossel, 1984;
Hartwig et al., 1985; Stossel, 1988, 1990).

Immunofluorescence microscopy suggests that micro-
tubules and intermediate filaments are few in number com-
pared to actin filaments and are restricted to the cell body,
although they do penetrate the actin-rich peripheral cyto-
plasm to some extent (Stossel, 1988). Chemicals that affect
tubulin assembly, i.e., colchicine, podophyllotoxin, and
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vinca alkaloids, have been used to assess the importance of
microtubules in neutrophil function. These agents inhibit tu-
bulin polymerization and cause net depolymerization of mi-
crotubules in leukocytes. Chien and Sung (1984) examined
the effects of colchicine on the passive mechanical response
of neutrophils. Unfortunately, these studies were confined to
extremely small deformations of the cell surface, and it is not
clear how their findings relate to neutrophil function, which
typically includes large deformations of the cytosol. Other
published reports indicate that microtubule reagents do not
have profound effects on neutrophil motility (chemotaxis and
phagocytosis) (Keller et al., 1984; Stossel, 1988), leading to
the expectation that actin filaments play the predominant role
in controlling the mechanical behavior ofhuman neutrophils.

In this article, we examine how the passive mechanical
properties of human neutrophils are affected by changing
cellular structure, and in particular, what role F-actin (mi-
crofilaments) plays in determining cellular mechanical prop-
erties. Changes in mechanical properties have been quanti-
tatively assessed after altering F-actin structure with
cytochalasin B. These results shed new light on the rela-
tionship between cellular structure and the mechanical prop-
erties of human neutrophils.

MATERIAL AND METHODS

Neutrophil preparation
The cell separation technique has been described in detail elsewhere (Tsai
et al., 1993). Briefly, about 10 ml of whole blood was drawn from a healthy
adult donor in a sodium heparin-containing tube (Vacutainer, Becton Dick-
son, Rutherford, NJ). Neutrophils were separated with Ficoll-Hypaque me-
dia (Mono-Poly Resolving Medium, Flow Laboratories, Inc., McLean, VA).
The separated pellet of polymorphonuclear leukocytes (>95% neutrophils)
was collected and suspended in HEPES buffer (NaCl, 135.8 mM; KCl, 4.8
mM; HEPES, 11.3 mM; HEPES sodium salt, 9.3 mM; glucose, 1 g/l; pH
7.40 ± 0.05; 290 ± 5 mOsm/kg). Cells were washed twice and suspended
in fresh buffer at a concentration of - 105 cells/ml. Experiments were per-
formed within 7 to 8 h after the blood was drawn.

FIGURE 1 Illustration of the threshold pressure resulted from the cell
cortical tension, where p0 is the ambient pressure, pi is the pressure inside
the cell, pp is the pressure inside the pipette, T is the cell cortical tension,
Rp is the pipette radius and R0 is the cell radius.

The threshold pressure, Apcr is the minimum aspiration pressure for a
cell to form a hemisphere inside a micropipette. To determine Apc, an
aspiration pressure was set to a small value and maintained for 2 min for
the cell to respond fully. The pressure was then increased by 2.45 Pa (0.025
cmH2O) and maintained again for -2 min. This procedure was repeated
until the cell was aspirated into a hemispherical bulge and the projection
remained stationary. The pressure at this point was measured as the thresh-
old pressure Ap,,c. The pressure was increased by additional one or two steps
of 2.45 Pa to make sure that the cell did not adhere to the pipette wall and
that it would keep flowing into the pipette if the threshold pressure was
exceeded.

