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Motility and Adhesiveness in Human Neutrophils

EFFECTSOF CHEMOTACTICFACTORS

C. WAYNESMITH, JAMES C. HOLLERS, RICHARDA. PATRICK, and CLARE HASSETT,
Departments of Anatomy and Microbiology and Public Health,
Michigan State University, East Lansing, Michigan 48824

A B S T RA C T Human peripheral blood neutrophils
(PMN) obtained from healthy adults were examined in
vitro with techniques adapted to assess the effects of
chemotactic factors (CF) on cellular configuration and
adhesiveness. The results were compared with those
that use certain conventional techniques for assessing
chemotaxis and chemokinesis. Exposure of PMNto N-
formyl-L-methionyl-L-phenylalanine (f-Met-Phe),
zymosan-activated serum, bacterial chemotactic factor,
or a low molecular weight chemotactic factor from
activated serum (C5a) in the absence of a gradient
resulted in a change in cellular shape from a spherical
to a polarized configuration in a high percentage of
cells. This occurred rapidly in suspension, under condi-
tions designed to exclude a role for cell adhesiveness,
and was reversible upon removal of the CF. Restimula-
tion of cells with the CF resulted in reappearance of the
polarized configuration to the same extent as on initial
stimulation with one exception: f-Met-Phe pretreated
cells failed to respond to f-Met-Phe, though they
responded fully to the other CF. Each CF caused a
significant increase in PMNattachment to protein-
coated glass. This enhanced adhesiveness was not
reversible upon removal of the CFwhen the cells were
treated under conditions shown to produce chemotactic
deactivation. Cells treated under these conditions also
exhibited significantly reduced motility on glass and in
micropore filters in the absence of a gradient of CF.
Bacterial chemotactic factor, even at high concentra-
tions, failed to produce deactivation and did not cause
a sustained enhancement of adhesiveness.

INTRODUCTION

An event which accompanies neutrophil locomotion is
attachment to a substratum. Attachment to a surface
seems to be a prerequisite for migration in vitro (1) (e.g.,
to glass or plastic) and in vivo (2) (e.g., to endothelial
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cells), and has been thought to contribute to the de-
velopment of the polarized cellular shape assumed by
neutrophils during migration in vitro (3). There is con-
siderable evidence to support the idea that the nature
of the interaction of some cell types with the sub-
stratum in vitro influences translocation (1, 4-6). The
influence may be on the direction of movement (e.g.,
haptotaxis) or the rate of movement. The possible in-
fluence of the cell-substratum interaction on aspects of
neutrophil motility such as cellular polarity, transloca-
tion, orientation and migration in a chemotactic
gradient, and chemokinesis is unclear at present.

In this report we will examine two aspects of the ef-
fects of chemotactic factors (CF)' on neutrophil motility
in vitro: the development of cellular polarity and the
enhancement of cell adhesiveness to a substratum. The
results indicate that CF stimulate the development of a
bipolar cellular configuration under conditions de-
signed to exclude a role for cell adhesiveness, and that
CF can increase neutrophil adhesiveness under condi-
tions where few cells exhibit a bipolar shape. Further-
more, by using assessments of cellular shape and ad-
hesiveness, we were able to obtain results that show a
correlation between enhanced adhesiveness and
reduced motility in the phenomena of chemotactic
deactivation and cross deactivation (7).

METHODS
Isolation of human neutrophils. Blood samples were ob-

tained from a pool of 15 healthy adult volunteers (7 women
and 8 men). Leukocyte-rich plasma was prepared by dextran
sedimentation of erythrocytes. The leukocytes were washed
one time in Hanks' balanced salt solution (HBSS) to remove
the plasma and then separated by centrifugation on Ficoll

1Abbreviations used in this paper: BCF, bacterial chemo-
tactic factor; BSA, bovine serum albumin; CF, chemotactic
factor(s); CMf HBSS, Ca++- and Mg++-free Hanks' balanced
salt solution; DMSO, dimethyl sulfoxide; HBSS, Hanks'
balanced salt solution; PMN, peripheral blood neutrophils;
ZAP, zymosan-activated plasma; ZAS, zymosan-activated
serum.
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(Pharmacia Fine Chemicals Inc., Piscataway, N. J.)-Hypaque
(Winthrop Laboratories, New York) cushions (8). The leuko-
cytes used in the following experiments were >98%granulo-
cytes, of which _95% were neutrophils. No platelets were
seen in the preparations, and the erythrocyte (RBC) to
peripheral blood neutrophils (PMN) ratio was consistently
<2:1. The PMNviability was >98% as determined by eosin
exclusion.

