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relevant to the level of activation that can be achieved by
treating these cells with various stimulants. Therefore, the
basal activation state of PMN isolated from mice is of the
utmost importance when designing and evaluating experiments. Unfortunately, the activation states of different types of
murine PMN have not been compared fully.
Some important differences between human and murine
neutrophils have been established. Recently, we have demonstrated that the NADPH-oxidase activation of murine peripheral blood neutrophils differs from that of human neutrophils
in that agonist-induced activation of murine neutrophils results
exclusively in extracellular release of reactive oxygen species
(ROS), and activators of intracellular ROS production in human neutrophils do not activate the murine oxidase (9). Furthermore, the most commonly used agonist for human neutrophil NADPH-oxidase activation, the formylated tripeptide
formyl-methionyl-leucyl-phenylalanine (fMLF), is a much less
potent activator of the murine receptor analogue, although
priming of cells to this agonist can be easily accomplished with
either bacterial lipopolysaccharide or cytochalasin B (9). It has
also been shown that although morphologically mature neutrophils can be identified in human bone marrow, they are in a
functionally immature state (11), whereas murine bone marrow contains a large reservoir of functionally competent neutrophils (5).
In this study, we investigated the activation in response to
several stimuli of murine NADPH-oxidase activity, complement receptor 3 surface expression, and the chemotaxis of

Biomedical research today is largely dependent on animal
models for elucidating mechanisms of and treatment strategies
for human diseases, not least due to the possibility of creating
genetically modified animals. However, there is increasing
awareness that animal models have certain limitations in terms
of mirroring human physiology and pathology.
Studies of polymorphonuclear leukocytes (PMN) have been
performed using mice as models for human diseases, such as
autoimmune glomerular basement membrane disease (12, 32),
bullous pemphigoid (30), chronic granulomatous disease (26),
and myeloperoxidase deficiency (1), as well as for biochemical
characterization of neutrophil functions (15). However, the
number of PMN that can be obtained from murine blood is
very limited. Consequently, many researchers use bone marrow or peritoneal exudate preparations to study PMN in mice
(18, 22, 31, 37). In humans, the corresponding PMN populations are distinctively different in terms of activation status,
since bone marrow PMN are in part immature (11) and circulating cells are primarily resting cells, while exudated PMN
have been exposed to several activating factors, such as proinflammatory cytokines, during extravasation and thus exist in a
primed state (17, 24). These different basal states are highly

* Corresponding author. Mailing address: Department of Preventive
Veterinary Medicine and Animal Health, Nihon University School of
Veterinary Medicine, Nihon University, 1866 Kameino, Fujisawa, Kanagawa 252-8510, Japan. Phone: 81-466-84-3375. Fax: 81-466-84-3380.
E-mail: takuya@brs.nihon-u.ac.jp.
575

Downloaded from http://cvi.asm.org/ on May 14, 2021 by guest

To study different activation states in polymorphonuclear leukocytes (PMN) in mice, we compared the
function of murine PMN obtained from the bone marrow (BMPMN) with those of PMN obtained by intraperitoneal induction with thioglycolate (TGPMN) or uric acid (UAPMN). When stimulated with chemotactic
peptides, e.g., formyl-methionyl-leucyl-phenylalanine (fMLF), WKYMVM, or WKYMVm, the TGPMN and
UAPMN showed greatly enhanced generation of reactive oxygen species (ROS) compared with BMPMN, which
suggests that exudation to the peritoneum per se induces a primed state in the cells. The WKYMVm peptide
was the most potent stimulant of ROS generation, and it desensitized for subsequent stimulation with fMLF
or WKYMVM. This desensitization was broken by the addition of cytochalasin B. The TGPMN and UAPMN
appeared to be fully primed, since no increase in response was induced by pretreatment with tumor necrosis
factor ␣ (TNF-␣). In contrast, the BMPMN response was increased 2.5- to 3-fold. The differences in oxidative
responses were supported by degranulation studies. Preincubation with TNF-␣ promoted CR3 expression on
BMPMN, and this level of expression was also enhanced by WKYMVm. In contrast, CR3 expression on
untreated TGPMN and UAPMN was already similar to that on TNF-␣-primed BMPMN and could be only
slightly enhanced by TNF-␣ treatment. Taken together, these results indicate that BMPMN are in a resting
state and have the capacity to become primed, while peritoneal exudate PMN are already fully primed upon
isolation. These results have major implications for murine neutrophil research and show the importance of
defining which PMN subsets to use when investigating murine models.
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TABLE 1. Total cell numbers and PMN purities of cell preparations obtained from peritoneal cavity and bone marrow
Value for indicated cell typea
Peritoneal exudate

Bone marrow

Parameter
TGPMN

Total cell no. (107 cells/mouse)
PMN purity (%)
a

UAPMN

4h

18 h

4h

24 h

1.16 ⫾ 0.38
88.0 ⫾ 3.1

2.33 ⫾ 0.62
64.7 ⫾ 3.7

0.91 ⫾ 0.20
94.8 ⫾ 1.9

2.15 ⫾ 0.57
78.4 ⫾ 5.3

Nonisolated

Percoll isolated

4.65 ⫾ 0.65
50.5 ⫾ 4.3

0.97 ⫾ 0.31
87.0 ⫾ 3.2

Means ⫾ SD (n, 6 to 11).

