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The effect of the migration of bovine blood polymorphonuclear leukocytes (PMNs) in vitro on their
phagocytic activity was studied. PMNs were examined before and after migration through various membranes
for (i) rosette forihation with sensitized sheep erythrocytes to detect Fc receptors (FcRs), (ii) phagocytic activity
mediated through FcRs with opsonized staphylococci (Smith strain), and (iii) phagocytic activity mediated
through nonimmunological receptors with unopsonized staphylococci (strain 305). Migration of PMNs was
observed from the upper to the lower compartment of the blind well chanmber through Millipore and Nuclepore
membranes; through Millipore, Nuclepore, and nylon membranes coated with collagen; and through
collagen-coated Millipore, Nuclepore, and nylon membranes overlaid with MA-104, BHK-21, MDBK-99, TB,
orFBHE cells. Random migration of PMNs toward the plain medium (the same medium in the upper and lower
compartments) through the membranes with and without a monolayer of cells increased the percentage of
PMNs forming rosettes. In contrast, migration toward the medium containing lipopolysaccharide (LPS),
formyl-L-methionyl-L-leucyl-L-phenylalanine (FMLP), or zymosaii-activated serum (Act. serum) did not
change the percentage of PMNs forniing rosettes. The increased percentage of PMNs forming rosettes was
associated with the enhanced phagocytosis of opsonized staphylococci (mediated by FcRs). It contrast,
migration of PMNs toward LPS, FMLP, or Act. serum did not enhance phagocytosis mediated through FcRs.
However, PMNs after migration toward LPS, FMLP, Act. serum, and plain medium enhanced phagocytosis
of unopsonized staphylococci (mediated through the nonimmunological receptors).

Polymorphonuclear leukocytes (PMNs) are short-lived,
end-stage leukocytes that usually do not persist in the
circulation for more than a few days; they constantly leave
the blood vessels in small numbers and migrate into various
tissues. During infection, a larger number of them migrate
into inflammatory sites, where they provide the first line of
phagocytic defense against many microbes. The migration of
PMNs through membranes coated with a gelatin and a cell
monolayer may mimic the mnigration of PMNs through the
capillary wall (12). PMNs migrate through the gelatin-coated
membrane with an endothelial cell monolayer or through the
endothelial cell monolayer on the cover slip without any
damage to the monolayer (2). In vitro, they migrate through
the intercellular junction. PMNs respond to the chemotactic
factors with a massive migration through the membrane with
the cell monolayer (7, 12).
The purpose of this study was to determine the effect of

migration of PMNs in vitro on their phagocytic activity, with
special reference to phagocytosis mediated by Fc receptors
(FcRs) and by nonimmunological receptors.

MATERIALS AND METHODS
Separation of PMNs. PMNs were separated from bovine

blood, which was collected into syringes containing
acid-citrate-dextrose solution as the anticoagulant. The blood
was diluted with 2 volumes of phosphate-buffered saline
(PBS) and overlaid on a Ficoll-hypaque gradient (density,
1.077 g/ml). The pelleted erythrocytes and PMNs were
washed once in PBS, and then the erythrocytes were lysed by
hypo-osmotic shock (distilled water). Isotonicity was
restored after 30 s by adding one-third volume of 2.7% saline.

* Corresponding author.

The PMNs were subsequently pelleted by centrifugation at
100 x g for 5 min, washed twice in PBS, suspended in Eagle
minimum essential medium, and enumerated.

Cell cultures. The MDBK cell line (ATCC CCL 22),
derived from a bovine kidney (free of bovine diarrhea virus
infection), was cultured in Ham's F-10 medium with 10%
inactivated fetal calf serum (FCS) and 0.1% gentamicin
sulfate.
The BHK-21 cell line, derived from a hamster kidney

(kindly supplied by E. Pirtle, National Animal Disease
Center, Ames, Iowa), was cultured in F-15 with 10% FCS,
0.25% lactalbumin hydrolysate, and 0.1% gentamicin sul-
fate.
The BT cell line (ATCC CRL 1390), derived from a bovine

turbinate, was cultured in F-15 with 10% FCS, 0.25%
lactalbumin hydrolysate, and 0.1% gentamicin sulfate.
The FBHE cell line (ATCC CRL 1395), derived from a

bovine heart endothelium, was cultured in Dulbecco medium
with 15% FCS, 100 to 200 mg of fibroblast growth factor per
ml, and 0.1% gentamicin sulfate.
The MA-104 cell line, derived from a monkey kidney

