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Rationale: Neutrophils accumulate in pulmonary capillaries during
acute inflammation. Initial events in injury recognition and seques-
tration do not occur through selectin-mediated rolling. Cytoskeletal
rearrangements, as assessed by submembrane F-actin rims, result in
poorly deformable neutrophils that may not pass through capillaries.
Objective: To test the hypothesis that neutrophils sequestering dur-
ing pneumonia contain F-actin rims and to determine the roles of
CD11/CD18, L-selectin expression, and neutrophil-platelet adhe-
sion in neutrophil sequestration.
Methods: Neutrophils were compared in blood obtained simultane-
ously from venous and arterial sites before and 4 h after instillation
of Streptococcus pneumoniae or Escherichia coli in rats.
Measurements and Main Results: At 4 h of pneumonia, the number
of neutrophils was greater in the venous blood entering the lungs
than in the arterial blood leaving the lungs, indicating that neutro-
phil sequestration was occurring. More neutrophils entering the
lungs contained F-actin rims than did neutrophils exiting, and the
venous–arterial difference in F-actin–rimmed neutrophil counts
completely accounted for sequestration. In E. coli pneumonia, in
which neutrophil adhesion is mediated by CD11/CD18, CD18 block-
ade 15 min before blood samples were obtained did not prevent
this sequestration of F-actin–rimmed neutrophils. Neutrophils ex-
pressing high or low levels of L-selectin or of neutrophils that bound
platelets while circulating did not preferentially sequester.
Conclusions: Neutrophils with cytoskeletal rearrangements pre-
ferentially sequester within the lungs during pneumonia, and
this sequestration is not due to CD11/CD18-mediated adhesion,
L-selectin expression, or platelet adhesion to neutrophils, sug-
gesting that cytoskeletal rearrangements result in sequestration of
neutrophils.
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During pneumonia, acute respiratory distress syndrome, or other
acute inflammatory processes in the lungs, neutrophils sequester
in the pulmonary capillaries and migrate into the lung paren-
chyma. The initial events that mediate the recognition of an
injured site and stopping of neutrophils have remained elusive.
Several studies have demonstrated that neutrophil recruitment
occurs through the pulmonary capillaries and the alveolar walls,
in contrast to recruitment in many other organs that occurs
through the postcapillary venules (1–5). Selectin-mediated roll-
ing of neutrophils along the endothelial cell surface does not
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appear to regulate these early events in the pulmonary capillaries
(6–12). The diameter of spherical neutrophils is larger than the
diameter of more than half the pulmonary capillary segments
that form the capillary pathways from arteriole to venule, and
thus rolling does not occur because of spatial constraints (6, 13,
14).

An alternative hypothesis is that inflammatory mediators
present on endothelial cells in the lungs or in the blood induce
changes in the cytoskeleton of neutrophils, stiffening them and
decreasing their deformability. These cytoskeletal rearrangements
are postulated to decrease the ability of neutrophils to change
their shape from spherical to elliptical, preventing them from
passing through the narrow capillary segments into the venules
and causing them to stop at sites of inflammation. These changes
consist of the rapid formation of an F-actin rim beneath the
plasma membrane within 10–15 s of receptor occupancy by
the mediator and result in decreased deformability (12–19). Al-
though the exact biochemical nature of these rearrangements
is not well understood, the small GTPase Rac2 appears to be
required (20).

Abundant in vitro data have demonstrated that the binding
of inflammatory mediators to seven transmembrane–spanning,
G protein–linked receptors results in rapid cytoskeletal re-
arrangements resulting in F-actin rims and decreased deform-
ability of neutrophils (12–19). However, the role of these changes
in the sequestration of neutrophils within the capillaries in vivo
has been difficult to prove directly. These inflammatory media-
tors also rapidly alter other aspects of neutrophil function, in-
cluding increased adhesivity of neutrophils for endothelial cells,
which complicates our ability to understand the role of altered
deformability (12, 21–23). Whereas many histologic studies have
demonstrated that the site of transmigration is the pulmonary
capillaries (1–5), studies of the cytoskeletal structure of neutro-
phils and the presence of an F-actin rim in intracapillary neutro-
phils have been limited by the inability to demonstrate F-actin
rims in fixed or frozen lung tissue.

