Effects of Chemotactic Factors and Other Agents on the
Amounts of Actin and a 65,000-mol-wt Protein Associated
with the Cytoskeleton of Rabbit and Human Neutrophils

ABSTRACT Stimulation of rabbit neutrophils by the chemotactic factors fMet-Leu-Phe and
leukotriene B4, by platelet activating factor, or by arachidonic acid produces a rapid and dosedependent increase in the amounts of actin and of a 65,000-mol-wt protein associated with
the cytoskeleton. Phorbol 12-myristate, 13-acetate, the calcium ionophore A23187 in the
presence or absence of EGTA, and the fluorescent calcium chelator quin-2 also cause an
increase in cytoskeletal actin. The stimulated increases in the cytoskeletal actin are not
dependent on a rise in the intracellular concentration of free calcium and are not mediated
by an increase in the intracellular pH or activation of protein kinase C. The increases in the
cytoskeletal actin produced by fMet-Leu-Phe and leukotriene B4, but not by phorbol 12myristate, 13-acetate, are inhibited by high osmolarity. The effect of hyperosmolarity requires
a decrease in cell volume, is not mediated by an increase in basal intracellular concentration
of free calcium, and is not prevented by pretreating the cells with amiloride. Preincubation of
the cells with hyperosmotic solution also inhibits degranulation produced by all the stimuli
tested. The inhibitory action of high osmolarity on the fMet-Leu-Phe and leukotriene B4
induced stimulation of cytoskeletal actin is discussed in terms of the possibility that the
addition of high osmolarity, either directly or through activation of protein kinase C, causes
receptor uncoupling.
Most of the neutrophil responses that are induced by chemotactic factors, such as cell motility, shape change, projection of pseudopodia or ruffles, phagocytosis, and aggregation
depend on the mechanical displacement of part or all of the
cell. Accordingly, the cellular contractile apparatus, of which
actin and myosin are the major components, must be closely
involved in these responses. An understanding of neutrophil
activation thus requires a detailed knowledge of the organization of these proteins before and after stimulation. Actin
filaments in neutrophils, as in most nonmuscle cells, are
considerably more labile than their counterpart in muscle,
and large pools of depolymerized actin are usually found in
resting cells (10, 16, 22).
It has been found that the chemotactic responses of neutrophils are inhibited when the cells are incubated in hyperosmotic buffered solutions (2, 9). The inhibition of the functions
of neutrophils by high osmolarity is particularly pertinent to
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areas of the kidney and urinary tract, where solute concentrations such as NaC1, urea, and glucose (in the case of diabetics)
are high. It has been suggested that the susceptibility to
infection of the medulla region of the renal system is mediated
by the inhibitory effect on neutrophil functions of the hyperosmotic medullary environment (1, 7, 9). The molecular
basis of this inhibition is not known at the present.
Recently, it has been shown that the addition of the chemotactic factor fMet-Leu-Phe to neutrophils causes actin
polymerization (5, 17, 26, 28). This increase in polymerized
actin is rapid, reaching a maximum within 20 s, and is dose
dependent. Because of the probable central role of this event
in neutrophil function, it is important to determine the factors
that initiate and regulate this change (5, 6, 22, 28, 29). At
present, the nature of the intracellular signal that initiates the
observed stimulation of actin polymerization is not known.
We undertook the present studies to investigate the effect
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of fMet-Leu-Phe and of other agents on the organization of
the neutrophils' cytoskeleton, and in particular on actin and
a 65,000-mol-wt protein, and to investigate the effect of
medium osmolarity on their association with the cytoskeletal
proteins.

MATERIALS AND METHODS

Distribution of Actin between the Cytosol and Cgtoskel-

RESULTS

Effect of fMet-Leu-Phe on the Amounts
Associated with the Cytoskeleton of Actin and a
65,000-mol-wt Protein
The amounts of actin in human and rabbit neutrophils
expressed as micrograms per l06 cells were 0.99 _+ 0.2 (5
experiments) and 5.49 + 0.7 (16 experiments), respectively.
In resting human neutrophils, actin was distributed between
the cytosol (65 + 16%) and the cytoskeleton (35 + 15%). The
corresponding distribution for rabbit neutrophils was 70 _+
7% in the cytosol and 30 _+ 6% in the cytoskeleton. On the
other hand, when the neutrophils were stimulated with the
chemotactic factor fMet-Leu-Phe for 20 s, cytoskeletal actin
increased to 85 _+ 15 and 71.7 _+ 6% of the total cell actin in
human and rabbit cells, respectively (Fig. 1). These distributions were obtained under conditions where the cell suspensions, after Triton X-100 extraction, were centrifuged for l0
min at 8,000 g. A second experiment was carried out under
conditions where the suspensions after Triton X-100 extrac-

eton:

The percentage of actin associated with the cytoskeleton and the
cytosol under control and stimulated conditions was determined as described
previously (28). In brief, a cell suspension (5 x l0 T cells/ml) was distributed
into two sets of Eppendorftubes (500 ul/tube). One set was used to isolate the
cytoskeletons, the second set to determine total cell actin. Triton X-100 (500
ul of stock) was added to the first set and the tubes were transferred to ice. The
two sets of tubes were then centrifuged as described previously. 500 ul of
supernatant solution was removed from the first set and added to 150 ~1 of
stopping solution (9% SDS, 13 mM mercaptoethanol, 15% glycerol, and 86
mM Tris HCI, pH 6.7) and boiled for 5 min. This gave an index of the amount
of actin left in the cell cytosol after the cytoskeleton was extracted. The
remaining supernatant of all the tubes was decanted and the pellets were
dissolved in 1.3 ml of stopping solution and boiled for 10-15 rain. Aliquots
( 130 ul) of each sample were applied to the electrophoresis gel for analysis. The
distribution of actin in the two compartments (cytoskeleton and cytosol) was
quantitatively determined as previously described (28).

PAGE: The cytoskeletal proteins were electrophoresed through a 5-15%
gradient or 10% straight polyacrylamide slab gel (with 5% polyacrylamide in
the stacking gel) according to the method of Laemmli (l l). Proteins were
stained with Coomassie Brilliant Blue R250 and the absorption of gel bands
was measured at 590 nm using a Transidyne 2955 scanning densitometer
(Transidyne General Corp., Ann Arbor, MI).
Fluorescence Measurements: The changes in the level ofintracellular free calcium ions were measured using the fluorescent probe quin-2. Cells
were loaded with quin-2 as described previously (20, 24, 27), and fluorescence
was measured with an SLM (model 8000) spectrofluorometer with temperature
controlled cuvette and magnetically driven stirrer (SLM Instruments, Inc.,
American Instrument Co., Urbana, 1L). The free calcium concentration in the
incubation medium was calculated as described previously (27).
Degranulation: Neutrophil degranulation was measured as previously
described (21). In brief, the cells were allowed to equilibrate at 37°C for 10-15
min. The cells were then transferred to tubes containing serial dilutions of
various stimuli and of cytochalasin B (5 #g/ml), if so desired. The reaction was
allowed to proceed for 5 min, except when phorbol 12-myristate 13-acetate
(PMA) ~was the stimulus, in which case the incubation lasted for 15 rain. The
~.4bbrevialions used in lhis paper: PAF, platelet-activating factor;
PMA, pborbol 12-myristate, 13-acetate.

FIGURE 1 5DS PAGE (5-15%) of Triton-insoluble cytoskeletons
isolated from control and fMet-Leu-Phe (10 -9 M)-treated rabbit
neutrophils. Lanes I and 2 show the protein patterns of the cytoskeletons from control and fMet-Leu-Phe-stimulated cells, respectively. The same amount of protein was added to each lane. The
numbers on the side of the gel refer to the positions of the molecular
weight standards.
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Rabbit peritoneal neutrophils (4-12-h exudates) were obtained and washed as
previously described (14, 21), and the cells were resuspended in protein- and
magnesium-free modified Hanks' balanced salt solution. The composition of
this modified Hanks' solution (pH 7.2) is (millimolar): NaC1, 124; KCI, 5;
Na2HPO4, 0.64; KH2PO4, 0.66; CaCl2, 1.6 (unless otherwise stated); NaHCO3,
15.2; HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonicacid), 10.0; and
glucose, 5.56, A 5-10-min incubation at 37°C preceded all experimental manipulations. The osmolarity of the modified Hanks' solution was increased by
the addition of NaCl, glucose, or urea. Human neutrophils were isolated on
Ficoll/Hypaque gradients as described by English and Anderson (4).
Isolation of Cytoskeletal Proteins: Cytoskeletal structures were
isolated as proteins insoluble in 1% Triton X-100 as described by Phillips et al.
(15) and Jennings et al. (8) except that the concentration of EGTA was increased
from 5 to l0 raM. The experimental details are the same as previously described
(28). In brief, 500-/~1 aliquots from a cell suspension containing 107 cells/ml
were distributed into various sets of Eppendoff microcentrifuge tubes (l.5-ml
capacity). One set was always used as a control. The reaction was stopped by
the addition of 500 ul of cold Triton stock solution which contained 2% Triton
X-100, 160 mM KCI, 40 mM imidazole HCI, 20 mM EGTA, and 8 mM
sodium azide, pH 7.0. The tubes were placed on ice for l0 rain and then
centrifuged for l0 min (8,000 g) in an Eppendorf microfuge. In some experiments the tubes were centrifuged for 45 min at 150,000 g. The supernatant was
then decanted, and the pellet was dissolved in 50-100 #l of a solution containing
9% SDS, 13 mM mercaptoethanol, 15% glycerol, and 86 mM Tris HCI (pH
6.7) by incubation in a boiling water bath with vigorous vortexing until
dissolved, usually 10-15 rain. Actin was identified by molecular weight and
two-dimensional electrophoresis (28).