(kindly supplied by G. Woode, Department of Veterinary
Microbiology, Iowa State University, Ames), was cultured
in F-15 medium with 10% FCS and 0.1% gentamicin sulfate.
Monolayers on the membranes. Uncoated Millipore (Milli-

pore Corp., Bedford, Mass.) and Nuclepore (Nuclepore
Corp., Pleasanton, Calif.) membranes (3-,um pore size and
13-mm diameter), Millipore and Nuclepore membranes
coated with 1% collagen (Ethion, Inc., Sommerville, N.Y.),
and nylon cloth membrane (HC-103 Nitex; Tetko, Inc.,
Elmsford, N.Y.) (8) coated with collagen were sterilized
with ethylene oxide. Membranes coated with collagen were
placed into a 60-mm-wide cell culture dish (Coming Glass
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FIG. 1. (A) MA-104 cell monolayer on nylon membrane coated with collagen. (B) PMNs on MA-104 cell monolayer on nylon membrane
coated with collagen.

Works, Coming, N.Y.), and a suspension of cells (107) in 200
,ul of the corresponding medium was distributed over the
surface of each membrane. The culture on the membranes
was incubated for 2 h to allow for attachment of the cells at
37°C in air containing a 5% CO2 atmosphere with constant
humidity. Subsequently, 5 ml of the same medium was
added, and the culture was incubated for 24 h. All mem-
branes were thoroughly examined with an inverted micro-
scope for confluence. Only membranes with a confluent
monolayer were used in the migration study (Fig. 1A). These
membranes were thoroughly washed in the medium without
FCS prior to the migration procedure.

Migration of PMNs in the chamber. Collagen-coated nylon
membranes which has a confluent monolayer of cells were
placed in the blind well chambers (Neuro Probe, Inc.,
Bethesda, Md.). For some experiments in this study, un-
coated Millipore and Nuclepore membranes, collagen-
coated Millipore and Nuclepore membranes, and collagen-
coated Millipore and Nuclepore membranes with a confluent
monolayer of cells were also used. The lower compartment
of the chamber was filled with 200 pul of pyrogen-free RPMI
1640 (GIBCO, Grand Island, N.Y.) or RPMI medium con-
taining 0.1 p.g of Salmonella abortus subsp. equi lipopoly-
saccharide (LPS) (Difco Laboratories, Detroit, Mich.), 10-8
M formyl-L-methionyl-L-leucyl-L-phenylalanine (FMLP);
Sigma Chemical Co., St. Louis, Mo.), or a 1:20 dilution of
zymosan-activated serum (Act. serum; kindly supplied by
M. Kehrli from National Animal Disease Center, Ames,
Iowa). The activated serum was chemotactic at a dilution of
1:20. In contrast, LPS and FMLP are not chemotactic for
bovine PMNs. A suspension at 106 PMNs in 200 pul of
medium was added into each upper compartment of the blind
well chamber (Fig. 1B). The triplicate chamber system was
used because the number of PMNs collected from a single
upper or lower compartment was not enough to perform
rosette formation and phagocytic assays.
The chambers were placed at 37°C in air containing a 5%

CO2 atmosphere with constant humidity for 3 h. For some
experiments, the chambers were incubated for 1, 2, 3, or 4 h.
Subsequently, PMNs were collected from the upper and
lower compartments to determine the percentage of PMNs
bearing FcRs and to observe their phagocytic activities.

Detection of FcRs on PMNs. Sensitized sheep erythrocytes
(EA) were used as indicator cells when determining the
number of PMNs bearing FcRs. Sheep erythrocytes were
washed three times with PBS. A 10% suspension of eryth-
rocytes was mixed with a subagglutinating dose of immuno-

globulin G fraction of rabbit anti-erythrocyte serum (Cordis
Laboratories, Miami, Fla.). Rabbit immunoglobulin G ex-
presses the widest spectrum of cross-reactivity with FcRs on
heterologous leukocytes (6). The erythrocyte suspension at a
concentration of 2% (vol/vol) was then incubated at 37°C for
45 min; the sensitized erythrocytes were subsequently
washed three times with PBS and suspended in PBS to a final
concentration of 0.5% (vol/vol) (11).