The PMNwere resuspended at 107/ml in HBSS and im-
mediately placed at 4°C. PMNto be evaluated by the tech-
niques described below were drawn from this pool for up to
5 h. No change attributable to incubation at 40C for 5 h could
be detected in any of the parameters of PMNbehavior tested.

Assessment of neutrophil motility. Neutrophil motility
into micropore filters was tested by a modified Boyden tech-
nique with blind-well chambers (Neuro Probe, Inc., Bethesda,
Md.) and 3- or 5-,um-pore size Millipore filters (Millipore
Corp., Bedford, Mass.). The chambers were prepared with
2 x 104 neutrophils/mm2 of eiposed filter surface and CF or
control solution placed in the lower well. Incubation was car-
ried out at 370C in an atmosphere of 5%CO2and high humid-
ity. The behavior of the neutrophil population in this system
was measured in two ways.

(a) The number of neutrophils that had accumulated on the
lower surface of the filter was counted after 3 h of incubation.
10 microscopic fields (x40 objective) were counted on each
filter, and the averages of duplicate or triplicate determina-
tions in each experiment were recorded.

(b) The depths at which only two cells were in focus in
one microscopic field were measured in filters after various
incubation times up to 90 min. These values were considered
an expression of the penetration of the "leading front" of the
population. Measurements were made at five locations in
duplicate filters in each experiment.

Motility of neutrophils on glass was tested by a modifica-
tion of the technique of Harris (9). Neutrophils (2 5 x 105) in
HBSS were allowed to settle and adhere to the 25-mm
diameter cover slip and then examined under dark-field il-
lumination. Duplicate 10-mili time exposures were made with
Polaroid type 105 positive/negative film (Polaroid Corp.,
Cambridge, Mass.). The lengths of all migration tracks
photographed were measured on 8- x 10-in prints and re-
corded as arbitrary units based on the approximate final mag-
nification.

Assessment of neutrophil adhesiveness. Slide chambers
similar to those reported by Lichtman and Weed (10) were
filled with a suspension of PMN(1 x 106/ml) in HBSS, 10%
plasma, or 2% bovine serum albumin (BSA) in HBSS. The
chambers were immediately placed on the stage of an inverted
phase-contrast microscope and observed with a x50 oil-
immersion objective at room temperature. This allowed ob-
servations of cells settling onto the glass surface. Between 350
and 500 s after injecting cells into the chamber, cell counts
were made in five randomly selected x 50 fields, and the cells
were classified as rounded (spherical) or motile (bipolar
shape). The chambers were then inverted for 400 s. The
number of cells remaining attached to the glass was assessed
by counting five x50 fields.

Assessment of changes in neutrophil shape. A modifica-
tion of the method of Lichtman et al. (11) was used. Sus-
pensions of 106 PMNin 1 ml of HBSSwere exposed to the
various conditions and reagents described. The pH was ad-
justed with 5% CO2 in air. At the appropriate time, the cell
suspension was added dropwise to 10 ml of cold (4°C) 1%
glutaraldehyde in 0.1 Mcacodylic acid (Sigma Chemical Co.,
St. Louis, Mo.). The glutaraldehyde solution was mixed con-
stantly while the cells were being added. After remaining in
the cold glutaraldehyde solution for 1 h the cells were washed

and resuspended in 0.1 ml of distilled water. The PMNwere
examined with a x 100 phase-contrast objective and classified
according to shape (Fig. 1).

CF. Zymosan-activated plasma (ZAP) or serum (ZAS) was
prepared by incubating zymosan (ICN Nutritional Bio-
chemicals Div., International Chemical & Nuclear Corp.,
Cleveland, Ohio) (10 mg/ml) with fresh human plasma or
serum for 30 min at 37°C, diluting this mixture 10-fold with
HBSS, and then removing the zymosan particules by cen-
trifugation and filtration through a 0.22-.um-pore size Millipore
filter. The ZAP or ZAS was used at this concentration (10%)
in most experiments.

N-formyl-L-methionyl-L-phenylalanine (f-Met-Phe) (12)
(Andrulis Research Corp., Bethesda, Md.) was dissolved in
HBSS to a concentration of 1 mMand diluted further with
HBSSto the desired concentrations.

Bacterial chemotactic factor (BCF) was a generous gift from
Dr. Elmer Becker, Departtnent of Pathology, University of
Connecticut Medical Center, Farmington, Conn. The prepara-
tion was a butanol extract of Escherichia coli-culture media.
The material was prepared for use in the current studies by
first vacuum-evaporating the butanol and then dissolving the
dry BCF in HBSS. Concentrations are expressed as dilutions
of the original volume of butanol. Maximum chemotactic
activity was found at a 1:2,000 dilution.