Sequestration of neutrophils within the pulmonary microvas-
culature, as well as characteristics of the neutrophils that are
sequestering, can be measured by comparing neutrophil counts
in the venous blood entering the lungs with counts in the arterial
blood exiting the lungs (24, 25). During pulmonary inflammation,
when neutrophils are accumulating in the lungs, the number
in the venous blood is greater than the number in the arterial
blood. Neutrophils newly released from the bone marrow also
contribute to this venous–arterial gradient. Thus, our approach
to testing the hypothesis that inflammatory mediators produced
during pneumonia induce changes in the cytoskeleton of neutro-
phils, stiffening them and decreasing their deformability, was to
compare neutrophils in blood samples entering the lungs with
those exiting the lungs in rats before and during pneumonia.

First, the time course of neutrophil migration into the
alveolar spaces was examined. Streptococcus pneumoniae and
Escherichia coli were selected because of the difference in adhe-
sion pathways used to recruit neutrophils into the airspaces of
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the lungs (12). S. pneumoniae induced neutrophil emigration
through CD11/CD18-independent adhesion pathways, whereas
E. coli elicited CD11/CD18-dependent pathways. These studies
demonstrated that neutrophil recruitment had been initiated but
was far from maximal 4 h after instillation of either S. pneumon-
iae or E. coli in rats, and that the accumulation continued to
increase 10- to 15-fold over the next 6 h, confirming and support-
ing previous observations (26).

Our second study demonstrated that neutrophil accumulation
is occurring in 4-h pneumonias, as measured by the venous–
arterial difference in neutrophil counts, and determined whether
the neutrophils that accumulated in the lungs during bacterial
pneumonia had undergone cytoskeletal rearrangements, as eval-
uated by the formation of F-actin rims. Neutrophil counts and
the percentages of F-actin–rimmed neutrophils were measured
in venous blood samples entering the lungs and in arterial blood
samples exiting the lungs obtained before and 4 h after instilla-
tion of either S. pneumoniae or E. coli in rats. The F-actin rims
induced by inflammatory mediators were identified by staining
rapidly fixed whole blood samples with fluorescein isothiocya-
nate (FITC)–phalloidin to visualize F-actin and with ethidium
bromide to visualize the nuclei. The data show that F-actin–
rimmed neutrophils are the ones that are accumulating in the
lungs, and the unrimmed neutrophils are not.

Although the F-actin–rimmed neutrophils are sequestering,
whether this F-actin rim and decreased deformability is the
mechanism through which sequestration occurred cannot be de-
termined, as to our knowledge, every approach to block these
cytoskeletal changes also alters many other processes in neutro-
phils. Therefore, whether other processes likely to be ongoing
could account for this sequestration was determined. These stud-
ies tested the hypotheses that CD11/CD18-mediated adhesion
was mediating sequestration of F-actin–rimmed neutrophils, that
the levels of L-selectin predicted neutrophil sequestration, and
that the adhesion of platelets to neutrophils resulted in the se-
questration of these cells. Whether CD11/CD18 was required
for the observed sequestration of F-actin–rimmed neutrophils
was determined by giving a blocking anti-CD18 antibody to rats
with E. coli pneumonia, a stimulus that induces emigration of
neutrophils through CD18-dependent adhesion pathways (12).
Whether low or high levels of L-selectin predicted sequestration
was determined by measuring L-selectin expression on neutro-
phils in venous and arterial blood samples before and at 4 h
after instillation of E. coli. Whether adhesion of platelets to
circulating neutrophils increases during pneumonia and results
in their preferential sequestration over those neutrophils that
did not bind platelets was determined by comparing the number
of neutrophils with adherent platelets in venous and arterial
blood before and during E. coli pneumonia. The data did not
support any of these alternative hypotheses, providing evidence
to strengthen our primary hypothesis that neutrophil sequestra-
tion during pneumonia is due to decreased deformability induced
by inflammatory mediators.