MATERIALS AND METHODS
Materials. Percoll and density marker beads were obtained from Amersham
Pharmacia (Uppsala, Sweden). May-Grünwald and Giemsa solutions were from
HISTOLAB (Göteborg, Sweden). Thioglycolate medium was from Becton Dickinson (Sparks, MD). The hexapeptides Trp-Lys-Tyr-Met-Val-D-Met-NH2
(WKYMVm) and Trp-Lys-Tyr-Met-Val-L-Met-NH2 (WKYMVM) were synthesized and high-pressure liquid chromatography-purified by Alta Bioscience (University of Birmingham, United Kingdom). The peptides were dissolved in dimethyl sulfoxide to 10 mM and stored at ⫺70°C prior to use. Subsequent
dilutions were made in Krebs-Ringer phosphate buffer (KRG; pH 7.3), containing glucose (10 mM), Ca2⫹ (1 mM), and Mg2⫹ (1.5 mM). Nuclease-resistant
phosphorothioate oligodeoxynucleotides (S-ODNs) were synthesized by Scandinavian Gene Synthesis AB (Köping, Sweden). The nucleotide sequences of ODN
0499 and ODN 0399 are 5⬘-TCCATGACGTTCCTGATGCT-3⬘ and 5⬘-TCCA
TGAGCTTCCTGATGCT-3⬘, respectively. These sequences were selected because they are potent proinflammatory and arthritogenic ODNs in mice (4).
Cytochalasin B, formylmethionyl-leucyl-phenylalanine (fMLF), luminol, phorbol
myristate acetate (PMA), and uric acid were purchased from Sigma Chemical
Co. (St. Louis, MO). Recombinant murine tumor necrosis factor alpha (TNF-␣)
was from R&D Systems Europe Ltd. (Abingdon, Oxon, United Kingdom).
Horseradish peroxidase (HRP) was from Boehringer Mannheim (Mannheim,
Germany). Fluorescein isothiocyanate (FITC)-conjugated anti-mouse CD11b
(complement receptor 3) antibody (clone M1/70) and isotype-matched control
antibody (clone A95-1) were from BD Pharmingen (San Diego, CA). All other
chemicals were commercial products of reagent grade.
Animals. Female C57BL/6 mice were purchased from B&K Universal AB
(Stockholm, Sweden) and were housed in the animal facility of the Department
of Rheumatology and Inflammation Research, University of Göteborg (Sweden), under standard conditions. Mice of between 6 and 10 weeks of age were
used in all of the experiments. The studies were approved by the Ethical Committee for Animal Experimentation, Göteborg, Sweden.
Preparation of peritoneal exudate PMN. Inflammation was induced by injecting 1 ml of 3% thioglycolate broth (BD) or 0.1 ml of uric acid solution into the
peritoneal cavity of the mouse. The uric acid solution (noncrystalline form) was
prepared by mixing with saline (10% [wt/vol]) and sonicated for 10 min. Immediately before inoculation, the milky white precipitated uric acid solution was
shaken vigorously. Peritoneal exudate cells were harvested 4, 18, or 24 h after
injection by two lavages of the peritoneal cavity with 5 ml of cold phosphatebuffered saline (PBS; total volume, 10 ml). Thioglycolate- and uric acid-induced
peritoneal cells (TGPMN and UAPMN, respectively) were then washed by
centrifugation at 200 ⫻ g for 10 min at 4°C, and hypotonic lysis was performed
to eliminate red blood cells, regardless the presence of a red pellet. After
centrifugation and an additional wash, the cells were resuspended in KRG. The
numbers and populations of peritoneal exudate cells were determined by staining
the nuclei with Türk reagent and by cytospin centrifugation followed by MayGrünwald-Giemsa staining, respectively. TG injection into the peritoneal cavity
gave a yield of 1 to 2 ⫻ 107 cells/mouse depending on time of incubation (4 or

18 h) (Table 1). The purity of the thioglycolate-induced PMN was 88% 4 h
postinjection and 65% after 18 h (Table 1). For uric acid-induced extravasation
to the peritoneum, similar yields were achieved. The levels of purity of the uric
acid-induced PMN were 95% and 78%, after 4 h and 24 h, respectively. The
remaining cell population was composed of mononuclear cells. Due to their
higher levels of purity, peritoneal exudate cells (TGPMN and UAPMN)
collected 4 h postinjection were used in the following experiments. The levels
of viability of both PMN populations were confirmed as being ⬎95% by
trypan blue exclusion.
Preparation of bone marrow PMN. Mice were killed by cervical dislocation,
the femurs, tibias, and ilia from both hind limbs were removed and freed of soft
tissue attachments, and the extreme distal tip of each extremity was cut off. PBS
was forced through the bone by using a 1-ml syringe with a 27-gauge needle.
After dispersing cell clumps and removing the debris, the bone marrow cells
(BMC) were centrifuged at 200 ⫻ g for 10 min at 4°C, and the pellet was
resuspended in PBS or KRG without Ca2⫹ and Mg2⫹ [KRG(⫺)]. Bone marrow
PMN (BMPMN) were isolated according to the procedure described in reference 37 with some modifications. Briefly, BMC suspended in 2 ml of KRG(⫺)
were laid on top of a three-layer Percoll gradient prepared in 15-ml polystyrene
tubing by layering 2 ml each of 1.095, 1.085, and 1.070 g/ml Percoll solutions. The
density of each Percoll solution was verified using density marker beads. After
centrifugation at 500 ⫻ g for 30 min at 4°C in a swinging bucket rotor, the lowest
band (1.085/1.095 g/ml interface) and the upper part of the 1.095 g/ml layer were
collected as the PMN fraction. After washing with KRG(⫺), remaining red blood
cells were eliminated by hypotonic lysis. After a final wash with KRG(⫺), the
BMPMN were resuspended in KRG. The cell number and population of BMC
or BMPMN were determined as described for the isolation of peritoneal exudate
PMN. Before isolation, the BMC (total cell number of 4.7 ⫾ 0.7 ⫻ 107 cells/
mouse) contained around 50% PMN. Percoll density gradient fractionation
raised the fraction of morphologically mature (bands and segmented) PMN from
50% to 87%, and we obtained 1 ⫻ 107 BMPMN per mouse (Table 1). The level
of BMPMN viability was ⬎95%, as determined by vital staining.
Preparation of PMN adhesion slides. For photomicroscopy, noncoated threewell glass slides (Novakemi AB, Enskede, Sweden) were used. Cell suspension
(100 l containing 1 ⫻ 105 PMN) was placed in each well, and slides were
incubated for 30 min at 37°C in a humidified atmosphere. After incubation, the
cells were fixed 4% paraformaldehyde for 30 min at room temperature. The
slides were then washed with PBS and water and stained with May-GrünwaldGiemsa stain.
Measurement of NADPH-oxidase activity. NADPH-oxidase activity was determined using luminol and HRP-enhanced chemiluminescence (CL) systems
that allow for the determination of total (extracellularly released and intracellularly generated) ROS production (14). The CL activity was measured in a
six-channel Biolumat LB 9505 apparatus (Berthold Co., Wildbad, Germany),
using disposable 4-ml polypropylene tubes with a 400-l or 450-l reaction
mixture that contained 5 ⫻ 105 PMN. The tubes used for measuring total ROS
generation contained 2 U HRP (a cell-impermeable peroxidase) and 10 g/ml
luminol (a cell-permeable CL substrate). The tubes were equilibrated in the
Biolumat for 10 min at 37°C, after which time the stimulus (50 l) was added.
The light emission was recorded continuously.
When experiments were performed with the combination of a first stimulation
(WKYMVm) and a second stimulation (WKYMVm, WKYMVM, fMLF, or
cytochalasin B), the interval between the first and second stimulation was 5 min.
The PMN were primed with 100 ng/ml (final concentration) of TNF-␣ or KRG
(control) for an equilibration period of 30 min at 37°C, after which period the
cells were stimulated and ROS production was determined as described above.
Flow cytometric analysis. The degree of degranulation was determined as the
level of surface expression of CR3 on PMN before and after stimulation. PMN
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PMN obtained from bone marrow and peritoneal exudates
after thioglycolate or urea injection. We show that, similar to
human neutrophils, murine PMN can exist in more than one
preactivation state. For studies of NADPH-oxidase regulation
and degranulation, bone marrow cells appear to be the most
suitable, while uric acid administration provides PMN of
higher purity than those induced with thioglycolate, and these
cells are in a primed and highly responsive state.
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RESULTS
PMN adhesion to glass. We first studied the basal activation state of the different subsets of neutrophils (BMPMN,
TGPMN, and UAPMN) by simply allowing them to adhere to
glass. After a 30-min incubation at 37°C, the majority of the
BMPMN had not spread completely across the glass surface
and only a few were extending pseudopods (Fig. 1A). These
BMPMN were able to spread fully after PMA stimulation (Fig.
1B), which indicates that although they are capable of spreading, they exist in such an inert (resting) state that they need
additional stimulating signals to adhere properly. In contrast,
large proportions of the TGPMN and UAPMN populations
spread sufficiently on the glass surface and extended vast