A low molecular weight CF was prepared from activated
human serum by the method of Gallin and Rosenthal (13).
Briefly, human serum was. incubated with 0.1 mg/ml E. coli
lipopolysaccharide (.026.B6 lipopolysacchride B, Difco
Laboratories, Detroit, Mich.) at 370C for 1 h. The serum was
then heated at 560C for 30. min. After rapid cooling, the
activated serum was layered onto a Sephadex G-75 (Pharmacia
Fine Chemicals Inc.) column (90 x 5 cm). The column was
equilibrated with Ca++- and Mg++-free HBSS(CMf HBSS) at
pH 7.4, and the serum fractions were eluted in CMf HBSS
by descending flow at 4°C. The column was calibrated with
the following substances: Blue dextran (2 x 106 mol wt), cyto-
chrome C (12,384), ribonuclease A (13,700), chymotrypsino-
gen (25,000), and ovalbumin (45,000). Fractions in the 20,000-
to 10,000-mol wt range were assayed in modified Boyden
chambers. Those showing chemotactic activity were pooled
and frozen at -70°C. The pool containing chemotactic activity
had 40 ,ug/ml protein. This reagent will be referred to as C5a
and the concentrations of this reagent used in the experiments
in this report will be expressed in micrograms of protein per
milliliter.

The-factors used in the following studies produced chemo-
tactic and chemokinetic responses (14) in the human PMN.
ZAS was maximally effective at a 10% dilution, f-Met-Phe at
1 IuM, BCFat a 1:2,000 dilution, and C5a at 40 ,ug protein/ml.

Presentation and analysis of data. In many instances the
results of experiments are expressed in terms of percent. The
specific derivation of the percentage value will be given for
each procedure. The data are expressed in terms of the
mean+SEM; n represents the number of separate experi-
ments. Each experiment contained duplicate or triplicate
determinations. Student's t test was used to assess signifi-
cance.

RESULTS

Effects of CF on cell shape. Fig. 1 shows the ap-
pearance of PMNfixed in suspension with buffered
glutaraldehyde. If kept at room temperature (m22°C)
before fixation, the cells were mostly rounded with a
slightly ruffled membrane on a small portion of the
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FIGURE 1 Change in shape (x1,600) of PMNexposed to CF. The PMNwere suspended in
HBSS (106 cells/ml) at room temperature and then fixed in suspension in cold (4°C), buffered
glutaraldehyde for 1 h. a and b, no CF. c, d, and e, 2 min after addition of 1 ,LM f-Met-Phe to the cell
suspension. Nomarski interference contrast optics.

surface (Fig. la, b). The addition of a CF to the cell sus-
pension resulted in a change in PMNshape. In "double
blind" experiments, changes could be detected 30 s
after addition of the CF. By 2 min the cells were more
elongated (Fig. lc) and many had distinct uropods (Fig.
ld, e). In an effort to quantify this effect of CF on PMN,
cells were categorized as spherical or nonspherical.
The spherical category included round cells and cells
whose shape was generally round with some ruffled
membrane. The nonspherical category included cells
whose overall form was oval to elongated. Most cells
were elongated and appeared distinctly bipolar 10 min
after exposure to a CF. Fig. 2 shows the time course for
the change in shape after addition of CF to the PMN
suspension.

PMNin HBSSmaintained at 40C failed to show sig-
nificant shape change after addition of CF. PMN in
HBSSmaintained for 10 min at 37°C showed a higher
percentage of cells in the nonspherical category. The
response to CF was slightly higher than at room tem-
perature, and there was a slight tendency for cell ag-
gregation. All subsequent experiments with this tech-
nique to assess cellular response to CFwere performed
at room temperature, as this optimized the dif-

ference between control and stimulated PMNsuspen-
sions. The addition of BSA at 20 mg/ml did not affect
the cell shape or the change induced by CF. The per-
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FIGURE 2 Change in shape of PMNexposed to CF. "Per-
cent" refers to the percent of cells in the suspension with a bi-
polar shape. "Time-minutes" refers to the time after the addi-
tion of the CF. Each point is the mean of two separate experi-
ments. Concentrations of CF added to the cell suspensions:
f-Met-Phe, 1 ,uM; C5a, 35 ,ug protein/ml; ZAS, 10%; BCF,
1:500.
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centage of bipolar forms was not reduced by a 10-fold
reduction in cell concentration.

PMNwashed twice in CMf HBSSand incubated in
CMfHBSSfor 30 min gave the same degree of response
to stimulation with the CF as cells in HBSS (e.g.,
85.2+2.5% with C5a in CMf HBSS, n = 6; 88.5±2.1%
with C5a in HBSS, n = 14). EDTA(1-2 mM)added to
the PMNsuspension in CMf HBSSdid not reduce the
response.