METHODS

Induction of Pneumonia and Sampling of Venous
and Arterial Blood

Lewis rats (200–250 g body weight) were anesthetized intramuscularly
with ketamine hydrochloride (90–120 mg/kg) and acepromazine (2.0–
2.5 mg/kg). A tracheostomy was performed. Either S. pneumoniae
(0.4 ml, 2–5 � 108 colony-forming units [cfu]/ml) or E. coli (0.3 ml,
1 � 108 cfu/ml) was instilled intratracheally. Lungs were lavaged after
2, 4, 6, 8, and 10 h and the number of neutrophils per milliliter of
bronchoalveolar lavage fluid was determined.

In anesthetized tracheostomized Lewis rats, catheters were placed
through an external jugular vein to measure neutrophil counts entering
the lungs and through a carotid artery to sample blood exiting the lungs.
Heparin (100 U/kg) was administered intravenously. Blood samples
(0.5 ml) were simultaneously obtained from the venous and arterial
catheters. S. pneumoniae or E. coli was instilled as described above.
After 4 h, venous and arterial blood samples were again drawn
simultaneously.

Role of Leukocyte CD11/CD18 Adhesion Complex

Similarly anesthetized and instrumented rats received an instillation
of E. coli, which induces neutrophil emigration through CD11/CD18-
dependent pathways. After pneumonia had developed for 3 h, 45 min
after instillation, the rats received either an intravenous injection of
anti-CD18 antibody WT3 (0.5 mg/rat; BD Biosciences Pharmingen,
San Diego, CA) or hamster IgG. At 4 h, blood samples were obtained
simultaneously from the arterial and venous lines as described above.

F-actin Rims

Circulating leukocyte and neutrophil counts were obtained with a hema-
cytometer and blood smears. The remaining blood sample (300 �l)
was fixed with 0.5% paraformaldehyde in phosphate-buffered saline.
Cytoskeletal rearrangements were assessed by the formation of F-actin
rims. After overnight fixation cells were permeabilized, F-actin was
labeled, and nuclei were stained by incubation with l-lysophosphatidyl-
choline (300 �g/ml), FITC–phalloidin (3.3 � 10�7 M), and ethidium
bromide (200 �g/ml) for 1 h in the dark (18). Samples were mounted
on slides, using a ProLong antifade kit (Invitrogen, Carlsbad, CA), and
the slides were kept in the dark at 4�C. Three hundred neutrophils
were randomly identified by nuclear lobulation, using fluorescence
microscopy (magnification, �600) and categorized as showing an
F-actin rim beneath the plasma membrane or not. The percentage of
neutrophils that contained F-actin rims was calculated.

Expression of L-selectin

Rats were similarly anesthetized and instrumented. Venous and arterial
blood samples were obtained before and 4 h after instillation of E. coli.
The expression of L-selectin was measured by fluorescence-activated
flow cytometry. Neutrophils were identified by staining with the FITC-
labeled anti-rat neutrophil antibody HIS48. L-selectin was quantitated
with phycoerythrin-labeled hamster anti-rat L-selectin antibody (clone
HRL1, IgG2; BD Biosciences Pharmingen). The percentage of neutro-
phils that expressed L-selectin in quantities above background fluores-
cence and the mean fluorescence intensity of L-selectin on neutrophils
were calculated in venous and arterial blood samples.

Binding of Platelets to Circulating Neutrophils

Rats were similarly anesthetized and instrumented. Venous and arterial
blood samples were obtained before and 4 h after instillation of E. coli.
The number of neutrophils that had bound platelets was determined
by labeling the neutrophils with a mouse anti-rat granulocyte antibody
(clone HIS48, IgM; BD Biosciences Pharmingen) followed by phycoer-
ythrin-labeled anti-mouse IgM and the platelets were labeled with an
FITC-labeled mouse anti-rat CD42d monoclonal antibody (clone
RPM-4, IgG2a; BD Biosciences Pharmingen) (27–30). Flow cytometry
was performed by gating on the neutrophils and determining the num-
ber of HIS48-positive cells that expressed the platelet marker CD42d.
The percentages of neutrophils that bound 1–4, 5–9, and 10 or more
platelets were determined by immunostaining platelets and quantitating
the amount of fluorescence per platelet, using a flow cytometer set
for the platelet windows. The fluorescence of 1–4, 5–9, and 10 platelets
was then calculated, and the CD42d-derived fluorescence of neutrophils
was compared with these values.