FIG. 1. Adherence of PMN to noncoated glass surface. After 30
min of incubation at 37°C, the cells were fixed with 4% paraformaldehyde and stained with a May-Grünwald-Giemsa stain. (A) Untreated bone marrow PMN. (B) Bone marrow PMN stimulated with
PMA (5 ⫻ 10⫺7 M). (C) Untreated thioglycolate-induced peritoneal
PMN. (D) Untreated uric acid-induced peritoneal PMN. Bar ⫽ 20 m.

TABLE 2. Reactive oxygen species generation by different types
of PMN stimulated with various stimulantsa
Peak value of chemiluminescence (105 CPM) from:
Stimulant (concn)
TGPMN
⫺7

PMA (5 ⫻ 10 M)
WKYMVm (10⫺7 M)
WKYMVM (10⫺6 M)
fMLF (10⫺5 M)
ODN 0499 (10 M)
ODN 0399 (10 M)
Cytochalasin B
(5 g/ml)

2,262 ⫾ 715a
4,308 ⫾ 554a
3,799 ⫾ 900a
3,511 ⫾ 497a
78 ⫾ 32a
95 ⫾ 52a
134 ⫾ 22a

UAPMN

BMPMN

2,237 ⫾ 852a 1,748 ⫾ 789a
4,092 ⫾ 698a
762 ⫾ 199b**
3,810 ⫾ 547a
626 ⫾ 217b**
3,719 ⫾ 309a
493 ⫾ 139b**
90 ⫾ 27a
63 ⫾ 18a
87 ⫾ 31a
78 ⫾ 25a
122 ⫾ 33a
167 ⫾ 15b*

a
The data are shown as the means ⫾ SD (n, 5 to 7 mice) of peak values of
chemiluminescence within 10 min from which the background (nonstimulated
PMN responses) has been subtracted. Values in rows having different letters are
significantly different (*, P ⬍ 0.05; **, P ⬍ 0.01); values with the same letters do
not differ significantly.

amounts of pseudopods, without additional stimulation (Fig.
1C and D). Thus, the TGPMN and UAPMN appear to be in a
more primed/preactivated state than the BMPMN.
PMN NADPH-oxidase activation induced by various stimulants. The ability of human neutrophil to respond to various
stimuli by activation of its superoxide-producing enzyme system, the NADPH-oxidase, depends largely on the activation
state of the cell. In order to clarify whether this applies also to
murine neutrophils, we investigated the abilities of the different types of murine PMN to respond to well-known stimuli of
NADPH-oxidase activation, by using the same molecular
mechanisms.
Before the addition of any stimulant, the background levels
of chemiluminescence, which corresponded to spontaneous
ROS generation by the nonstimulated PMN in response to a
temperature increase from 4°C to 37°C, were recorded. The
background ROS levels were significantly different between
peritoneal exudate PMN and BMPMN (TGPMN versus
BMPMN, P ⬍ 0.01; UAPMN versus BMPMN, P ⬍ 0.01).
Briefly, both TGPMN and UAPMN had values at least fourfold higher than those of BMPMN (mean ⫾ SD [n ⫽ 7] for
TGPMN, 22.0 ⫾ 3.8 Mcpm; UAPMN, 18.5 ⫾ 2.7 Mcpm;
BMPMN, 4.5 ⫾ 1.3 Mcpm).
The peak values of chemiluminescence generated from
PMN that were directly stimulated with various agonists, and
from which the background level was subtracted, are shown in
Table 2, and the kinetics of the responses are shown in Fig. 2.
The protein kinase C agonist PMA activated all three cell
types. In TGPMN and UAPMN, the peak values were observed 1 to 2 min after stimulation with PMA, while the PMAstimulated BMPMN showed a delay of 1 min (Fig. 2A). This is
probably due to differences in the kinetics of PMA diffusion
across cell membranes, whereby the activating threshold for
PMA is breached somewhat later in BMPMN than in TGPMN
and UAPMN.
We and others have shown previously that murine neutrophils respond to chemotactic factors that activate members of
the G protein-coupled, seven-transmembrane-spanning receptor family of formyl peptide receptors (FPRs) (9, 22, 23, 29). In
this study, the synthetic hexapeptide WKYMVm induced rapid
responses in all three types of PMN, with peak times within
one minute (Fig. 2B). WKYMVm-stimulated BMPMN gave
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(106 cells in 1 ml KRG) were incubated in a microtube for 10 min at 37°C, and
TNF-␣ (final concentration of 100 ng/ml) or WKYMVm (10⫺7 M) was added.
The tubes were reincubated for 30 min (TNF-␣) or 10 min (WKYMVm) at 37°C.
After centrifugation, the supernatants were removed and the cells were fixed in
4% paraformaldehyde for 5 min on ice. The tubes were washed once with
fluorescence-associated cell sorter (FACS) buffer (0.1 mM EDTA, 0.02% NaN3
in PBS) and the cells were then incubated with FITC-conjugated rat anti-mouse
CD11b. Rat immunoglobulin G2b antibody was used as the isotype-matched,
FITC-labeled control. After incubation for 1 h on ice, the cells were washed once
in FACS buffer and resuspended in 500 l FACS buffer before FACS analysis
using FACScan (Becton Dickinson, San Jose, CA).
Chemotaxis assay. PMN migration was determined using 96-well microplate
disposable chemotaxis/cell migration chambers with hydrophobic filters of pore
size 3 m (ChemoTx; Neuro Probe Inc., Gaithersburg, MD). The chemoattractants fMLF and WKYMVm were diluted in KRG that was supplemented with
0.3% (wt/vol) bovine serum albumin, and the solutions were loaded at various
concentrations in the lower chambers. Next, PMN suspensions (35 l of 106
cells/ml) in KRG-bovine serum albumin were placed on top of the filters and the
assay system was incubated for 120 min at 37°C. The plate was centrifuged at
350 ⫻ g for 10 min at 4°C, after which the filter was removed. The numbers of cells
that had transmigrated to the lower compartments were determined by counting in
representative microscopic fields. All of the conditions were tested in triplicate.
Statistical analyses. The data are expressed as means ⫾ standard deviations
(SD). Statistical significance was determined by two-tailed unpaired Student’s t
tests. P values of ⬍0.05 were considered statistically significant.
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significantly lower responses than peritoneal exudate PMN
(P ⬍ 0.01), which indicates that the peritoneal cells were
primed compared to the BMPMN. Similar responses were
seen for WKYMVM- and fMLF-induced PMN, although 10and 100-fold higher concentrations of WKYMVM and fMLF,
respectively, were required to generate a response that was
equivalent to the level induced by 107 M WKYMVm (Table 2).
These differences in concentration dependencies are in agreement with those seen in previously published studies (9, 23).
Activation of the PMN with oligodeoxynucleotides that
are immunostimulatory for mice resulted in oxidase activation for all three types of PMN (Table 2). Both S-ODN
0499, which contains the CpG motif, and the corresponding
GpC-containing S-ODN 0399 activated ROS generation in
all PMN types, and the responses were gradual and of similar potencies (Fig. 2C; Table 2). There was no difference
between the CpG- and GpC-induced responses, in line with
previously published data (10).
In human PMN, the cytoskeleton-disrupting agent cytochalasin B does not induce an oxidative burst, but it can increase
the response induced by other stimuli (8). However, in murine
BMPMN, cytochalasin B induced obvious ROS generation in
BMPMN, while TGPMN and UAPMN gave a subsequent
lower peak response (Fig. 2D; Table 2).
There was no noticeable response of the PMNs to TNF-␣
(100 ng/ml), although a negligible increment in the background
level was observed (data not shown).
Desensitization of PMN NADPH-oxidase activation by
WKYMVm. A well-known phenomenon in human PMN acti-