cells were then centrifuged, and the amount of lactate dehydrogenasc, lysozyme,
and N-acetyl-fl-glucosaminidase present in the supernates was determined. In
all of the experiments to be reported here, the release of lactate dehydrogenase
was <6% of the total cell contents, and no differences were noted between the
control and the experimental conditions.
Chemicals: EGTA, HEPES, fMet-Leu-Phe, and actin were purchased
from Sigma Chemical Co. (St. Louis, MO). Electrophoresis chemicals were
supplied by Bio-Rad Laboratories (Richmond, CA). Quin-2/AM was purchased
from Lancaster Synthesis Ltd. (Lancashire, England). Platelet activating factor
(PAF) was purchased from Calbiochem-Behring Corp. (San Diego, CA). Dicaprin was obtained from Nu Check Prep, Inc. (Elysian, MN).

tion were centrifuged for 45 min at 150,000 g. The distribution of actin between the cytosol and the cytoskeleton obtained using high speed centrifugation under both control and
stimulated conditions was not significantly different from
those obtained under low speed centrifugation.
Furthermore, the addition of fMet-Leu-Phe to rabbit neutrophils increased the amount of a 65,000-mol-wt protein
associated with the cytoskeleton (Figs. 2 and 3). Note that the
effects were rapid and transient, reaching maximum values
within 20 s.

Effect of Different Stimuli on the Amounts of
Actin and a 65,000-mol-wt Protein Associated
with the Cytoskeleton
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FIGURE 2 The time course o f
the stimulated increase in the
amounts o f the 65,000-mol-wt
protein and actin associated
with the cytoskeleton. The
concentration o f f M e t - L e u Phe was 10 -9 M. Each value
represents the mean ± SEM o f
three different experiments.
O, the 65,000-mol-wt protein;
Q, actin.
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FIGURE 3 The effect o f the synthetic p e p t i d e f M e t - L e u - P h e on the
amounts associated with the cytoskeleton of a 65,000-moi-wt protein and o f actin. The rabbit neutrophils w e r e a l l o w e d to react with
the stimulus for 20 s before the reaction was stopped. Each value
represents the mean -4- SEM o f three different experiments. O,
65,000-mol-wt protein; @, actin.

Effectof Various Chemotactic Stimuli and Other Agents on the Amounts of Actin and a 65,000-mol-wt
Protein Associated with the Neutrophils" Cytoskeleton

TABLE I.

A m o u n t s associated with cytoskeleton relative to control
Actin

Stimulus*

Human

N o addition
fMet-Leu-Phe
Leukotriene B4
Arachidonic acid (2 x 10 -6 M)
PMA (0.1 ~g/ml)
A23187 (5 x 10 -7 M)
A23187 + EGTA
Q u i n - 2 (0.3 mM) s
fMet-Leu-Phe + Quin-2

1.0
2.2
1.4
1.5
1.3

±
±
+
_

0.15
0.02
0.05
0.05
-----

Rabbit
(9)
(2)
(4)
(3) ~

1.0
2.2
1.50
1.6
1.50
1.55
1.68
1.20
2.60

±
±
±
±
±
±
±
±

0.1 (40)
0.11 (28)
0.12 (24)
0.06 (10)
0.1 (4)
0.1 (4)
0.05 (6)
0.10 (6)