Statistical Analysis

Data were compared by analysis of variance with corrections for multi-
ple comparisons (Scheffé test) or by paired t tests as appropriate. Data
are expressed as means � SEM.
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RESULTS

Initial studies evaluated the time course of neutrophil accumula-
tion within the airspaces and the circulating neutrophil counts.
Neutrophil counts in bronchoalveolar lavage fluid showed that
the number of neutrophils within the airspaces increased signifi-
cantly by 4 h in both E. coli and S. pneumoniae pneumonias and
that the accumulation dramatically increased by 10- to 15-fold
between 4 and 10 h (Figure 1). The numbers of migrated neutro-
phils was similar in S. pneumoniae and E. coli pneumonias until
10 h. The increased accumulation of neutrophils in E. coli pneu-
monia correlated with the greater fraction of bacterial instillate
still present in the lungs at 8 h (Table 1). The number of circulat-
ing neutrophils was measured in a blood sample from the inferior
vena cava at the end of the study. In S. pneumoniae pneumonia,
the counts increased by 2 h and continued to increase through
8 h. In E. coli pneumonia, the counts initially increased, but
after 4 h of infection they were similar to those in control rats
(Table 1). These studies demonstrate that neutrophil recruitment
into the airspaces is underway by 4 h of infection and will
continue for at least the next 4–6 h. On the basis of this observa-
tion and other published observations (1–5, 26), 4 h was selected
as the time point at which to test the hypothesis that F-actin–
rimmed neutrophils were sequestering in the lungs during
infection.

The number of neutrophils in venous and arterial blood
counts was determined before and 4 h after instillation of
S. pneumoniae. Before instillation, venous and arterial neutro-
phil counts were similar in anesthetized and instrumented rats
(Figure 2A). By 4 h after instillation of S. pneumoniae, circulating
neutrophil counts had decreased in both venous and arterial
samples. Importantly, neutrophil counts were lower in arterial
blood samples leaving the lungs than in venous blood samples
entering the lungs, indicating that neutrophil sequestration in
the lungs was actively occurring at this time (Figure 2A).

The percentage of neutrophils that contained F-actin rims
increased in both venous and arterial samples obtained at 4 h
compared with those obtained before pneumonia (Figure 2B).
Importantly, this percentage was greater in venous samples than
in arterial samples (Figure 2B). The number of F-actin–rimmed
neutrophils was also greater in venous than in arterial samples
(Figure 2C), suggesting that the F-actin–rimmed neutrophils
were the ones that sequestered. In fact, the numbers of neutro-
phils that did not contain F-actin rims were similar in venous
and arterial blood samples at 4 h (Figure 2D). Calculation of
the venous–arterial gradient in neutrophil counts revealed that

Figure 1. Neutrophil emigration into airspaces of lungs.
Neutrophil migration had initiated by 4 h after instillation
of either E. coli or S. pneumoniae. Neutrophils in bronchoal-
veolar lavage (BAL) fluid were similar in number at all time
points except 10 h after instillation, when the recruit-
ment induced by E. coli was greater than that induced by
S. pneumoniae. Neutrophil migration increased 8- to 15-
fold between 4 and 10 h. n � 5 at each time point except
10 h, where n � 2. *Significant difference between E. coli
and S. pneumoniae, p � 0.05.

before pneumonia, there was no significant gradient (Table 2).
At 4 h, the venous–arterial gradient was significant, and the
gradient in F-actin–rimmed neutrophils was the same as the
gradient in total neutrophils (Table 2). These data strongly sug-
gest that F-actin–rimmed neutrophils are the neutrophils that
are sequestering during pneumonia.