vation through G protein-coupled chemotactic receptors is the
receptor desensitization effect. The desensitization of chemotactic receptors occurs after stimulation with receptor-specific agonists and prohibits subsequent activation of the same receptor
with the same (homologous desensitization) or a different (heterologous desensitization) agonist. We found that the chemotactic receptors of murine PMN were also desensitizable. Once the
PMN NADPH-oxidase was activated by WKYMVm, a secondary stimulation with the same concentration of WKYMVm
gave no activity. This desensitization of NADPH-oxidase activation was observed in all three types of PMN (Fig. 3A to C).
Furthermore, when the secondary dose of WKYMVm was
replaced by WKYMVM or fMLF, the cells were heterologously desensitized (Fig. 3D and E). The same pattern of
cross-desensitization was evident for all types of PMN (data
not shown).
Reactivation of WKYMVm-desensitized PMN NADPH-oxidase activity by cytochalasin B. The desensitization of the
human FPR family of chemotactic receptors can be broken by
cytochalasin B, which inhibits actin polymerization and thereby
breaks the cytoskeletal coupling of G protein-coupled receptors (7). In the case of murine PMN, desensitization of the
NADPH-oxidase activity induced by WKYMVm was also broken by cytochalasin B, and this was true for all three types of
PMN (Fig. 4A to C).
Priming effect of TNF-␣ on the cytochalasin B- or WKYMVmtriggered PMN NADPH-oxidase response. TNF-␣ is a potent
cytokine that has been shown to prime human PMN by receptor upregulation, which leads to the enhancement of NADPHoxidase activation by a subsequent stimulant (16). BMPMN
revealed a marked increase in ROS generation by preincubation with TNF-␣ followed by cytochalasin B- or WKYMVminduced stimulation (Fig. 5). In contrast, there was no priming
effect or a negligible priming effect of TNF-␣ on TGPMN,
while the UAPMN showed a slight increase in response to
TNF-␣ priming. Thus, TGPMN and UAPMN have partly or
entirely lost the capacity to become primed by TNF-␣ during
extravasation into the peritoneum.
CR3 expression and upregulation on the PMN surface.
Since TNF has been shown to induce priming by degranulation
and receptor upregulation in human PMN, we wanted to investigate the state of degranulation (receptor exposure) in the
three different types of murine PMN. The marker used was
CR3 (CD11b/CD18), which has previously been shown to be
upregulated on the surface of activated murine PMN (31, 37).
Flow cytometric analysis demonstrated that more than 85% of
all three types of PMN were immunoreactive to anti-CD11b
antibody (data not shown). The basal level of CD11b surface
expression on untreated BMPMN was lower than that on
TGPMN or UAPMN (Fig. 6A to C). Treatment of the
BMPMN with TNF-␣ markedly increased CR3 expression, as
did treatment of the cells with WKYMVm (Fig. 6A). In contrast, CR3 expression on untreated TGPMN and UAPMN was
already at a level similar to that of TNF-␣-primed BMPMN,
and the increase in expression induced by TNF-␣ treatment
was much lower in TGPMN and UAPMN than that in
BMPMN (Fig. 6A to C). Taken together, these results indicate
that the TGPMN and UAPMN priming that occurs during
extravasation is accompanied by receptor upregulation most
probably due to degranulation, which renders these cells inca-
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FIG. 2. (A to D) PMN NADPH-oxidase activation induced by the
addition of PMA, chemoattractants, S-ODN, or cytochalasin B. PMN
(5 ⫻ 105/0.5 ml) were preincubated for 10 min at 37°C and then
stimulated with PMA (5 ⫻ 10⫺7 M), WKYMVm (10⫺7 M), S-ODN
0499 (10 M), or cytochalasin B (5 g/ml) at time zero. ROS production was measured and the time course of the response determined.
Broken, dotted, and solid lines indicate the kinetics of the chemiluminescence responses obtained from UAPMN, BMPMN, and TGPMN,
respectively. Data of representative experiments are shown (n ⫽ 5).
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pable of responding further to priming agents (e.g., TNF-␣).
BMPMN, on the other hand, are nonprimed and can be
primed by agents such as TNF-␣ to reach the same priming
state as the peritoneal PMNs.
Chemotactic activity. Granulocyte chemotaxis depends on
the degranulation process and receptor upregulation. Therefore, we investigated the capacities of the three murine PMN
types to perform chemotaxis in a chamber system (see Materials and Methods). Although the well-known chemoattractant

fMLF is a potent agonist for human neutrophil chemotaxis, it
has less potent stimulatory effects on murine PMN (35). Therefore, we used the hexapeptide WKYMVm as the chemoattractant, in addition to fMLF. Both fMLF and WKYMVm induced
BMPMN migration with a clearly bell-shaped dose-response
curve (Fig. 7A). The maximal response was observed at 10⫺4
M and 10⫺8 M for fMLF and WKYMVm, respectively, which
confirms that WKYMVm possesses a much higher affinity for
murine chemotactic receptor(s) than fMLF. To distinguish