Pretreatment of PMNwith 5 ,ug/ml of cytochalasin
B (Sigma Chemical Co.) for 5 min completely pre-
vented the change in shape after addition of CF (e.g.,
1.9±0.2% bipolar forms with f-Met-Phe, n = 5).
Dimethyl sulfoxide (DMSO), the solvent for cyto-
chalasin B, did not affect cell shape or the response of
cells to the CF.

PMNwere exposed to the CF for 30 min at 37°C and
then washed in HBSS. After incubation at room tem.
perature for 15 and 45 min in HBSS, the percentage of
cells in the nonspherical category was determined. In
each case, by 15 min the cells had significantly fewer
nonspherical forms then cell suspensions 10 min after
addition of the CF. For each CF (except BCF), at 15 min
after removal of the CF, the percent bipolar forms was
<28 (P < 0.001). BCF-treated cells did not return to
this level until 45 min after removal of BCF. These
results indicate that the change in shape is largely
reversible upon removal of the stimulant.

Effects of CF on cell adhesiveness. Cells injected
into the slide chamber were observed through an in-
verted phase-contrast microscope. As PMNsuspended
in HBSSsettled onto the lower surface of the chamber,
most appeared spherical and essentially the same as
cells fixed in suspension (Fig. la). Levels of adhesive-
ness were significantly affected by pretreatment of the
cover glass with a solution of BSA or human serum.
The exposure of the glass to BSA in HBSS or 5%
human serum in HBSS for 2 mmnfollowed by wash-
ing in two changes of HBSSreduced attachment (Table
I) when compared with cover glasses exposed only to
HBSS. Higher percentages of serum in the pretreat-
ment solution resulted in even less attachment (10, 20,
and 40% serum resulted in 31.4, 16.2, and 10.8% at-
tachment, respectively). The percentage of cells in the
bipolar category (Fig. lc-e) was not altered by this pre-
treatment of the glass surface.

The addition of CFto the cell suspension 60 s before
injecting the cells into the chamber resulted in several
changes in the counts. As can be seen in Table II, at-
tachment of cells to albumin-treated glass increased
significantly upon addition of 0.1 nM f-Met-Phe though
the percentage of bipolar forms was not different than
control. The percentage of bipolar forms did increase
significantly upon addition of 1 ,uM f-Met-Phe. f-Met-
Phe, BCF, and C5a significantly increased attachment
of PMNto serum-treated glass (Table II). The rate of

TABLE I
Effect of BSA and Serum on PMNShape and

Attachment to Glass

Bipolar
Surface* n shape t P Attachment§ P

Glass 5 2.5 1.4 100+2.0
BSA 11 4.4±1.7 >0.4 49.2±4.8 <0.001
Serum 15 5.2±1.4 >0.4 43.3±3.5 <0.001

* The glass coverslip in the slide chamber was pretreated
by exposure to HBSS, BSA (50 mg/ml), or serum (10%) for
2 min, and washed in two changes of HBSS. PMNwere
suspended in HBSS.
I Mean percent±SEM showing the bipolar configuration at
500 s after injection into the chamber.
§ Mean percent±SEM remaining attached to the surface 400
s after inverting the slide chamber.

settling onto the surface was not altered, and there were
no cell aggregates observed.

PMNwashed twice in CMf HBSSand incubated in
CMf HBSS for 30 min at room temperature were
examined in the slide chambers. Attachment was the
same as controls in HBSSwhen examined on untreated
glass coverslips (attachment, 100%, n = 5). However,
when examined on serum-coated glass, there was a
significant difference in adhesiveness (Fig. 3). The

TABLE II
Effect of CF on Adhesiveness of PMNin Slide Chambers

CF* Surfacel n Attachment§ PI

None BSA 6 55.7±9.5
f-Met-Phe

(0.1 nM) BSA 6 74.5±10.8 <0.005
f-Met-Phe

(10 nM) BSA 4 88.2±12.1 <0.005
f-Met-Phe

(1 jM) BSA 6 86.5±7.0 <0.001

None Serum 26 45.5±3.2
f-Met-Phe

(1 ,uM) Serum 15 74.9±5.0 <0.001
C5a (26 ,ug

protein/ml) Serum 12 60.9±5.5 <0.001
BCF (1:1,000) Serum 5 71.9±5.3 <0.001

* Added to cells suspended in HBSS 1 min before injection
of cells into chamber.
t The glass coverslip in the slide chamber was pretreated
by exposure to BSA (50 mg/ml) or serum (10%) for two min,
and washed in two changes of HBSS. PMNwere suspended
in HBSS.
§ Mean percent±SEM remaining attached to the surface.