65,000/Rabbit
1.0
2.8
2.0
2.1
1.9
1.7
1.9
1.8
2.9

± 0.2 (8)
± 0.1 (3)
± 0.15 (3)
± 0.15 (5)
± 0.15 (5)
± 0.08 (11)
± 0.2 (11)
___0.3 (11)

* The cells were reacted with fMet-Leu-Phe, leukotriene B4, or arachidonic acid for 20 s, with A23187 for 40 s, and with PMA for 120 s before the reaction was
stopped. The molar concentrations of fMet-Leu-Phe and leukotriene B4 were as follows: human, 10-7 and 7 x 10-8, and rabbit, 10-9 and 7 x 10-9. In the case
of EGTA, the cells were preincubated in Hanks' buffer containing 0 Ca2÷ and 1 mM EGTA for 1 rain before stimulation with A23187. Each value represents
the mean - SEM, and the number in parentheses is the number of different experiments.
The concentration of PMA was 1 /~g/ml and the cells were preincubated with PMA for 60 s.
! The value refers to the intracellular concentration of quin-2. The results are significantly (P < 0.05) different from control.
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The effects of various chemotactic factors and other agents
on the amounts of actin and the 65,000-mol-wt protein
associated with the cytoskeleton of rabbit neutrophils have
been investigated, and the results are summarized in Table I.
All of the stimuli tested rapidly and dose dependently increased the cytoskeletal amounts of both of these proteins.
Note that the addition of A23187 increases actin association
with the cytoskeleton both in the presence and absence of
calcium in the suspending medium. We have found that

dimethylsulfoxide at concentrations >0.05 % produces a dosedependent increase in cytoskeletal actin. The values reported
for the A23187 effect were corrected for the action of dimethylsulfoxide. In the case of leukotriene B4, correction also
should be made for the effect of the solvent, since methanol
at a concentration >0.1% causes a significant increase in
cytoskeletal actin. Again, the values reported were corrected
for methanol action. The effect of PMA is dose dependent
(0.01-1.0 #g/ml) and, unlike that of fMet-Leu-Phe, its action
is slow and sustained. The time required to obtain maximum
effect depends on the concentration used (a lower concentration requires a longer incubation). At the lowest concentration
tested, the maximum change is reached by 6 min. The largest
increase is obtained by 0.1 ,~g/ml PMA for 2 min. The effect
of A23187 is dose dependent, producing its maximum effect
at 1 0 - 6 M and, like that of fMet-Leu-Phe, its effect is transient.
Note that we have found that the addition of 5 x 10-7 M of
A23187 causes a significant (> 100%) increase in the amount
of [3H]arachidonic acid released from prelabeled rabbit neutrophils (data not shown). The increase is rapid (<30 s) and

of Hyperosmolarity on Actin Association
with the Cytoskeleton
Effect

Since increasing medium osmolarity is known to inhibit
the chemotactic and phagocytic activities of neutrophils, the
effect of varying medium osmolarity on the degree of actin
association with the cytoskeleton was studied. In the first set
of experiments, the cells (5 x l06 cells/ml) were incubated for
1 min in Hanks' buffered solution containing different concentrations of NaC1, and then stimulated with fMet-Leu-Phe.
The results of these experiments are shown in Fig. 4 A. The
observed inhibition was not due to the extraction procedure.
We ruled this out by performing a second set of experiments
in which the cells were first stimulated while being incubated
in Hanks' buffered solution containing the normal concentration of NaCI, and then stopping the reaction by the addition
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FIGURE 4 The effect of increasingthe NaCI concentration in the
incubation medium on the amount of cytoskeletal actin under
control fti) and stimu}ated (0) conditions. The fMet-Leu-Phe concentration was 10-gM and the cells were stimulated with fMet-LeuPhe for I rain before the reaction was stopped. Each value represents the mean _+ SEM of at least three separate experiments. In A,
the cells were incubated for 1 min with Hanks' buffered solution
containing the desired concentration of NaC) before being stimulated. In B, the cells were incubated in Hanks' buffered solution
containing the normal concentration of NaCI and then stimulated.
The reaction was stopped by the addition of Triton X-100 stopping
solution that contained the desired concentration of NaCl.
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FIGURE 5 Reversibility of the inhibitory action of high concentration of NaCI. Curve A, the cells were incubated for 1 rain in Hanks'
buffered solution containing the desired concentration of NaCI.
The cells were washed extensively with Hanks' buffered solution
containing the normal concentration of NaCI, resuspended in the
isotonic buffer, and then stimulated with fMet-Leu-Phe (10-9 M) for
1 rain. Curve B, the cells were treated the same except that they
were always suspended in Hanks' solution containing the desired
concentration of NaCI. Each value represents the mean + SEM of
at least three separate experiments.