Control PMNs, incubated in test tubes with or without an
MA-104 cell monolayer and with or without LPS or FMLP
for 3 h before, were distributed into two sets of wells
(triplicate). PMNs from the upper chamber and from the
lower chamber after migration were distributed in the same
manner. PMNs at a concentration of 106 cells/ml (50 plI) were
mixed with 50 Ri of EA (set 1) or sheep erythrocytes (set 2)
and centrifuged at 500 x g for 5 min. The pelleted cells were
incubated at 4°C for 1 h and then gently suspended. The
number of rosette-forming cells (3 or more eruthrocytes per
PMN) per 100 PMNs was determined microscopically.

Phagocytosis by PMNs. Suspensions of control PMNs,
PMNs from the upper chamber, and PMNs from the lower
chamber after migration at a cell concentration of 106 cells
per ml were distributed into two sets of wells of the
microculture plate. Triplicate (3-well) cultures of 5 x 104
PMNs in 50 pI of medium were established. To demonstrate
the phagocytosis mediated by FcRs on PMNs (set 1), 50 pI of
suspension (107/ml) of heat-killed Staphylococcus aureus
(opsonized with inactivated bovine antistaphylococcal se-
rum at a dilution of 1:10) was added to each well. This strain
of S. aureus (Smith strain, ATCC 13709) has an anti-
phagocytic capsule, causing phagocytosis to be minimal
without opsonization. To demonstrate phagocytosis medi-
ated by nonimmunological receptors on PMNs (set 2), 50 ptl
of suspension (107/ml) of heat-killed unopsonized S. aureus
(strain 305, ATCC 29740) was added. The microculture plate
was centrifuged at 500 x g for 5 mnin and incubated for 30 min
at 37°C. Thereafter, 32 IU of lysostaphin (Sigma) were added
to each well, and the mixture was incubated at 37°C for 30
min to lyse extracellular staphylococci. The cultures were
then washed, and smears were prepared by using a
cytocentrifuge (Cytospin; Shandon Institute, Cincinnati,
OH) and were stained with Stat-stain (Volu-Sol; Medical
Industries, Inc., Las Vegas, Nev.). The percentage ofPMNs
with phagocytized bacteria was calculated from observa-
tions of 100 cells, and the number of phagocytized bacteria
per 100 cells was counted (10).

Statistical analysis. Experimental results were expressed
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800 TARGOWSKI AND NIEMIALTOWSKI

TABLE 1. Effect of time of PMN migration from upper to lower compartment on the number of PMNs and their EA rosette-forming
ability and phagocytosisa

Phagocytosis via:

Time of % PMNs % EA FcRs Nonimmunological receptors
migration migrating to rosetteNoofo.fnhigrationlower frmatit Phagocytic bacteNoa.0ohayi Noc(h) ~~~compartment formationc phagocytized Phagocytic phagocyizedio

PMNs PMNs ~PMNs PMNs

1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
2 19 ± 4b 30 ± 4 48 ± 4 221 ± 18 8 ± 2 49 ± 8
3 38 ± 3 39 ± 3 68 ± 15 398 ± 26 15 ± 3 84 ± 12
4 37 ± 3 37 ± 5 65 ± 9 365 ± 32 17 ± 2 70 ± 12
Controlc 12 ± 2 25 ± 3 88 ± 9 5 ± 1 34 ± 6

a Each result is the mean ± SD of five experiments.
b PMNs migrated through a BT-cell monolayer in the experiment.
c PMNs were incubated in the test tubes for 3 h.

as the mean ± the standard deviation (SD). The significance
was evaluated by the Student t test.

RESULTS
Percentage of PMNs bearing FcRs. Table 1 shows the

percentage of PMNs migrating into the lower compartment
and their ability to form EA rosettes. Approximately 30% of
the PMNs were collected from the upper compartment, and
the remaining PMNs were probably attached to the mem-
brane. The number of PMNs collected from the lower
chamber containing plain medium or medium with LPS,
FMLP, or Act. serum was approximately the same.
The percentages of EA rosette formation with control

PMNs incubated in plastic test tubes (Table 2), control
PMNs before incubation, and PMNs from the upper com-
partments (Fig. 2) were approximately the same. In contrast,
PMNs from the lower compartment formed significantly
more (P < 0.01) EA rosettes. PMNs after migration through
uncoated Millipore and Nuclepore membranes and collagen-
coated Millipore, Nuclepore, and nylon membranes formed
less EA rosettes than PMNs after migration through colla-

gen-coated membranes with a BHK-21 cell monolayer (Fig.
3). After migration through the nylon membrane coated with
collagen and MA-104 cells into RPMI, PMNs formed signif-
icantly more (P < 0.01) EA rosettes than after migration into
the same medium containing FMLP, LPS, or Act. serum

(Fig. 2). EA rosette formation by PMNs which migrated
through the monolayer of a BHK-21, MDBK-99, BT, or

FBHE cell line was 41 ± 3, 36 ± 2, 34 ± 2, or 44 ± 3%,

respectively. Migration of PMNs through the membrane
coated with collagen and a monolayer of cells did not
influence their sheep erythrocyte rosette formation.