II Compared with control.
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FIGURE 3 Attachment of PMNto serum-treated glass. "Per-
cent" refers to the percentage of PMNremaining attached to
the serum-treated glass. The results of four experimental
conditions are given: PMNsuspended in HBSS; PMNwashed
and suspended in CMf HBSSand then stimulated with CF;
PMNexposed to 0.1% DMSOin HBSSand then stimulated
with CF; and PMNexposed to 5 Zg/ml cytochalasin B in
HBSS for 10 min and then stimulated with CF. Numbers
above each bar, number of experiments; brackets, tSEM.
Abbreviations: H, HBSS; f, 1 ,uM f-Met-Phe; C, 26 gg protein/
ml C5a.

percentage of cells with a polarized shape was high
(92.8+4.1 with 1 MMf-Met-Phe and 94.7±3.8 with 26
,ug protein/ml C5a, n = 5) and not significantly different
from cells fixed in suspension. The addition of f-Met-
Phe or C5a did not enhance attachment in Mg++-
deficient HBSS (n = 5, P > 0.8), but did enhance at-
tachment in Ca++-deficient HBSS (n = 6, P < 0.005).

Though pretreatment of PMNwith cytochalasin B
(5 ,ug/ml) completely prevented the change in shape
induced by addition of CF, this treatment did not
change the level of attachment to serum-coated glass
or the degree of enhanced attachment caused by addi-
tion of f-Met-Phe or C5a (Fig. 3). DMSOalso did not af-
fect attachment.

The reversibility of the enhanced adhesiveness was
assessed by allowing cells to sit at room temperature
for up to 45 min after removal of the CF. As can be seen
in Table III, the enhancement induced by exposure to
f-Met-Phe, ZAS, and C5a remained unchanged over
this time even though the percentage of cells with a bi-
polar shape had decreased significantly from stimu-
lated levels. In contrast, by 45 min the adhesive-
ness of PMNexposed to BCFwas near that of controls.

Effect of preincubation in CF on random motility.
Table IV gives data on counts of cells migrating through
filters of 5-gm-pore size. Lower counts were found for
cells preincubated in ZAP, f-Met-Phe, or C5a. Table
IV gives data on the track lengths of cells adherent to a
glass surface. Cells preincubated in ZAP or f-Met-Phe

showed very little migration during the observation
period (10 min).

Restimulation of PMN: effects on chemotaxis. In
the first group of these experiments, PMNwere in-
cubated for 30 min in HBSS containing ZAP, f-Met-
Phe, C5a, or BCF. The cells were then washed in
HBSS and resuspended in HBSS containing 10%
autologous plasma or 2%BSA. Within 15-30 min after
removal of the CF the cells were placed in the blind-
well chambers. Chemotactic activity was measured
by counting the number of PMNon the lower surface
of the filter at the end of a 3-h incubation. The cell
counts were less for cells preincubated in 10% or
5% ZAP, 0.1 mM-0.1 nM f-Met-Phe, or 10-35 ,mg
proteinlml C5a. Maximum reduction occurred when
PMNwere preincubated in 10% ZAP, 10 MuM f-Met-
Phe, and 35 jug protein/ml C5a. C5a-pretreated cells
gave a mean response of 34.9+3.7% of the response
of cells preincubated in HBSSwhen C5a was the cyto-
taxin (n = 6, P < 0.001); ZAP-pretreated cells gave 32.4
+8.2% of the control response to ZAP (n = 20, P
< 0.001); and f-Met-Phe-pretreated cells gave 16.8

TABLE III
Effect of Preincubation of PMNin CF on Adhesiveness

in Slide Chambers

Preincubation* Surfacet Time§ n Attachment' Pi

min %

10% plasma BSA 15 4 31.7+1.6
10% ZAP BSA 15 4 64.0+1.9 <0.001
HBSS BSA 15 5 63.7+3.7
f-Met-Phe

(10 AM) BSA 15 5 99.0±0.5 <0.001

HBSS Serum 15 5 41.2±5.1
HBSS Serum 45 5 42.1±4.8
f-Met-Phe

(10 uM) Serum 15 5 73.4±5.2 <0.001
f-Met-Phe

(10 ,uM) Serum 45 6 75.3±4.1 <0.001
C5a (26 ,Ug

protein/ml) Serum 15 5 65.1±3.5 <0.001
C5a (26 ,g

protein/ml) Serum 45 6 75.5±4.7 <0.001
BCF (1:500) Serum 15 4 91.3±4.4 <0.001
BCF (1:500) Serum 45 5 46.5±2.4 >0.1

* 30 min at 37°C, 5%CO2in air, then washed and resuspended
in 10% autologous plasma or HBSS.
t The glass coverslip in the slide chamber was pretreated
by exposure to BSA (50 mg/ml) or serum (10%) for 2 min,
and washed in two changes of HBSS. PMNwere suspended
in HBSS.
5 AFter removal of the CF.
Mean percent±+SEM remaining attached to the surface.