of Triton X-100 solution that contained different concentrations of NaCI. As shown in Fig. 4 B, increasing the NaC1
concentrations in the extraction solution did not inhibit the
chemotactic factor-induced increase in the cytoskeletal actin.
This effect ofosmolarity is reversible, as shown in Fig. 5. The
order of addition of the fMet-Leu-Phe and the hyperosmotic
NaCI solution to the cells was not important. The inhibition
is evident at all the concentrations of fMet-Leu-Phe tested
and is not prevented by the addition of 1 mM amiloride
(Table II). Unlike fMet-Leu-Phe, which causes a rapid decrease followed by an increase in intracellular pH (12, 18),
the addition of hyperosmotic solution of either NaC1 or
glucose causes an amiloride-sensitive increase in intracellular
pH (unpublished data).
The values of the intracellular concentration of free calcium
as measured by quin-2 under isotonic (124 mM NaC1) and
hypertonic (250 mM NaC1) conditions were as follows (nanomolar): basal, 220 __. 40 and 240 + 55, respectively; fMetLeu-Phe (10 -9 M), 650 -t- 70 and 500 + 80, respectively.
Consistent with these results, we found that the breakdown
of phosphatidylinositol, phosphatidylinositol 4-phosphate,
and phosphatidylinositol 4,5-bis phosphate, and the production of phosphatidic acid produced by fMet-Leu-Phe are
slightly inhibited (35%) by high osmolarity (250 mM NaC1;
data not shown). However, we should point out that when
the concentration of NaCI in the hypertonic buffered solution
was increased to 375 mM, the basal value of the intracellular
concentration of free calcium was found to be 335 ___70 nM.
Furthermore, the commonly observed fMet-Leu-Phe-induced
increases in calcium metabolism as measured by both increased 45Ca-influx and the rise in quin-2 signal were inhibited
(>80%) by hyperosmolarity (375 mM NaC1).

Effect on the Cytoskeletal Actin of Increasing
Osmolarity by the Addition of Urea or Glucose
To distinguish between a decrease in cell volume and a
YASSIN LT A t .
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dose dependent (>I0 -8 M). These results are similar to those
reported by Takenawa et al. (23). The increase in cytoskeletal
actin by A23187 may be indirect and is mediated through the
generation of arachidonic acid.
The effect of the PAF on the cytoskeletal actin was also
investigated. The effect was rapid (maximum at 10 s), transient (returning to basal value by 1 min), and dose dependent
(0.1-100 mM). The addition of 100 nM PAF causes a 70%
increase in the cytoskeletal actin.
To investigate a possible role of the Na+/H + antiport system
in the observed increase in actin polymerization, we examined
the effect of amiloride on the basal and fMet-Leu-Phe-stimulated level of cytoskeletal actin. The addition of amiloride
(0.01-1 mM) did not affect the basal or the stimulated amount
of actin associated with the cytoskeleton (data not shown).
Varying the pH of the suspending medium (6.8-7.6) did not
affect the fMet-Leu-Phe-stimulated increase in cytoskeletal
actin (data not shown). The basal level of cytoskeletal actin
remained unchanged when the external pH was increased
from 7.0 to 7.6, and it decreased by ~ 10% when the external
pH was decreased to <7.0.

Effectof Hyperosmolarity on the Increases in the
Cytoskeletal Actin Produced by Various Concentrations of fMet-LeuPhe in the Presence and Absence of Amiloride
TABLE II.