Measurements of the cytoplasmic viscosity
Neutrophil cytoplasmic viscosity was determined by single-cell microme-
chanical measurements. Individual cells were sucked into a micropipette at
fixed aspiration pressures. The aspiration process was observed microscopi-
cally and recorded on video tape. The cell projection inside the micropipette
was measured as a function of time at different constant aspiration pressures,
APh, by using a computer-based video imaging analysis system. The total
transit time of the cell entry into the micropipette, t,, was noted. According
to a numerical analysis based on the Newtonian liquid drop model (Tsai
et al., 1993), the cytoplasmic viscosity, ,, was determined by

CTB treatment

Cytochalasin B was purchased from Sigma Chemical Co. (St. Louis, MO).
5 mg of CTB was dissolved in 1.066 ml ofDMSO into 3.00M stock solution
and was kept frozen at -20°C. When used for an experiment, the stock
solution was thawed and diluted with fresh buffer to twice the desired con-

centrations. An equal v/v dilution with the cell suspension yielded the de-
sired concentrations. Except during experiments investigating effects of
long-term exposure to C`TB, measurements were begun 5 min after cells
were exposed to the reagent and were finished within 1 h.

Cortical tension measurement

The neutrophil cortical tension was determined by simple force balance. The
liquid drop model includes the assumption that neutrophils possess a con-

stant "surface" tension. Thus, there exists a threshold pressure, Apg, for cells
to continuously enter a micropipette. According to the law of Laplace, cor-

tical tension is determined by (cf. Fig. 1)

T = Ap, * R R/2(Rc- (1)

where T is the cell cortical tension, Rp is the pipette radius, and RC is the cell
radius.

AP4PC t 1

4P,(&NRo-~)
(2)

and the mean shear rate during the cell entry, -?m' was approximated by

ym = Aph-) P2(f0)41.L(fR' - I)p)2R) (3)

where RO is the ratio of the initial cell radius, Ro, to the pipette radius, Rp,

Ro = ROMRP, (4)
and Pj(A0) and P2(Ao) are third order polynomials in R0. The coefficients of
the polynomials are functions of the ratio of the threshold pressure to the
hydrostatic aspiration pressure and have been described in detail in a pre-
vious publication (Tsai et al., 1993).

RESULTS AND DISCUSSION

Neutrophil responses to small aspiration
pressure: cortical tension

The response of a normal neutrophil to small stepwise in-
creases in aspiration pressure is shown in Fig. 2, top. The
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be 14.70 Pa. It is evident that the cell projection reaches
equilibrium if the aspiration pressure is less than thresh-
old and the cell is given enough time to respond. It is also
apparent that cells continuously flow into the micro-
pipette once the threshold pressure is exceeded. This
observation is consistent with the results reported by
Evans and co-workers and recent work by Needham
and Hochmuth (Evans and Kukan, 1984; Evans and
Yeung, 1989; Yeung and Evans, 1989; Needham and
Hochmuth, 1992) and supports the view that the
neutrophil behaves as a viscous liquid drop, i.e., the
neutrophil cortex maintains a persistent "surface"
tension, and the cytoplasm continuously flow into the
micropipette once the aspiration pressure exceeds the
threshold pressure created by the cortical tension.

50

MO

FIGURE 2 Response of neutrophils to aspiration pressures with step aug-
mentation and pipette size of 3.31 ,gm in diameter. (Top) Response of a

normal neutrophil. The aspiration pressure ranged from 17.15 to 24.50 N/M2
with the increment of 2.45 N/M2. The threshold pressure for this cell was
measured to be 19.60 N/M2 for the cell to form a hemisphere. (Bottom)
Response of a neutrophil treated with 30 ,uM CTB. The aspiration pressure
ranged from 12.25 to 19.60 N/m2 with the increment of 2.45 N/m2. The
threshold pressure was measured to be 14.70 N/m2. It is evident that once
the threshold pressure was exceeded, the cell continuously deformed into
the micropipette.

aspiration pressure was changed in steps of 2.45 Pa from
14.70 to 24.50 Pa. The threshold pressure was taken to be
19.60 Pa. The similar response of a neutrophil treated
with 30 jiM CTB is shown in Fig. 2, bottom, but with the
aspiration pressure varying from 12.25 to 19.60 Pa. For
this CTB-treated cell, the threshold pressure was taken to