¶ Compared with control.
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TABLE IV
Effect of Preincubation of PMNin CF on PMNMigration

Leading Spontaneous Track
Preincubation* n frontt P n migration§ P n length" P

f-Met-Phe (10 AM) 5 22.0±5.9 <0.01 9 50.1+8.5 <0.01 4 25+3.0 <0.01
C5a (35 pLg protein/ml) 4 24.7±5.7 <0.02 9 57.1±9.1 <0.01
10% ZAS 5 10.8±2.1 <0.01 4 35.7+4.9 <0.01 4 27±2.9 <0.01

* Preincubation for 30 min at 37'C, then washed twice in HBSS.
t Determined in 3-,.m-pore size filters after 30 min in Boyden-type chambers. The cells were
responding to the same CF as in the preincubation step. The value given is the mean difference
in micrometers±SEM between the control (cells preincubated in HBSSor 10% serum) and the cells
pretreated with CF.
§ Determined by counting the number of cells accumulating on the lower surface of a filter (5-Am-pore
size) at the end of a 3-h incubation with no cytotaxin in the lower compartment of Boyden-type
chambers. The value given is the mean percent+SEM of control (cells preincubated in HBSS or
10% serum) counts.
Determined by measurements of track lengths of cells migrating on glass in a 10-min observation

period. Includes all cells whether motile or not, and >100 cells were evaluated in each experiment.
The value given is the mean difference in micrometers±SEM between the control (cells preincubated
in HBSSor 10% serum) and cells preincubated in CF.

±3.9% of the control response to f-Met-Phe (n = 20,
P < 0.001). The time course of preincubation required
for this effect was tested for each factor. Preincubation
in 10 ,M f-Met-Phe and 35 ,ug protein/ml C5a for 10
min gave maximum depression of subsequent chemo-
taxis. Maximum effect of preincubation in 10%ZAPdid
not occur until 45 min.

Decreased counts (P < 0.02 for each set of experi-
mental conditions) also occurred when the pretreated
cells were responding to CFother than the deactivating
factor. PMNpreincubated in 10% ZAP gave 46±10%
(n = 4) of control counts when f-Met-Phe was the
chemotactic stimulus, and 25.8±12% (n = 4) when C5a
was the stimulus. PMNpreincubated in 10 ,M f-Met-
Phe resulted in 23±8% (n = 4) when ZAP was the
stimulus, and 39.7±15% (n = 4) when C5a was the
stimulus. PMNpretreated with 35 ,ug protein/ml C5a
gave 49.9±5.3% (n = 5) when ZAP was the stimulus
and 51.8±8.9% (n = 5) when f-Met-Phe was the
stimulus.

Preincubation in BCF (1:50-1:500 dilutions) did not
significantly alter the response of PMNin chemotaxis
chambers to BCF (105±14% of the response of cells
preincubated in HBSS, n = 4), f-Met-Phe, C5a, or ZAS
(94.6%, 108%, and 118%, respectively, n = 3).

Restimulation of PMN: effects on cell shape and ad-
hesiveness. Preincubations of PMNin CF were per-
formed under conditions defined above. The PMN
were washed twice and resuspended in HBSSand then
restimulated at 15, 45, and 70 min after removal of the
CF. Only PMNexposed to f-Met-Phe failed to respond
to f-Met-Phe. All other experiments gave percentages of
bipolar forms in suspension which were not signifi-
cantly different from PMNpreincubated under the

same conditions in control solutions (HBSS or 10%
serum) (Fig. 4). These results indicate that with the ex-
ception of f-Met-Phe, the preincubation in CF did not
prevent the cells from "recognizing" and responding
to a second chemotactic stimulus, and that the ability to
respond as evidenced by a change in cellular shape was
present from 15 to 70 min after removal of the initial
stimulus.

A second exposure to CF did not significantly alter
the level of attachment to serum-treated glass for PMN
pretreated with f-Met-Phe, C5a, or ZAS. However, each
restimulated adhesiveness in BCF-pretreated PMN
(Table V). These effects on adhesiveness correspond to
the observations in the Boyden chamber: Pretreatment
of PMNwith f-Met-Phe, C5a, and ZAS resulted in
marked reduction in subsequent migratory response to
the same or different CF, while pretreatment in BCF
did not decrease subsequent chemotaxis.