Phagocytosis mediated by VcRs. The percentage of PMNs
(from the lower compartment after migration into RPMI
medium) phagocytizing the opsonized staphylococci and the
number of phagocytized staphylococci (phagocytic activity)
were significantly (P < 0.01) greater than phagocytic activity
of PMNs from the upper compartment or the test tubes
(Table 2). Interestingly, a small difference was observed in
the phagocytic activity of PMNs from the upper and lower
compartments after migration into the medium containing
LPS, FMLP, or Act. serum (Fig. 4 and 5). The number of
PMNs phagocytizing unopsonized staphylococci (Smith
strain) was less than 1%. Similar results were obtained after
migration of PMNs through the collagen-coated membranes
overlaid with BHK-21, MDBK, BT, or FBHE cells.

Phagocytosis mediated by nonimmunological receptors. Af-
ter migration into a plain medium and medium containing
LPS, FMLP, or Act. serum, the phagocytic activity of
PMNs from the lower compartment was significantly greater
(P < 0.01) than that of PMNs collected from the upper
compartment or the test tubes (Fig. 6 and 7 and Table 2). A
similar observation was made with PMNs after migration
through the monolayer of BHK-21, MDBK, BT, or FBHE
cell line.

DISCUSSION
After migration into RPMI medium through the collagen-

coated membranes with a cell monolayer, blood PMNs

TABLE 2. Effect of PMN incubation with a cell monolayer, LPS, or FMLP on the EA rosette-forming ability and phagocytosis
of PMNsa

Phagocytosis via:

% EA FcRs Nonimmunological receptors

with: rosette No. of No. offormation P phagocytized PhagocyticedPhagocytic bacterial100 PMNscti baMNsa10PMNs PMNsPMsMN

Nothing added 13 ± 2 27 ± 4 89 ± 10 10 ±+1 42 ± 4
0.1 jig of LPS/ml 12 ± 3 ND ND ND ND
10-8 M FMLP 12 ± 4 ND ND ND ND
Monolayer 11±1 24±4 78±8 7±2 34±5
Monolayer and LPS 9 ± 1 23 ± 2 64 ± 8 5 2 32 ± 4
Monolayer and FMLP 10 ± 1 22 ± 4 76 ± 10 7 1 42 + 6

a Each result is the mean ± SD of five experiments. ND, Not done.
b PMNs were incubated in test tubes for 3 h.
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FIG. 2. Mean percentage (five independent experiments) + SD
of EA rosette formation by PMNs. PMNs migrated to the lower
compartment through a nylon membrane coated with collagen and a
MA-104 cell monolayer.

possessed more leukocytes bearing FcRs than before migra-
tion. The increased number of PMNs bearing FcRs was not
due to the selective migration of leukocytes bearing FcRs
from the upper compartment, because a calculation indi-
cated that more PMNs bearing FcRs were in the lower
compartment than their total number in the upper compart-
ment before migration. Migration of PMNs through the
uncoated membranes or membranes coated with collagen
did not significantly (P > 0.05) increase the population of
cells bearing FcRs, whereas migration through the collagen-
coated membrane with a cell monolayer significantly in-
creased (P < 0.01) their population. Therefore, the interac-
tion of PMNs with the cell monolayer during migration was
the critical element in increasing the population of leuko-
cytes bearing FcRs after migration. During migration
through the conjunctions between cells of the monolayer and
collagen layer, various enzymes had to be released. A small
amount of collagenase and elastase is released from primary
granules in vivo during diapedesis, which may facilitate
PMNs penetration into tissues (5). The release of enzymes
from granules might be associated with the enriched number
of FcRs on the surface of the plasma membrane. The

CONTROL RPMI UFS ACT. SERUM FMLP

SOURCE OF PMNs

FIG. 4. Mean percentage (five independent experiments) ± SD
of phagocytizing PMNs mediated by FcRs. PMNs migrated to the
lower compartment through a nylon membrane coated with collagen
and a MA-104 cell monolayer.