Time course of the whole cell aspiration process

In Fig. 3, top and bottom, the cell projection length inside the
micropipette, Lp, is shown as a function of time t during the
aspiration process for a normal neutrophil and a neutrophil
treated with 30 puM CT(B, respectively. Generally, normal
cells and cells treated with different concentrations of CTB
exhibited similar patterns of behavior as they flowed into the
micropipette under aspiration pressures ranging from 98 to
882 Pa. The time course of the whole cell aspiration was
sigmoidal and could be divided into three phases. At the
initial phase, cytoplasm flowed rapidly into the micropipette.
At the middle phase, cell entry rate decreased and ap-
proached a quasi-steady regime as the cytoplasm crept into
the pipette with a nearly constant velocity. At the third phase,
the cytoplasmic flow dramatically accelerated as the last part
of the cell entered the pipette. After the neutrophil was fully
aspirated, it flowed rapidly through the micropipette. This
indicated that the fluid resistance of the suspension medium
in the thin layer between the cell and pipette was negligible
in comparison with the neutrophil cytoplasmic viscosity.

Effects of cytochalasin B on cortical tension

The reagent CTB reduced cortical tension of neutrophils in
a dose-dependent fashion. A single pipette, 3.3 gm in di-
ameter, was used to measure the cell cortical tension in three
separate experiments. Each experiment included three
groups of cells, i.e., normal neutrophils, neutrophils treated
with 3 gM CTB, and neutrophils treated with 30 IiM CTB.
Each group consisted of five or six cells. For each neutrophil,
its threshold pressure was measured at the point that the cell
formed a hemispherical bulge, and cortical tension was cal-
culated via Eq. 1. The results of the cortical tension mea-
surements for three different groups of neutrophils from the
three experiments are shown in Fig. 4. The vertical bars rep-
resent SE. The results of these three experiments are also
summarized in Table 1, where the ± values represent SE.
The mean value of the cortical tension of normal neutrophils
from the three experiments is 2.68 X 10-5 N/m (n = 21) and
is in good agreement with the findings of other laboratories
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FIGURE 3 Aspiration process of human neutrophils into a micropipette
represented by the cell projection length inside the pipette, Lp, as a function
of time. The diameter of the pipette was 4.03 ,m, and the aspiration pressure

was 294 Pa. (Top) Time course of a normal neutrophil. (Bottom) Time
course of a neutrophil treated with 30 ,uM CIB.

(Evans and Yeung, 1989; Needham and Hochmuth, 1992).
Neutrophils treated with 3 ,uM CTB had a mean cortical
tension of 2.17 X i0' N/m (n = 16), and those treated with
30 ,M CTB had a tension of 1.35 x 10'5 N/m (n = 16)
(Table 1). A pooled t-test showed that the difference between
any two populations within an experimental group was sig-
nificantwithp < 0.01. Thus, at a concentration of 3 ,uM, CTB
caused a reduction of the cortical tension by -20%, and at
a concentration of 30 ,M, the reduction was -50%. Control
experiments were performed to exclude the possibility of

4.
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FIGURE 4 Comparison of cortical tensions of three neutrophil groups:
normal neutrophils, neutrophils treated with 3 ,jM CIB, and neutrophils
treated with 30 ,gM CTB. The vertical bars represent SE (n = 5).

TABLE 1 Statistical summary of cortical tension of
neutrophils (all data)

Cell group T (X1O-5 N/m) AT (%) n

Control 2.68 ± 0.12 21
3 IiM CTB 2.17 ± 0.07 -19 ± 4 16
30 LM CTB 1.35 ± 0.07 -49 ± 4 16

nonspecific effects ofDMSO on cortical tension. (The 3 and
30 pM CTB treatments contained 0.07 and 0.7% carrier re-
agent, DMSO, respectively.) The results showed that DMSO,
even at the highest possible concentration (0.7%), does not
affect neutrophil mechanical properties. Cortical tension of
neutrophils suspended in 0.7% DMSO was measured to be
2.66 ± 0.09 X 10-5 N/m (n = 5), whereas that of corre-
sponding control cells was measured to be 2.56 ± 0.07 X
10- N/m (n = 5). This conclusion is further supported by
the early work by Frank (1990) that DMSO, up to 0.4%,
does not alter neutrophil deformability.