FIG. 4. Reactivation of WKYMVm-desensitized murine PMN ROS production by cytochalasin B. Thioglycolate-induced peritoneal PMN (A),
uric acid-induced peritoneal PMN (B), and bone marrow PMN (C) were stimulated with WKYMVm (10⫺7 M) at time zero and were challenged
with cytochalasin B (5 g/ml) 5 min later. Broken lines indicate control responses without primary stimulation (addition of KRG buffer). ROS
production was determined over a period of 10 min, and the curves shown are from a representative experiment (n ⫽ 3).
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FIG. 3. Desensitization of murine PMN ROS production induced by WKYMVm. Thioglycolate-induced peritoneal PMN (A), uric acidinduced peritoneal PMN (B), and bone marrow PMN (C) were stimulated with WKYMVm (10⫺7 M) at time zero and 5 min later were challenged
with WKYMVm (10⫺7 M). Thioglycolate-induced peritoneal PMN were stimulated with WKYMVm (10⫺7 M) at time zero and were challenged
with 10⫺6 M of WKYMVM (D) or 10⫺5 M of fMLF (E) 5 min later. Broken lines indicate control responses without primary stimulation (addition
of KRG buffer). ROS production was determined over 10 min, and the curves shown are from a representative experiment (n ⫽ 3).
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which is reflected as a reduced capacity to further upregulate
CR3.

DISCUSSION

chemotaxis from chemokinesis, equal concentrations of fMLF
(10⫺4 M) or WKYMVm (10⫺8 M) were added simultaneously
to the upper and lower compartments of the chemotaxis apparatus. In this situation, no PMN migration was observed
(data not shown). When the chemotactic activities of BMPMN
to fMLF and WKYMVm were compared to those of TGPMN
or UAPMN, we found that BMPMN had a much greater
capacity for chemotaxis than the peritoneal cells (Fig. 7B). This
can be explained by the smaller amount of upregulatable chemoattractant receptors present in the primed peritoneal cells,
as they already have degranulated many of their granules,

FIG. 6. CR3 upregulation induced by TNF-␣ or WKYMVm on bone marrow PMN, thioglycolate-induced PMN, and uric acid-induced
peritoneal PMN. Untreated PMN (kept on ice) and cells that were stimulated with mouse recombinant TNF-␣ (100 ng/ml) for 30 min or
WKYMVm (10⫺7 M) for 10 min, respectively, at 37°C were fixed with paraformaldehyde, incubated with FITC-conjugated antibodies directed
against CR3, and analyzed by flow cytometry. The broken line profiles were obtained with the isotype-matched control antibody. The results are
representative of three independent experiments.
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FIG. 5. Priming effect on the WKYMVm- or cytochalasin B-triggered PMN NADPH-oxidase response by TNF-␣. BMPMN, TGPMN,
and UAPMN were primed with mouse recombinant TNF-␣ (100 ng/
ml) for 30 min at 37°C. The cells were then activated with WKYMVm
(10⫺7 M) or cytochalasin B (5 g/ml) and ROS production was determined in parallel with control cells that were treated in the same way
but in the absence of TNF-␣. The figure shows the kinetics of representative experiments with WKYMVm-triggered BMPMN, and the
inset shows the n-fold increase of peak values (mean ⫾ SD; n ⫽ 7)
between the responses of primed and nonprimed cells.

When experimental results obtained from wild-type or transgenic mouse PMN are extrapolated to human neutrophil function, one needs to consider not only those differences that arise
from species specificities but also differences that are due to
the intraspecies source of the PMN. Understanding the background of the differences between human and murine PMN, as
well as between bone marrow and peritoneal PMN responses,
will greatly improve the accuracy with which murine models
can be applied in medical research.
When choosing PMN isolation models to study, we first
attempted to use Percoll fractionation of peripheral (tail vein)
blood from mice, as previously described (9). However, it is
very difficult to generate sufficient amounts of PMN with high
purities from peripheral blood. Boxio et al. have reported that
murine bone marrow-derived neutrophils possess functionally
similar activities to peripheral blood neutrophils (5), and we
have subsequently used bone marrow PMN as our “noninflammatory PMN” model. There are several described techniques
to isolate murine bone marrow PMN by using Percoll density
gradient fractionation (5, 31, 37), which gives different purities
and PMN yields. In this study, we used a three-layer Percoll
gradient, as described in Materials and Methods, to obtain
BMPMN in high numbers and with high purities.
Thioglycolate-induced intraperitoneal elicitation of neutrophils has been used for a long time to isolate both neutrophils
(early extravasation, 4 to 8 h) and mononuclear leukocytes
(late extravasation, 24 to 72 h) (22, 25, 28). The purity and
number of neutrophils obtained with this irritant after 4 h were
reasonable, and we used these cells as a model of “inflammatory PMN.” In addition, we employed a newer model that
involves the used of uric acid as the irritant. Getting et al. have
reported that intraperitoneal injection of monosodium urate
crystals causes remarkable peritoneal accumulation of murine
PMN at 6 h postinjection and that cellular infiltration into the
cavity was sustained for up to 24 h (19). In the present study,
we obtained significant numbers of high-purity PMN (95%) 4 h
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after injection of an emulsion form of uric acid. The injection
of uric acid caused a few visible white precipitates in the peritoneal cavity, but this did not affect the isolation and viability
of the UAPMN (data not shown). The first indication that
peritoneal exudate PMN differed functionally from BMPMN
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was their propensity to adhere to glass slides. The nonadhesion
of BMPMN is not due to a functional incapacity, since the
ability to adhere could be elicited with PMA preactivation.
Since the level of cell surface adhesion molecule expression is
altered in primed PMN (36), the enhancement of adhesive
activity for peritoneal exudate PMN as well as PMA-treated
BMPMN suggests that these PMN had shifted from a resting
to a primed state. Neutrophil NADPH-oxidase activation is
known to be regulated by a number of agonists and through
various pathways, and much information has been accumulated concerning the priming event in human PMN (36). Furthermore, ROS generated by PMN acts itself as a priming
agent, and several pathways have been suggested for this, such
as membrane perturbation (27), modulation of kinase activity
(6), protein nitration (33), and regulation of nuclear factor-B
(34). Besides, activated phagocytes can regulate the functions
of other immunocytes via ROS release (3, 20, 21). We found
significantly higher spontaneous ROS production in TGPMN
and UAPMN than in BMPMN, which implies that these PMN
exist in distinct preactivation states. Furthermore, oxidative
responses to several stimulants differed significantly between
the types of PMN. Peritoneal exudate PMN had remarkably
high responsiveness to chemotactic peptides (fMLF,
WKYMVM, and WKYMVm) compared with BMPMN. This
can be compared to human exudate neutrophils from skin
aseptic chambers, which show an enhanced respiratory burst in
response to fMLF compared to peripheral blood PMN; this is
probably due to the increased cell surface expression of fMLF
receptors (17). We suggest that TGPMN and UAPMN have
been exposed to priming agents, such as TNF-␣ and complement factors, during the inflammatory extravasation process.
It is known that the cytoskeleton-destabilizing agent cytochalasin B is not able to induce NADPH-oxidase activation
in human PMN in the absence of an additional stimulant (7).
However, we could detect a respiratory burst in murine
BMPMN that were induced with cytochalasin B alone. This
suggests that cytoskeletal stability or the cytoskeleton interaction with the NADPH-oxidase is different in humans and mice
and that cytochalasin B-induced respiratory burst activation in
murine BMPMN may occur through a somewhat different
pathway. In addition, in the peritoneal exudate PMN, there
seemed to be a cytochalasin B-induced response, although it
was partially concealed by the high background activity.
In contrast to the FPR family agonists, the phosphorothioate
ODNs (S-ODNs), regardless of their CpG content, induced
similar responses from the three types of PMN. We have
shown previously that the phosphorothioate backbone but not
the CpG motif is important for neutrophil activation (10),
although the underlying mechanism remains unclear. Our results showing that S-ODN-induced cell stimulation is independent of PMN priming in murine cells indicate that the receptor
responsible for ODN activation is probably not affected by the
factors that are responsible for priming of the cells.
A common feature of G protein-coupled seven-transmembrane-spanning chemotactic receptors is that they are homologously desensitizable (13), i.e., stimulation of a receptor with
an agonist blocks restimulation of the receptor with the same
agonist. However, some receptor agonists also desensitize the
cells to stimulation with a different agonist (heterologous desensitization), which is most often due to binding (with higher