Rats given E. coli pneumonia showed a significant increase
in circulating neutrophil counts 4 h after instillation (Figure 3A,
solid columns). These animals also showed a venous–arterial
gradient in neutrophils at this time point (Figure 3A), similar
to that observed in rats with S. pneumoniae pneumonia and
indicating that neutrophils are sequestering in the lungs at this
time. The F-actin–rimmed neutrophil counts increased nearly
10-fold, and there was a striking venous–arterial gradient (Figure
3B, solid columns). The entire venous–arterial gradient was due
to the sequestration of F-actin–rimmed neutrophils (Table 3),
as observed for S. pneumoniae (Table 2). These data indicate
that although these two organisms induce neutrophil emigration
through different adhesion pathways, the F-actin–rimmed neu-
trophils are the neutrophils that sequester in pneumonias in-
duced by either organism.

E. coli induces neutrophil emigration through CD11/CD18-
dependent mechanisms. To determine whether the CD11/CD18
adhesion complex was required for sequestration of the F-actin–
rimmed neutrophils, rats with E. coli pneumonia for 3.75 h were
given a blocking anti-CD18 antibody intravenously in saturating
concentrations. The neutrophil counts were measured in venous
and arterial blood 15 min later. The control animals received
nonblocking nonimmune IgG of the same isotype. Blockade
of CD11/CD18 did not prevent the venous–arterial difference
in either total neutrophil counts or F-actin–rimmed neutrophil
counts (Figures 3A and 3B). The venous–arterial gradient in
F-actin–rimmed neutrophils was not different from the gradient
in total neutrophils (Table 3). Furthermore, the gradients were
similar in the IgG- and anti-CD18 antibody–treated rats (Table
3). These data indicate the CD11/CD18 is not required for se-
questration of F-actin–rimmed neutrophils.

To determine whether neutrophils that were sequestering
in the lungs expressed either low or high levels of L-selectin
compared with those that did not, rats were given E. coli, and
L-selectin expression was measured before and at 4 h of pneumo-
nia. Neutrophil counts showed no gradient before pneumonia
and a venous–arterial gradient at 4 h of infection (Figure 4A),
similar to that observed in Figure 5. The percentage of neutro-
phils that expressed L-selectin increased by 4 h, and this increase
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TABLE 1. BACTERIAL CLEARANCE AND NEUTROPHIL COUNTS IN RATS WITH S. pneumoniae AND
E. coli PNEUMONIAS

S. pneumoniae E. coli
Duration of
Infection (h ) Bacteria Recovered (% )* Neutrophil Count† Bacteria Recovered (% )* Neutrophil Count†

None 0 0.8 � 0.1 0 0.8 � 0.1
2 372 � 133 1.6 � 0.3‡ 120 � 11 1.7 � 0.1‡

4 956 � 704 2.4 � 0.4‡ 428 � 113 2.3 � 0.4‡

6 374 � 288 3.2 � 0.7‡ 763 � 261 0.8 � 0.1§

8 73 � 26 3.7 � 0.6‡ 1,933 � 1,215§ 0.6 � 0.1§

10 23 � 7 2.4 � 0.3‡ 21 � 15 1.6 � 0.5

n � 5 for all groups except the 10-h studies, in which n � 2.
* Serial dilutions of the bacterial instillate and lung homogenates were plated on blood agar plates, and colony-forming units

were counted and compared. Data are expressed as the percentage of bacterial instillate present in the lungs at each time point.
† Number of neutrophils present in blood obtained from the inferior vena cava at the end of the study. Data are expressed as

the number of neutrophils � 106 per milliliter of blood.
‡ Significantly different from the value in rats that did not receive an infection, p � 0.05.
§ Significantly different from the value in S. pneumoniae at the same time point, p � 0.05.

was similar for both venous and arterial blood samples (Figure
4B). In addition, the mean fluorescence intensity and the stan-
dard deviation of L-selectin increased at 4 h, but there was
no difference in either the mean or the standard deviation for
neutrophils in venous compared with arterial blood (Figure 4C).
These data show that there was no difference in L-selectin ex-
pression on sequestering compared with nonsequestering neu-
trophils, suggesting that the level of L-selectin expression does
not determine neutrophil sequestration.