Cytoskeletal actin (relative to control)
Condition

[NaCI] = 124

[NaCl] --- 250

1.00
1.48 + 0.15 (3)

0.85 ± 0.10 (3)
0.97 ± 0.15 (3)

1,69 ± 0.12 (4)

1.03 ± 0.15 (3)

1.84 +_ 0.20 (8)

1.15 ± 0.12 (8)

1.87±0.10(6)

1.24+_0.10(6)

1.0
0.93 ___0.1 (2)
2.10+-0.15(7)

0.87 ± 0.08 (3)
0.84 + 0.09 (5)
1.30+0.10(10)

2.0 ± 0.1 (2)

1.28 + 0.10 (6)

1.85 +- 0.1 (3)

1.21 ± 0.05 (6)

1.80 ± 0.1 (2)

1.18 +_ 0.04 (6)

The data presented clearly show that the amount of actin
associated with the cytoskeleton can be greatly increased in
neutrophils by the addition of chemotactic factors or other
stimuli. We must point out that the stimulated increase in
cytoskeletal actin may reflect actin polymerization and/or
increased actin cross-linking, and the stimuli used could be
affecting these two aspects to different degrees.
Although the exact causes of the stimulated increase in
cytoskeletal actin cannot be fully deduced from the present
data, several possibilities can be clearly ruled out. First, although the addition of fMet-Leu-Phe to rabbit neutrophils
produces complex and specific changes in the intracellular
pH, with a rapid drop followed by a slower and more sustained
rise (12, 18), it is reasonable to conclude that the increase in
the cytoskeletal actin produced by these stimuli is not mediated by an increase in the intracellular pH. This conclusion

1.80 _ 0.08 (11)

1.10 ± 0.06 (6)

TABLE III.

1.77 ± 0.07 (2)

1.11 ± 0.08 (5)

* The cells were incubated with the stimulus for I rain. Each value represents
the mean ± SEM, and the number in parentheses is the number of different
experiments. The values obtained in the presence of fMet-Leu-Phe and
NaCl are significantly (P < 0.001) different from the values obtained in the
presence of fMet-Leu-Phe alone. The cells were incubated with the hypertonic NaCl solution for I min before fMet-Leu-Phe was added.
* The cells were reacted with amiloride for I rain before hypertonic NaCl
was added, and the cells remained for an additional min.

direct action of the high osmolarity, the hyperosmolar solution was made by the addition of either urea, a highly permeable substance (19), or glucose. The cells were incubated for
20 s with Hanks' buffered solution containing the normal
concentration of NaC1 to which 252 mM urea or glucose had
been added. Because water crosses the cell membrane of rabbit
neutrophils at a very high rate, the cell volume will not change
in the presence of urea and will decrease in the presence of
glucose. The results, summarized in Table III, show clearly
that a decrease in cell volume is necessary for the observed
inhibition by hyperosmolarity.

High Salt Concentration and the Increase in the
Cytoskeletal Actin Produced by Other Stimuli
The effects of high osmolarity on the stimulated increases
in the cytoskeletal actin produced by various stimuli were also
investigated. The results, summarized in Table IV, clearly
show that, unlike the effects of fMet-Leu-Phe and leukotriene
B4, the increases produced by PAF or PMA are only slightly
inhibited by the presence of the high NaC1 concentration.

Effect of Hyperosmolarity on Neutrophil
Degranulation Produced by fMet-Leu-Phe,
Leukotriene B4, A23187, and PMA
We investigated the effect of increasing medium osmolarity
on degranulation produced by various stimuli. The cells were
186
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DISCUSSION

Cytoskeletal Actin in Control and Stimulated Rabbit
Neutrophils Suspended in Hyperosmotic Buffered Solutions*
Cytoskeletal actin (relative to control)

Experimental conditions
mM
NaCI,
NaCI,
NaCl,
NaCl,
NaCl,
NaCI,

124
250
124
124 + 252 urea
124
124 + 252 glucose

Control

fMet-Leu-Phe
(I 0 -9 M)

1.0
0.83 ± 0.06 (7)
1.0
0.91±0.05(3)
1.0
0.96 ± 0.05 (4)

1.82 ± 0.2 (8)
1.26 ± 0.15 (7)
1.93 +- 0.09 (3)
1.92+0.07(3)
1.97 +- 0.10 (4)
1.36 - 0.12 (4)

* The cells were reacted with the solute for 20 s and then stimulated with
10-9 M fMet-Leu-Phe for an additional minute before the reaction was
stopped. Each value represents the mean ± SEM, and the number in
parentheses is the number of experiments.
Effect of High NaCI Concentration on the Increase in the
Cytoskeletal Actin Produced by Various Stimuli
TABLE IV.