Downloaded from http://cvi.asm.org/ on May 14, 2021 by guest

FIG. 7. Chemotaxis of PMN in response to WKYMVm and fMLF.
Approximately 35,000 cells were loaded into the top well of a 96-well
microchemotaxis chamber. Various concentrations of WKYMVm and
fMLF were placed in the bottom wells. The chemotaxis assay was
conducted at 37°C for 2 h. Migrated cells were counted microscopically. (A) Chemotaxis of bone marrow PMN in response to different
concentrations of WKYMVm (100 pM to 10 M, closed squares) or
fMLF (100 nM to 1 mM, closed circles). The results are shown as
means ⫾ standard errors of the means obtained from four or five
independent experiments. (B) Chemotaxis of BMPMN, TGPMN, and
UAPMN in response to WKYMVm (10⫺8 M) and fMLF (10⫺4 M).
Spontaneous transmigration in the absence of chemoattractants was
below the dotted line. Data are the means ⫾ standard errors of the
means expressed as percentages of the numbers of BMPMN that
migrated in response to WKYMVm (10⫺8 M), as obtained from four
independent experiments. ⴱ, P ⬍ 0.05; ⴱⴱ, P ⬍ 0.01.
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responded with increased CR3 expression to TNF-␣ or
WKYMVm treatment. These observations support the notion
that the TNF-␣-priming mechanism in murine PMN is similar
to that in human neutrophils, i.e., that the primed oxidase
response seen after TNF treatment in murine neutrophils is
due to receptor upregulation from intracellular stores, which
leads to increased exposure of FPR family receptors.
The chemotaxis of the peritoneal exudate PMN was inferior
to that of BMPMN, probably because the peritoneal exudate
PMN were primed while the BMPMN were not. Migration is
dependent on sequential upregulation of chemotactic receptors, and since the peritoneal PMNs have little or no receptor
pool remaining (seen as the inability to upregulate CR3) after
completing the extravasation process, it is not surprising that
they are incapable of responding chemotactically. This is in
line with the results obtained for human neutrophils that were
treated with high concentrations of recombinant TNF (100 to
10,000 U/ml), which showed inhibition of random movement
and of chemotaxis by C5a or fMLF (2). Another potential
explanation for the decreased chemotactic capacity is enhanced adhesiveness (38), and considering the increased adhesiveness of peritoneal exudate PMN seen in our study, this
mechanism may influence BMPMN chemotaxis.
The PMN response is very finely modulated in order to
provide appropriate responses to changes in the environment.
One regulatory mechanism used by these cells is the process of
priming, and in this study, we have clarified the difference
between three murine PMN models with regard to this mechanism. We have clearly demonstrated that peritoneal exudate
PMN exist in an activation state distinct from nonactivated
BMPMN, whereby the peritoneal PMN are fully primed when
isolated, while the BMPMN have a reserve priming capacity.
Thus, it is of great importance to choose techniques for murine
PMN isolation with great care. For example, BMPMN may be
suitable for the analysis of cell physiology, priming, and activation, while peritoneal exudate PMN may be more appropriate for investigations into the pathophysiological functions of
PMN at sites of inflammation. These experimental considerations would be expected to lead to a more precise understanding of PMN functions in vivo. Finally, our data were obtained
from the C57BL/6 mouse, which is the background strain for a
large number of genetically modified mice. Therefore, we hope
that our data will contribute to the fundamental understanding
of PMN function in gene knockout studies.
ACKNOWLEDGMENTS
We thank Kristina Eriksson and Lars Bellner for helpful assistance
and suggestions related to the isolation of murine peritoneal cells.
This work was supported by the Swedish Medical Research Council,
the King Gustaf V 80-Year Foundation, the Swedish Rheumatism
Association, and the Nanna Svartz Foundation. Takuya Itou was supported by Overseas Researchers’ Subsidies from Nihon University,
Japan.
REFERENCES
1. Aratani, Y., H. Koyama, S. Nyui, K. Suzuki, F. Kura, and N. Maeda. 1999.
Severe impairment in early host defense against Candida albicans in mice
deficient in myeloperoxidase. Infect. Immun. 67:1828–1836.
2. Bajaj, M. S., R. R. Kew, R. O. Webster, and T. M. Hyers. 1992. Priming of
human neutrophil functions by tumor necrosis factor: enhancement of superoxide anion generation, degranulation, and chemotaxis to chemoattractants C5a and F-Met-Leu-Phe. Inflammation 16:241–250.
3. Betten, A., C. Dahlgren, U. H. Mellqvist, S. Hermodsson, and K. Hellstrand.