Neutrophils that are circulating in the blood stream occasion-
ally bind platelets, and an increase in platelet–neutrophil adhe-
sion among circulating neutrophils has been described in several
inflammatory conditions (27–41). Whether platelet–neutrophil
adhesion occurred during E. coli pneumonia and whether the
neutrophils that bound platelets preferentially sequestered in
the lungs were determined by simultaneous sampling of venous
and arterial blood. As previously noted, circulating neutrophil
counts increased after E. coli pneumonia for 4 h, and a venous–
arterial gradient in neutrophil counts was present (Figure 5). The
percentage of circulating neutrophils that had platelets bound to
their surface was determined by staining these blood samples
with an anti-granulocyte antibody and an anti-platelet antibody,
and calculating the fraction of neutrophils that bound platelets.
An example of these data obtained from a single rat is shown
in Figure 6, and the mean data are shown in Figure 7. The per-
centage of neutrophils that bound platelets was similar in venous
and arterial blood samples before instillation of E. coli. This
percentage nearly doubled by 4 h after instillation (Figure 7).
The increase was in the number of neutrophils that had bound
one to four platelets, and there was no significant difference in
the percentage binding five or more platelets. However, there
was no difference in the percentage of circulating neutrophils
with bound platelets in venous compared with arterial blood
(Figure 7), indicating that neutrophils with bound platelets were
not preferentially sequestering.

DISCUSSION

The mechanisms of the initial steps in the recruitment of neutro-
phils to acute inflammatory sites induced by infection or injury
in the lungs have remained elusive. Selectin-mediated rolling
does not occur in pulmonary capillaries because of the spatial
constraints on neutrophils compared with capillary diameters
(6, 13, 14). Although a role for selectins in the recruitment of
neutrophils at later stages in the process of emigration has not
been excluded and is likely, selectins do not appear to contribute

to the initial events as they do when recruitment occurs through
the postcapillary venules in either the pulmonary or systemic
circulation (8, 9). An alternative hypothesis is that inflammatory
mediators induce a stiffening of neutrophils, most likely caused
by the formation of an F-actin rim beneath the cell membrane,
which results in a decreased ability of neutrophils to deform
and pass through these narrow capillary segments. The studies
presented in this article evaluated neutrophil sequestration in the
lungs at a time during the inflammatory process when neutrophils
were actively sequestering, as demonstrated by the venous–
arterial gradient in neutrophil counts, and just beginning to mi-
grate, as shown by the still-small numbers of neutrophils that
were present in the lavage fluid. The data demonstrate that
neutrophils with F-actin rims are the ones that are sequestering
in the pulmonary circulation during pneumonia, and that CD11/
CD18-mediated adhesion is not required for sequestration of
these F-actin–rimmed neutrophils. Furthermore, neither low nor
high levels of L-selectin expression predict whether neutrophils
will sequester in the lungs, and the adhesion of platelets to cir-
culating neutrophils does not lead to their preferential sequestra-
tion compared with neutrophils that did not bind platelets. These
data thus suggest that a mediator-induced decrease in deform-
ability is the primary mechanism through which neutrophils stop
at inflammatory sites in the pulmonary capillaries.