Effects of cytochalasin B on cytoplasmic
viscosity

Cytochalasin B also produced a dose-dependent reduction in
cytoplasmic viscosity. Shown in Fig. 5 are results of a com-
plete series ofexperiments including measurements on a total
of 120 cells at aspiration pressures ranging from 294 to 882
Pa. Results from three such series of experiments are sum-
marized in Table 2. Comparing measurements made at the
same aspiration pressure, CTB reduced the cytoplasmic vis-
cosity by -25% at a concentration of 3 ,uM and by -65%
at 30 ,uM. However, it is also evident from Fig. 5 and Table
2 that the value of the cytoplasmic viscosity is a function of

J.3U,
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TABLE 2 Neutrophil cytoplasmic viscosity of three cell groups at different aspiration pressures

Normal CTB 3 PM CTB 30 p.M

AP (Pa) p. (Pa-s) A (%) p. (Pa-s) A (%) p. (Pa-s) A (%)

294 200 ± 12 148 ± 11 -26 52 ± 2 -74
490 137±13 94±5 -31 44±2 -67
686 99±4 - 81±4 -18 42±2 -57
882 92 ± 6 - 72 ± 3 -22 41 ± 1 -55

Average 131 ± 12 98 ± 9 -25 46 ± 5 -65
The results were averaged from three experiments with a 4.03-prm micropipette. Each group included 120-130 cells with a total of 380 cells.
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FIGURE 5 Apparent cytoplasmic viscosity under different pressures

ranging from 294 to 882 Pa for different cell groups, calculated from whole
cell aspiration experiment with pipette diameter of 4.03 pum. The vertical
bars represent SE (n = 30).

aspiration pressure within each group of cells. These results
are consistent with our earlier report that the cytoplasmic
viscosity depends on shear rate (Tsai et al., 1993). Therefore,
simple comparison of different cell types at the same aspi-
ration pressure may exaggerate differences in viscosity, be-
cause cells that deform more easily will exhibit even lower
viscosity at a given pressure due to their more rapid defor-
mation (high shear rate).
To evaluate the effects of CTB on the shear rate depen-

dence of neutrophil viscosity, the results shown in Fig. 5 are
replotted in Fig. 6 after natural logarithmic transformation.
It is clear from Fig. 6 that the behavior of neutrophil cyto-
plasm both before and after CTB treatment can be charac-
terized as that of a power-law fluid

/ = Ic(i/m/i/c) (5)
where is cytoplasmic viscosity, i/m is mean shear rate, ,ic
is the characteristic viscosity at the characteristic shear rate
AYES and b is a material coefficient. It is also clear that the shear
rate dependence of the cytoplasmic viscosity was reduced by

FIGURE 6 Apparent cytoplasmic viscosity as functions of mean shear
rate for different cell groups, calculated from whole cell aspiration
experiment with pipette diameter of 4.03 pgm. The vertical bars represent
SE (n = 30). HBSS indicates HEPES-buffered saline solution (control).

CTB treatment. This was most evident for cells treated with
30 ,AM CTB, and is reflected by the changes in the ma-
terial coefficients as shown in Table 3. For i/c set to 1 s51,
AC = 130 ± 23 Pars and b = 0.52 ± 0.09 for normal
neutrophils, and AC = 54 + 15 Pars and b = 0.26 + 0.05
for cells treated with 30 puM CTB.

Implication about the role of F-actin in
determining neutrophil mechanical properties

Cytochalasin B is a fungal metabolite and a membrane-
permeable reagent. In vitro experiments indicate that CTB
binds to the barbed ends of actin filaments and thus inhibits

TABLE 3 Material coefficients of three cell groups when the
characteristic shear rate ye is set to 1 s-'

Cell group IL, (Pa-s) b

Control 130 ± 23 0.52 ± 0.09
3pM CTB 128 ± 21 0.44 ± 0.09
30pM CTB 54 ± 15 0.26 ± 0.05

I..