DISCUSSION

Cellular polarity in neutrophils induced by CF.
The data presented above support the idea that CF
stimulate in neutrophils expression of an intrinsic
cellular polarity which is not dependent upon a con-
centration gradient of CFor upon attachment of the cell
to a surface. Our results show that human PMNare
mostly spherical when isolated by the technique used
in our study. When added to HBSScontaining a CF,
these spherical cells develop a polarized shape much
like that seen in neutrophils migrating on a surface. The
cells in suspension lack retraction fibers, however. The
percent of bipolar cells varies with the concentration
of the CF, remains high for up to 60 min in its presence,
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FIGuRE 4 Change in shape of PMNexposed to CF. PMN
were incubated in CF (10 ,uM f-Met-Phe, 35 Ag protein/ml
C5a, 1:50 BCF, or 10% ZAS) or control solutions (HBSS or
10% serum) for 30 min at 37°C (the incubating solutions are
listed above each group of 5 bars). The PMNwere then washed
twice in HBSSand allowed to sit for 45 min at room tempera-
ture. The cells were then re-exposed to CF (listed in abscissa)
for 10 min and fixed in glutaraldehyde. The percentage of
cells with a bipolar configuration was determined. Open bars
give means±SEM for PMN restimulated with CF and
hatched bars give means+SEM for PMNwithout restimula-
tion. Numbers above bars, number of experiments. Abbrevia-
tions: f, 1 ,uM f-Met-Phe; C, 30 ,ug protein/ml C5a; Z, 10%
ZAS; B, 1:500 BCF.

and falls to low levels by 15 min after its removal. The
rapid occurrence of the change in cellular shape and the
maintenance of a high response at low concentrations
of cells suggest that it is a direct effect of CFon the cells,

TABLE V
Restimulation of Enhanced Adhesiveness of BCF-

Preincubated PMN*

CFt n Attachment§ P!l

None 5 47.2+2.9
f-Met-Phe (1 ,uM) 5 79.2+4.9 <0.001
C5a (26 ,ug protein/ml) 4 80.1±5.1 <0.001
BCF (1:1,000) 4 85.2±5.0 <0.001

* PMNincubated 30 min at 37°C in 1:500 dilution of BCF
then washed twice in HBSS.
t Added to BCFpretreated cells 45 min after removal of BCF.
§ Mean percent±+SEM remaining attached to serum-treated
surface in slide chamber.

II Compared with control.

not an effect secondary to factors released from PMN.
The percentage of cells exhibiting the bipolar shape
was consistently high for each CF and did not show
much variation among donors or from day to day in the
same donor. This consistency is in contrast to ex-
perience with the Boyden chemotaxis assay and the
assessments of migration rates in neutrophils (3, 15).

The development of a polarized shape does not seem
to depend upon contact of cells with a surface or with
other cells. This idea is supported by the following
observations: (a) the technique for assessing the cell
shape allowed for fixation of cells while in suspension;
(b) the quick response minimized the opportunity for
contact with the sides of the centrifuge tubes; (c) the
response was observed in viable cells in slide chambers
before the cells settled onto the glass surface, and when
cells were in CMf HBSS and allowed to settle onto
serum-coated glass (a condition which markedly re-
duced sticking of cells contacting the glass); and (d)
cell aggregation (16, 17) seems an unlikely cause of the
shape change because we did not find aggregation
under the conditions of our experiments.

Factors affecting cellular adhesiveness. Our data
are consistent with the observations that the pretreat-
ment of glass with albumin or serum reduces attach-
ment of neutrophils to the treated surface (18). Though
the chemical basis for this effect is yet to be determined,
we used the phenomenon to provide a controlled level
of attachment of neutrophils to a surface. Thus, we did
not apply a controlled force to detach the cells, and we
could use a slide chamber for direct observation of the
cells contacting the surface. This technique allowed
confirmation of the conclusion made by others that the
exposure of neutrophils to activated plasma (19)
and f-Met peptides (17) increases their adhesiveness.
Furthermore, we were able to show that a chemo-
tactically active fraction of activated serum (C5a) as
well as BCF produced significant enhancement of ad-
hesiveness.

Adhesiveness and change in shape in response to a
CF could be dissociated by four experimental condi-
tions. (a) Adhesiveness to serum-treated glass was
affected by Mg++ levels in the medium; a finding con-
sistent with the reports of others (4, 20-23). The en-
hancement of adhesiveness induced by CF was not ob-
served in Mg++-deficient medium while the percentage
of bipolar forms was unchanged. Replacement of Ca++
in the CMfHBSShad no effect on levels of attachment
or percent bipolar cells. (b) Cells treated with 5 ,ug/ml
cytochalasin B appeared spherical with phase-contrast
optics and have shown very few cytoplasmic projec-
tions when examined under scanning (11) and trans-
mission electron microscopy (24). Their adhesiveness,
however, and the degree of enhanced adhesiveness
after exposure to CF, was the same as cells in HBSSand
cells exposed to low concentrations of DMSO. (c)
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Adhesiveness remained high in neutrophils pretreated
with C5a, f-Met-Phe, and ZAS at 45 min after removal
of the cytotaxin: a time when most cells had returned to
a spherical shape. (d) Exposure of neutrophils to 0.1
nM f-Met-Phe caused significant enhancement of ad-
herence to BSA-coated glass. This concentration of f-
Met-Phe was below that necessary to induce a detect-
able change in cell shape.