A m o u n t o f cytoskeletal actin (relative
to control)
Stimulus*
Control
+ fMet-Leu-Phe
Control
+ A23187 + EGTA (1 mM)
Control
+PMA
Control
+ PAF
Control
+ Leukotriene B4
Control
Arachidonic acid

[NaCI] = 124

[NaCI] = 250

1.0
1.90 ___0.15 (4)
1.0
1.60 ± 0.1 (4)
1.0
1.55±0.12(4)
1.0
1.77 ± 0.05 (3)
1.0
1.45 ± 0.1 (3)
1.0
1.43 ± 0.1 (2)

0.81 ± 0.05 (4)
1.30 ± 0.10 (4)
0.84 ± 0.05 (6)
1.05 ± 0.06 (6)
0.81 ± 0.04 (4)
1.45+0.16(4)
0.82 ± 0.03 (3)
1.51 +- 0.05 (3)
0.87 ± 0.02 (3)
1.10 ± 0.06 (3)
0.88 ± 0.15 (2)
0.89 ± 0.08 (2)

* The cells were allowed to react with fMet-Leu-Phe (10-9 M) for I min, with
leukotriene B4 (7 x 10-9 M) for 30 s, with arachidonic acid (2 × 10-4 M) for
20 s, with PAF (10-9 M) for 10 s, with A23187 (5 x 10-7) for I rain, and with
PMA (0.1 pg/ml) for 2 rain before the reaction was stopped. Each value
represents the mean ± SEM, and the number in parentheses is the number
of different experiments. The cells were incubated with the hyperosmotic
solution for <I rain before they were stimulated.
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Control
+ f M e t - L e u - P h e (1 x
10 - 1 ° M)*
+ f M e t - L e u - P h e (5 x
10 -1° M)
+ f M e t - L e u - P h e (I x
10 -9 M)
+ f M e t - L e u - P h e (1 x
10 -a M)
N o addition
+ Amiloride (I raM)*
+ f M e t - L e u - P h e (I0-9 M
for 20 s)
+ Amiloride + f M e t - L e u Phe (20 s)
+ f M e t - L e u - P h e (10 -9 M
for 40 s)
+ Amiloride + f M e t - L e u Phe (40 s)
+ f M e t - L e u - P h e (10 -9 M
for 60 s)
+ Amiloride + f M e t - L e u Phe (60 s)

preincubated in Hanks' buffered solution containing 250 mM
NaC1 for 1 rain before being stimulated. The results summarized in Fig. 6 and Table V clearly show that hyperosmolarity
inhibits degranulation regardless of the stimulus used.
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FIGURE 6

Effect of hyperosmolarity on degranulation in the pres-

PMA-induced Lysosornal Enzyme Release in Cells
Incubated in Hanks' Buffered Solution Containing Isoosmotic and
Hyperosmotic NaCI Concentration*
TABLE V.

PMA concentration

Lysosome release (® of total)
Isotonic

Hyperosmotic

% Inhibition

50- 5
57 _ 10

24 ± 3
32 ± 5

52
44

#g/ml
0.1
1.0

* Cells were treated with the hyperosmotic solution (250 mM NaCI) for I min
before stimulation with PMA for 15 rain. The values represent the mean _
SEM of at least three separate experiments.

is based on three experimental findings: (a) The time course
of the increase in intracellular pH induced by fMet-Leu-Phe
is much slower than that of the increase in cytoskeletal actin
produced by the same stimulus, and the concentration required is much higher. (b) Amiloride at a concentration (1
mM) that totally abolishes the rise in cellular pH (18) has no
effect on the amount of actin associated with the cytoskeleton.
(c) The fMet-Leu-Phe-induced rise in the cytoskeletal actin is
independent of extracellular pH in the range between 6.8 and
7.6. With respect to the fMet-Leu-Phe-induced drop in intracellular pH, it is possible that the acidification is responsible
for part of the increase in cytoskeletal actin. The findings that
they have a similar time course are consistent with this view.
Further experiments are needed to examine and clarify the
relationship between cell acidification and actin polymerization.
Second, an overall or local (such as displacement of calcium
from membrane sites) decrease in the intracellular concentration of free calcium may mediate some small increase in
cytoskeletal actin but cannot be the sole signal. The idea that
a local decrease in the intracellular calcium concentration
may be involved in actin polymerization was first introduced
by Stossel et at. (for a recent review, see reference 22). However, an overall decrease in the intracellular concentration of
free calcium cannot be the only event regulating the distribution of actin between the cytosol and the cytoskeleton since
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ence of 5 #g/ml of cytochalasin B produced by various concentrations of fMet-Leu-Phe (O), leukotriene B4 (A), and A23187 (17). The
cells were incubated with either Hanks' buffered solution containing the normal concentration of NaCI (O, A, I-I) or with Hanks'
buffered solution containing 250 mM NaCI (0, &, II). No cytochalasin B was present in the case of A23187. The results are taken
from a single experiment representative of at least four separate
experiments.