Downloaded from http://cvi.asm.org/ on May 14, 2021 by guest

affinity) to the same receptor. This phenomenon may be used
to identify receptors for new ligands. In lipopolysaccharideprimed murine neutrophils, the fMLF-induced response is desensitized by WKYMVM, i.e., these agonists appear to share at
least one receptor (9). Here, we take these studies further and
show that both resting (bone marrow) and primed (peritoneal)
PMN can be desensitized and that complete desensitization to
fMLF or WKYMVM stimulation is achieved when WKYMVm
is used as the first stimulus. These results suggest that the three
peptides share at least one receptor in murine neutrophils.
This is in agreement with the results from human neutrophils,
whereby cells that are first stimulated with WKYMVm respond to neither fMLF nor WKYMVm (13). It is difficult to
perform a rigorous comparison of desensitization events between human and mouse PMN, since the FPR family receptors
differ between the species and the affinities of the peptides for
each receptor(s) differ markedly. However, our data confirm
that the cross-desensitization phenomenon is conserved across
species and that WKYMVm is a major ligand for FPR family
chemoattactant receptors on murine PMN, just as it is for
human PMN.
We have recently demonstrated that human neutrophils desensitized to WKYMVM can be reactivated by cytochalasin B,
inducing a robust burst of oxidase activity in deactivated cells
(8). In accordance with these results, desensitized murine
PMN could be reactivated by cytochalasin B. This was shown
for BMPMN, TGPMN, and UAPMN, which indicates that
both primed and resting murine PMN possess the ability to
become reactivated.
TNF-␣ has been shown to be a potent priming agent for
human neutrophils (36). In murine cells, the enhancement of
ROS generation triggered by cytochalasin B or WKYMVm
was remarkable in BMPMN preincubated with TNF-␣, while
peritoneal exudate PMN showed no increased response. These
results are reasonable if one considers that the peritoneal exudate PMN are already primed by extravasation and that these
cells have reached the fully primed state, as they cannot not be
primed further. Bylund and coworkers have suggested two
mechanisms for neutrophil priming by TNF-␣ (8). While the
enhanced response to fMLF is explained by the recruitment of
new FPRs to the cell surface, the cytochalasin B-sensitive state
is achieved through a novel mechanism that transfers G protein-coupled receptors to a primed state, which is fully activated when cytochalasin B uncouples the receptors from the
cytoskeleton.
TNF-␣ priming of human peripheral blood neutrophils exposes higher levels of CR3, which suggests that integrin-storing
organelles (secretory vesicles, gelatinase granules, and specific
granules) are mobilized by this treatment (8). Through the
same mechanism, TNF-␣ priming is accompanied by an increased number of FPRs on the cell surface (36). In mice, CR3
expression on bone marrow PMN has been shown to be upregulated by TNF-␣ (31), and casein-induced peritoneal exudate PMN show higher CR3 expression than bone marrow
PMN (37). Our results are in agreement with previous studies,
in that we show a basal level of CR3 on peritoneal cells that is
much higher than on BMPMN and that further upregulation of
CR3 expression on peritoneal exudate PMN cannot be induced by cell stimulation, which is in line with the priming
results for NADPH-oxidase activation. However, the BMPMN

CLIN. VACCINE IMMUNOL.

VOL. 13, 2006

4.

5.
6.
7.

8.

10.

11.
12.

13.

14.
15.
16.

17.

18.
19.

20.

583

21. Hansson, M., A. Romero, F. Thoren, S. Hermodsson, and K. Hellstrand.
2004. Activation of cytotoxic lymphocytes by interferon-alpha: role of oxygen
radical-producing mononuclear phagocytes. J. Leukoc. Biol. 76:1207–1213.
22. Hartt, J. K., G. Barish, P. M. Murphy, and J. L. Gao. 1999. N-formylpeptides
induce two distinct concentration optima for mouse neutrophil chemotaxis
by differential interaction with two N-formylpeptide receptor (FPR) subtypes. Molecular characterization of FPR2, a second mouse neutrophil
FPR. J. Exp. Med. 190:741–747.
23. He, R., L. Tan, D. D. Browning, J. M. Wang, and R. D. Ye. 2000. The
synthetic peptide Trp-Lys-Tyr-Met-Val-D-Met is a potent chemotactic agonist for mouse formyl peptide receptor. J. Immunol. 165:4598–4605.
24. Karlsson, A., P. Follin, H. Leffler, and C. Dahlgren. 1998. Galectin-3 activates the NADPH-oxidase in exudated but not peripheral blood neutrophils.
Blood 91:3430–3438.
25. Kaw, J. L., and E. G. Beck. 1982. Cellular response to various chemical
stimulants in the peritoneal cavity of the mouse. Jpn. J. Exp. Med. 52:261–
266.
26. Kume, A., and M. C. Dinauer. 2000. Gene therapy for chronic granulomatous disease. J. Lab. Clin. Med. 135:122–128.
27. Kusner, D. J., J. N. Aucott, D. Franceschi, M. M. Sarasua, P. J. Spagnuolo,
and C. H. King. 1991. Protease priming of neutrophil superoxide production.
Effects on membrane lipid order and lateral mobility. J. Biol. Chem. 266:
16465–16471.
28. Lagasse, E., and I. L. Weissman. 1996. Flow cytometric identification of
murine neutrophils and monocytes. J. Immunol. Methods 197:139–150.
29. Lavigne, M. C., P. M. Murphy, T. L. Leto, and J. L. Gao. 2002. The Nformylpeptide receptor (FPR) and a second G(i)-coupled receptor mediate
fMet-Leu-Phe-stimulated activation of NADPH oxidase in murine neutrophils. Cell Immunol. 218:7–12.
30. Liu, Z., J. M. Shipley, T. H. Vu, X. Zhou, L. A. Diaz, Z. Werb, and R. M.
Senior. 1998. Gelatinase B-deficient mice are resistant to experimental bullous pemphigoid. J. Exp. Med. 188:475–482.
31. Lowell, C. A., L. Fumagalli, and G. Berton. 1996. Deficiency of Src family
kinases p59/61hck and p58c-fgr results in defective adhesion-dependent neutrophil functions. J. Cell Biol. 133:895–910.
32. Nakamura, A., T. Yuasa, A. Ujike, M. Ono, T. Nukiwa, J. V. Ravetch, and T.
Takai. 2000. Fcgamma receptor IIB-deficient mice develop Goodpasture’s
syndrome upon immunization with type IV collagen: a novel murine model
for autoimmune glomerular basement membrane disease. J. Exp. Med. 191:
899–906.
33. Rohn, T. T., L. K. Nelson, K. M. Sipes, S. D. Swain, K. L. Jutila, and M. T.
Quinn. 1999. Priming of human neutrophils by peroxynitrite: potential
role in enhancement of the local inflammatory response. J. Leukoc. Biol.
65:59–70.
34. Schoonbroodt, S., and J. Piette. 2000. Oxidative stress interference with the
nuclear factor-kappa B activation pathways. Biochem. Pharmacol. 60:1075–
1083.
35. Sugawara, T., M. Miyamoto, S. Takayama, and M. Kato. 1995. Separation of
neutrophils from blood in human and laboratory animals and comparison of
the chemotaxis. J. Pharmacol. Toxicol. Methods 33:91–100.
36. Swain, S. D., T. T. Rohn, and M. T. Quinn. 2002. Neutrophil priming in host
defense: role of oxidants as priming agents. Antioxid. Redox Signal 4:69–83.
37. Tanaka, S., K. Deai, A. Konomi, K. Takahashi, H. Yamane, Y. Sugimoto, and
A. Ichikawa. 2004. Expression of L-histidine decarboxylase in granules of
elicited mouse polymorphonuclear leukocytes. Eur. J. Immunol. 34:1472–
1482.
38. Wiedermann, C. J., M. Niedermuhlbichler, H. Braunsteiner, and C. J.
Widermann. 1992. Priming of polymorphonuclear neutrophils by atrial natriuretic peptide in vitro. J. Clin. Investig. 89:1580–1586.