membranes from granules, which presumably possessed
FcRs, might be incorporated into the plasma membrane.
Therefore, the number of FcRs on the surface PMNs might
be enriched after migration. Alternatively, the appearance of
FcRs on the surface of PMNs after migration might be
associated with the process of their activation or maturation.
A significantly greater (P < 0.01) percentage of PMNs

bearing FcRs was observed after migration into the plain
medium than after migration into the medium containing
LPS, FMLP, or Act. serum. This observation might suggest
that the interaction of PMNs with the cell monolayer caused
the appearance of FcRs, whereas the presence of LPS,
FMLP, or Act. serum in the medium inhibited this process.
The present study was designed neither to investigate the
mechanism of the appearance of FcRs on PMNs after
migration nor to investigate its inhibition.
An association between the increased percentage of

PMNs bearing FcRs and the increased phagocytosis of
opsonized staphylococci through FcRs was observed. PMNs
from the upper compartment and PMNs incubated in the test
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FIG. 3. Mean percentage (five independent experiments) + SD
of EA rosette formation by PMNs after migration to the lower
compartment. The collagen-coated membranes were overlaid with
BHK-21 cells.
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FIG. 5. Mean number (five independent experiments) + SD of
phagocytized staphylococci (Smith strain) mediated by FcRs. PMNs
migrated to the lower compartment through a nylon membrane
coated with collagen and a MA-104 cell monolayer.
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tubes (Table 2) possessed less leukocytes bearing FcRs, and
their phagocytic activity was also significantly less (P <
0.01) than that of PMNs collected from the lower compart-
ment after their migration into the plain medium (Fig. 4 and
5). Migration into medium containing LPS, FMLP, or Act.
serum did not alter the percentage of PMNs bearing FcRs
(Fig. 3) or the PMN phagocytic activity mediated by FcRs
(Fig. 4 and 5).

In contrast, PMNs after migration into the plain medium
and medium containing LPS, FMLP, or Act. serum phago-
cytized significantly more (P < 0.01) unopsonized staphylo-
cocci of strain 305 (phagocytosis through the nonim-
munological receptors) than PMNs from the upper chamber
and PMNs incubated in the test tubes (Fig. 6 and 7 and Table
2). This observation indicated that LPS, FMLP, or Act.
serum in conjunction with migration strongly activated the
phagocytic functions of PMNs. Thus, migration into the
medium containing LPS, FMLP, or Act. serum markedly
increased phagocytic activity of PMNs mediated by nonim-
munological receptors but not by FcRs. Interaction ofPMNs
with these factors may cause the preferential release of the
secondary granule contents (5) and the incorporation of their
membranes into the plasma membrane (1). This incorpora-
tion enriches the number of surface receptors for FMLP and
C3b (4, 9). Our results suggested that the interaction of
PMNs with monolayer cells and LPS, FMLP, or Act. serum
during migration might enrich the number of immunological
receptors on the membrane surface, causing the enhanced
phagocytosis of unopsonized staphylococci of strain 305.

In conclusion, blood PMNs acquired FcRs during migra-
tion into the plain medium, and this medium increased their
phagocytic activity mediated by FcRs, whereas migration
into medium containing LPS, FMLP, or Act. serum in-
creased PMN phagocytic activity mediated by immunologi-
cal receptors. In vivo migration of blood PMNs into the site
of infection containing chemotactic and activating agents
may also increase their phagocytic activity mediated through
immunological receptors. The inhibition of the appearance
of FcRs after migration toward the site of infection may
prevent the potentiation of severity of inflammation because
FcR-mediated phagocytosis (opsonized microbes and solu-
ble immune complexes) promotes the release of large

zDUPPER
CHAMBER

l " _ LOWERso"a CHAMBER

40

*20

0-
CONTROL RPMI LPS ACT. SERUM FMLP

SOURCE OF PMN&
FIG. 6. Mean percentage (five independent experiments) + SD

of phagocytizing PMNs mediated by immunologically nonspecific
receptors. PMNs migrated to the lower compartment through a
nylon membrane coated with collagen and a MA-104 cell monolayer.
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FIG. 7. Mean number (five independent experiments) ± SD
phagocytized staphylococci (strain 305) mediated by immunologi-
cally nonspecific receptors. PMNs migrated to the lower compart-
ment through a nylon membrane coated with collagen and a MA-104
cell monolayer.

amounts of oxygen metabolites and arachidonic acid metab-
olites into the tissue, which in turn aggravates the inflamma-
tion (13).
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