Chemotactic deactivation and cell motility. Expo-
sure of rabbit and human neutrophils to certain CF
results in chemotactic deactivation (25, 26) (i.e., an ap-
parent decrease in chemotactic responsiveness in the
Boyden assay). Deactivation seems to be nonspecific
as migration in response to factors other than the one
used to pretreat the cells is significantly reduced. In our
studies, human neutrophils were exposed to CF under
conditions intended to induce deactivation. Confirma-
tion of this phenomenon was obtained for C5a, f-Met-
Phe, and ZAS. Pretreatment of cells with BCFdid not
reduce the chemotactic response in Boyden assays, a
finding consistent with previous studies (26). With one
exception, deactivated neutrophils were able to change
shape in response to a second chemotactic stimulus.
The exception was with f-Met-Phe, which induced a
specific unresponsiveness to restimulation with f-Met-
Phe. This observation seems to be consistent with those
of Hatch et al. (27) and with the concept of a cell-asso-
ciated receptor for f-Met peptides (28, 29). However,
neutrophils pretreated with f-Met-Phe were quite
responsive to the other CF. If the change in cell shape
is a result of stimulation by a CF, then it seems that
deactivated cells show reduced translocation, but have
not lost the ability to sense a chemotactic stimulus. A
reduced sensitivity to the stimulus was not obvious
because the percentage of cells showing a change in
cellular configuration after addition of a CF was not
reduced by the deactivation step. In this regard, Goetzl
and Austen (30) demonstrated normal stimulation of the
hexose monophosphate shunt in deactivated PMNon
re-exposure of CF (C5a or kallikrein), although the
migration of the cells in a chemotactic gradient was
reduced.

In contrast to the results concerning changes in cell
shape, the enhanced adhesiveness induced by pre-
incubation in C5a, ZAS, and f-Met-Phe did not dimin-
ish toward control levels after removal of the stimulus
and was not altered by a second exposure to a CF. Thus,
the conditions which produce deactivation also result
in sustained enhanced adhesiveness. Pretreatment
with BCF did not produce a sustained effect on cell
attachment, nor did it produce deactivation. The non-
specific characteristics of chemotactic deactivation
(cross-deactivation and decreased translocation in the
absence of a chemotactic gradient) may therefore be
causally linked to the sustained enhancement of ad-
herence. An association of increased resistance to

detachment and decreased migration has been ob-
served in certain tissue cells (5, 6) and in macrophages
exposed to lymphokines (31).

Several other observations indicate that alterations in
neutrophil migration are associated with alterations in
the cell-substratum interaction. (a) Albumin has a
chemokinetic effect in the Boyden assay (32) and has
been found by many investigators to be important in
obtaining an effective chemotactic response. Albumin
decreases neutrophil adherence to glass. (b) Deficiency
of Mg++ in the culture medium significantly reduces
PMNmigration in the Boyden assay (13, 33) and ad-
hesiveness to protein-coated glass (4, 20-23). Neither
effect is corrected by addition of extra Ca++. (c) Certain
drugs which effect increases in intracellular cyclic
AMPdecrease PMNmigration (1) and adherence to
glass (34). (d) Exposure of the micropore filters to solu-
tions of casein increases PMNmigration in the Boyden
assay (35). This effect is apparently a result of casein
bound to the filter. Thus, it seems that interpretations
of PMNmigration in the Boyden assay must include
consideration of the cell-substratum interaction.

Studies in vitro, such as the ones discussed above,
indicate that CF influence neutrophil mobility in
several ways depending upon the concentration of the
factor and the mode of presentation to the cell. There
may simply be a change in cellular shape not requiring
attachment to a substratum or an enhancement of trans-
location expressed either as a polarized, but randomly
directed, locomotion or as a directed migration in a
gradient. There may be reduced migration via the
mechanisms of deactivation. These mechanisms are
unclear at present but, as indicated by our results,
probably involve both saturation of receptor sites (e.g.,
as with f-Met peptides) and nonspecific changes in the
mechanisms of cellular locomotion. Furthermore,
neutrophils exhibit enhanced adhesiveness on ex-
posure to CF under conditions which result in chemo-
kinesis and in deactivation. This effect, if it occurs in
vivo, may influence margination. Whether CFenhance
cellular adherence to a substratum when presented to
the cell in a gradient remains to be tested. This pos-
sibility seems quite likely and may be a part of the
mechanism of orientation in a gradient (1).
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