±-1
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both the association and dissociation of actin monomers at
that end of the filaments (MacLean-Fletcher and Pollard,
1980; Cooper, 1987). CTB treatment acts to shorten the
length of actin filaments and weaken F-actin networks
(Flanagan and Lin, 1980; Cooper, 1987). Assays on living
cells indicate that CTB causes cells to stop ruffling and trans-
locating and to become round and less stiff (Yahara et al.,
1982; Cooper et al., 1987). Based on electrophoretic mea-
surements, Wallace and colleagues reported that CTB re-
duces the content of neutrophil cytoskeletal F-actin in a dose-
dependent fashion but leaves the total content of neutrophil
F-actin unchanged (Wallace et al., 1987). Although CTB was
the most widely used reagent in the early studies of cell
motility, other cytochalasins have been identified that have
greater activity and better specificity for actin. Unfortu-
nately, thorough characterization of the effects of these other
cytochalasins on neutrophils has not been made. Only re-
cently, Rao et al. (1993) reported increased levels of total
F-actin in cells treated with cytochalasins D and E, but no
assessment of the effects of these cytochalasins on cytoskel-
etally associated actin have been reported. Consistent with
the findings of Wallace et al. (1987), Rao et al. (1993) found
little effect ofCTB on total cell actin. As reported by Wallace
et al. (1987), the reduction in cytoskeletal F-actin by CTB
was -10% at a concentration of 3 ,uM and -30% at 30 ,ukM
5 min after exposure to the reagent.

These measurements coupled with our own suggested that
the alteration of cortical tension by CTB is roughly propor-
tional to the reduction in cytoskeletal F-actin. This is con-
sistent with the notion that neutrophil cortical tension is gen-
erated by cytoskeletal F-actin network, or more precisely, by
the cross-linking of actin filaments by actin-binding proteins.
Changes in actin filament structure most probably account
for the dramatic reduction in cytoplasmic viscosity and the
weakening of its shear rate dependence. However, it is still un-
knownwhether the dissociation ofF-actin from the cytoskeleton,
as indicated by the amount of cytoskeletal F-actin, or the short-
ening of filament length is the primary mechanism for the
changes in neutrophil cytoplasmic viscosity.
One well known side effect of CTB is its inhibition of

glucose transport (Kletzien and Perdue, 1973). This is of
particular interest in light of the findings by Rao et al. (1993)
that metabolic inhibitors have a synergistic effect on the ac-
tion of cytochlalasin D on actin in neutrophils. It raises the
possibility that the effects we have observed are due in part
to metabolic depletion of the cells as a result of glucose
deprivation. However, if this were the case, a progressive
change in cellular properties with time would be expected as
the cells became progressively more metabolically depleted.
To test this possibility, cells were treated with CTB (30,M),
and their mechanical properties were measured over a period
of 3-4 h. The cytoplasmic viscosity of neutrophils tested
between 5 and 30 min of exposure was found to be 27.3 ±
3.6 Pa s(Qym = 8.3 ± 1.2 s-1), and the viscosity ofthose tested
with the same pipette and at the same aspiration pressure
between 180 and 220 min of exposure was 27.7 ± 3.8 Pa~s
(I'/m = 7.4-±0.8 s-1). This lack of time dependence for the

effect of CTB argues against the possibility that the changes
in properties we have observed are the result of metabolic
effects, but that they simply reflect the CTB-induced alter-
ation of the actin structure within the cell.

CONCLUSION

Our experimental results support the view that the passive
mechanical properties of human neutrophils are governed by
their cellular structure, particularly by the actin-based cyto-
skeleton. Disruption of actin structure reduces cell cortical
tension and cytoplasmic viscosity, and it weakens the de-
pendence of cytoplasmic viscosity on shear rate. These results
provide the first quantitative assessment of the contribution of
F-actin structures to the passive mechanical properties ofhuman
neutrophils undergoing large deformations.
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