the increase in the cytoskeletal actin produced by quin-2, a
calcium chelator, is small.
Third, the stimulus-dependent increase in cytoskeletal actin
does not appear to be mediated through a rise in the intracellular concentration of free calcium. This conclusion is supported by several lines of evidence: (a) Stimuli that increase
(fMet-Leu-Phe, leukotriene B4, etc.), as well as those that
decrease (PMA) the intracellular concentration of free calcium
enhance actin association with the cytoskeleton. (b) The stimulated increase in cytoskeletal actin is independent of outside
calcium concentration. (c) Calmodulin inhibitors such as
trifluoroperazine do not inhibit stimulated cytoskeletal actin
(28). (d) The increase produced by the addition of A23187
occurs in both the presence and the absence of calcium. (e)
PMA at 0.1 ug/ml increases the amount of actin associated
with the cytoskeleton without inducing an increase in the
intracellular concentration of free calcium (20). Or) The two
responses (calcium rise and increased cytoskeletal actin) produced by fMet-Leu-Phe can be dissociated from each other
in cells pretreated with Hanks' buffered solution containing
250 mM NaC1.
Fourth, the stimulus-dependent increase in cytoskeletal
actin is not mediated by the activation of protein kinase C.
Although very attractive, there are several experimental observations that rule out this possibility: (a) The dose-response
curve for the fMet-Leu-Phe-induced phospholipid changes
(the production of 1,2 diacylglycerol; reference 25) and stimulated cytoskeletal actin are very dissimilar, actin polymerization requiring much lower concentrations of the chemoattractant. (b) Trifluoroperazine is known to inhibit with different median infective doses both the protein kinase C system
and the calmodulin-dependent protein kinase. The lack of an
inhibitory effect of trifluoroperazine (up to 20 /~M) on an
fMet-Leu-Phe-induced increase in cytoskeletal actin (28) is
inconsistent with a role of protein kinase C in actin polymerization.
The results reported here also show that the increases in
cytoskeletal actin produced by fMet-Leu-Phe, leukotriene B4,
or A23187, but not those induced by PMA, are inhibited by
high osmolarity. Furthermore, degranulation produced by all
the stimuli tested (fMet-Leu-Phe, leukotriene B4, A23187,
and PMA) are inhibited by a hyperosmotic NaC1 concentration. The inhibitory action of high osmolarity requires a
decrease in cell volume and is not mediated by an increase in
the basal intracellular concentration of free calcium. The
inhibition of the fMet-Leu-Phe-induced increase in cytoskeletal actin by the high salt concentration is probably the basis
for the decrease in neutrophil chemotaxis and phagocytosis
by hyperosmolarity (2, 9). This inhibitory effect on neutrophil
responses is particularly pertinent to certain areas of the
kidney and urinary tract, where solute concentrations such as
NaC1, and glucose in the case of diabetics, may be sufficiently
elevated to inhibit actin polymerization, and thus neutrophil
functions, rendering these regions highly susceptible to infections.
The inhibition of the fMet-Leu-Phe-induced increase in
cytoskeletal actin by high osmolarity (especially 375 mM
NaCI) resembles the effect produced by pretreating cells for 3
min with PMA (13). In addition to its agonist activity, PMA
has been shown to antagonize the effects of fMet-Leu-Phe
and thrombin (13, 30). The inhibitory effect of hyperosmolarity is best explained by the hypothesis that it is acting as a
receptor uncoupler (i.e., the hyperosmolarity dissociates re-

ceptor occupancy from subsequent generations of the second
messengers). The uncoupling by hyperosmolarity could be
mediated either directly by affecting the physical environment
of the receptor, or indirectly by activating protein kinase C.
The observations that hyperosmolarity causes a mitogenindependent activation of Na+/H ÷ antiport in human epidermoid carcinoma A431 cells (3) and increases intracellular pH
in rabbit neutrophils (unpublished data) are consistent with
this hypothesis. In addition, hyperosmolarity may cause an
increase in the viscosity of the cell interior, and this increase
may contribute to the inhibition of degranulation.
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