Downloaded from http://cvi.asm.org/ on May 14, 2021 by guest

9.

2004. Oxygen radical-induced natural killer cell dysfunction: role of myeloperoxidase and regulation by serotonin. J. Leukoc. Biol. 75:1111–1115.
Bjersing, J. L., K. Eriksson, A. Tarkowski, and L. V. Collins. 2004. The
arthritogenic and immunostimulatory properties of phosphorothioate oligodeoxynucleotides rely on synergy between the activities of the nucleaseresistant backbone and CpG motifs. Inflammation 28:39–51.
Boxio, R., C. Bossenmeyer-Pourie, N. Steinckwich, C. Dournon, and O.
Nusse. 2004. Mouse bone marrow contains large numbers of functionally
competent neutrophils. J. Leukoc. Biol. 75:604–611.
Brumell, J. H., A. L. Burkhardt, J. B. Bolen, and S. Grinstein. 1996. Endogenous reactive oxygen intermediates activate tyrosine kinases in human
neutrophils. J. Biol. Chem. 271:1455–1461.
Bylund, J., A. Bjorstad, D. Granfeldt, A. Karlsson, C. Woschnagg, and C.
Dahlgren. 2003. Reactivation of formyl peptide receptors triggers the neutrophil NADPH-oxidase but not a transient rise in intracellular calcium.
J. Biol. Chem. 278:30578–30586.
Bylund, J., S. Pellme, H. Fu, U. H. Mellqvist, K. Hellstrand, A. Karlsson,
and C. Dahlgren. 2004. Cytochalasin B triggers a novel pertussis toxin sensitive pathway in TNF-alpha primed neutrophils. BMC Cell Biol. 5:21.
Bylund, J., M. Samuelsson, L. V. Collins, and A. Karlsson. 2003. NADPHoxidase activation in murine neutrophils via formyl peptide receptors. Exp.
Cell Res. 282:70–77.
Bylund, J., M. Samuelsson, A. Tarkowski, A. Karlsson, and L. V. Collins.
2002. Immunostimulatory DNA induces degranulation and NADPH-oxidase
activation in human neutrophils while concomitantly inhibiting chemotaxis
and phagocytosis. Eur. J. Immunol. 32:2847–2856.
Cowland, J. B., and N. Borregaard. 1999. Isolation of neutrophil precursors
from bone marrow for biochemical and transcriptional analysis. J. Immunol.
Methods 232:191–200.
Coxon, A., X. Cullere, S. Knight, S. Sethi, M. W. Wakelin, G. Stavrakis, F. W.
Luscinskas, and T. N. Mayadas. 2001. Fc gamma RIII mediates neutrophil
recruitment to immune complexes. A mechanism for neutrophil accumulation in immune-mediated inflammation. Immunity 14:693–704.
Dahlgren, C., T. Christophe, F. Boulay, P. N. Madianos, M. J. Rabiet, and
A. Karlsson. 2000. The synthetic chemoattractant Trp-Lys-Tyr-Met-ValDMet activates neutrophils preferentially through the lipoxin A(4) receptor.
Blood 95:1810–1818.
Dahlgren, C., and A. Karlsson. 1999. Respiratory burst in human neutrophils. J. Immunol. Methods 232:3–14.
Dinauer, M. C., J. A. Lekstrom-Himes, and D. C. Dale. 2000. Inherited
neutrophil disorders: molecular basis and new therapies. Hematology (Am.
Soc. Hematol. Educ. Program) 2000:303–318.
Elbim, C., S. Chollet-Martin, S. Bailly, J. Hakim, and M. A. GougerotPocidalo. 1993. Priming of polymorphonuclear neutrophils by tumor necrosis
factor alpha in whole blood: identification of two polymorphonuclear neutrophil subpopulations in response to formyl-peptides. Blood 82:633–640.
Follin, P., G. Briheim, and C. Dahlgren. 1991. Mechanisms in neutrophil
priming: characterization of the oxidative response induced by formylmethionyl-leucyl-phenylalanine in human exudated cells. Scand. J. Immunol.
34:317–322.
Gao, J. L., E. J. Lee, and P. M. Murphy. 1999. Impaired antibacterial host
defense in mice lacking the N-formylpeptide receptor. J. Exp. Med. 189:657–
662.
Getting, S. J., R. J. Flower, L. Parente, R. de Medicis, A. Lussier, B. A.
Woliztky, M. A. Martins, and M. Perretti. 1997. Molecular determinants of
monosodium urate crystal-induced murine peritonitis: a role for endogenous
mast cells and a distinct requirement for endothelial-derived selectins.
J. Pharmacol. Exp. Ther. 283:123–130.
Hansson, M., A. Asea, U. Ersson, S. Hermodsson, and K. Hellstrand. 1996.
Induction of apoptosis in NK cells by monocyte-derived reactive oxygen
metabolites. J. Immunol. 156:42–47.

DIFFERENT ACTIVATION STATES IN MURINE PMN