In vitro, many studies using widely ranging techniques have
clearly demonstrated that inflammatory mediators induce cy-
toskeletal rearrangements that result in changes in the biome-
chanical properties of neutrophils (12–19). In vivo, several
studies have provided evidence supporting the hypothesis that
changes in the biomechanical properties of neutrophils induced
by cytoskeletal rearrangements mediate neutrophil sequestra-
tion in the pulmonary capillaries. These studies have examined
neutrophil sequestration induced by intravascular infusion of
mediators such as formyl-methionylleucylphenylalanine (fMLP),
complement protein-5 fragments, interleukin (IL)-8, and leuko-
triene B4, which induce neutropenia within 0.5–1.0 min, due
primarily to neutrophil sequestration within the lungs. The evi-
dence these studies provide to support this hypothesis include
several observations. First, when F-actin assembly is inhibited
by cytochalasin D, neutrophil sequestration induced by fMLP
is prevented (19). Second, neutrophils sequestered in the pulmo-
nary capillaries of rabbits by infusion of active complement frag-
ments are rounder (more spherical) than those in the capillaries
of rabbits given control infusions, suggesting that the sequestered
neutrophils have trouble changing their shape from round to
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Figure 2. (A ) Neutrophil counts in blood samples drawn simultaneously from the venous (entering the lungs) and arterial (exiting the lungs)
circulation. Venous and arterial neutrophil counts were similar before pneumonia. Four hours after initiation of S. pneumoniae pneumonia, both
venous and arterial counts were less than before pneumonia. The count was less in blood exiting the lungs compared with that entering the lungs,
indicating that neutrophil sequestration within the lungs was occurring. (B ) Percentage of circulating neutrophils that contained F-actin rims in
S. pneumoniae pneumonia. The percentage of circulating neutrophils with F-actin rims increased by 4 h after instillation of organisms. At 4 h, the
percentage of F-actin–rimmed neutrophils was less in venous blood than in arterial blood. (C ) Number of F-actin–rimmed neutrophils in venous
and arterial blood samples before and during S. pneumoniae pneumonia. The numbers of F-actin–rimmed neutrophils in venous blood and arterial
blood were similar before pneumonia. Four hours after initiation of pneumonias, fewer F-actin–rimmed neutrophils were present in the blood
exiting than entering the lungs, indicating that neutrophils containing F-actin rims sequestered in the lungs. (D ) Number of neutrophils without
F-actin rims in S. pneumoniae pneumonia. Neutrophils without rims were similar in number in venous and arterial blood at both time points.
*Significantly less than the value determined at the same site before pneumonia, p � 0.05. #Significantly less than the value in the venous blood
entering the lungs, p � 0.05.

oblong (23). Ultrastructural immunohistochemistry demon-
strated that intravascular C5 fragments cause a redistribution of
actin from the central regions to the submembrane regions and
to the microvillar processes of the sequestered neutrophils (23).

TABLE 2. VENOUS–ARTERIAL GRADIENT IN NEUTROPHIL
COUNTS IN RATS WITH S. pneumoniae PNEUMONIA

Before Pneumonia 4 h of Pneumonia

All neutrophils �0.03 � 0.073 0.18 � 0.009*
F-actin–rimmed neutrophils �0.06 � 0.064 0.20 � 0.022*

Neutrophil counts are expressed as number of neutrophils � 106 per milliliter
of blood.

The gradient was calculated by subtracting arterial neutrophil counts from
venous counts. There was no significant gradient before inducing pneumonia.
At 4 h after instillation of S. pneumoniae, a gradient was present, indicating that
neutrophil sequestration was occurring at this time. The gradient was the same for
F-actin–rimmed neutrophils as for total neutrophils, suggesting that F-actin–
rimmed neutrophils accounted for the entire gradient.

* Significantly greater than before pneumonia, p � 0.05.

Third, studies in patients with stable chronic obstructive pulmo-
nary disease have correlated the deformability of neutrophils
with their transit time through the lungs, demonstrating that
greater deformability is associated with shorter transit times (42).
Fourth, in a patient with pulmonary telangiectasia and capillaries
sufficiently large to allow passage of 30-�m microspheres, neu-
trophil transit times through the lungs are much faster than in
normal subjects (42). Taken together with the observations made
here, these studies suggest that in the absence of an inflammatory
stimulus, the deformability of neutrophils and the diameter of
the capillaries are important in neutrophil transit times through
the microvasculature, and that mediator-induced changes in the
cytoskeleton and the deformability of neutrophils may mediate
neutrophil sequestration in the pulmonary capillaries.

Four hours after instillation of either E. coli or S. pneumoniae,
neutrophils are actively sequestering in the lungs, as measured
by the difference between neutrophil counts in venous blood
entering the lungs and in arterial blood exiting the lungs. More-
over, this gradient in neutrophil counts is due entirely to the
sequestration of F-actin–rimmed neutrophils. The gradient in
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Figure 3. Circulating neutrophil counts (A ) and F-actin–rimmed neutrophil counts (B ) in E. coli pneumonia. Neutrophil counts significantly increased
in both venous and arterial blood samples compared with the counts in blood samples obtained before pneumonia. The circulating counts at
4 h were lower in arterial blood (exiting the lungs) than in venous blood (entering the lungs) of rats given nonimmune IgG. When rats were
pretreated with a blocking anti-CD18 antibody given intravenously 15 min before blood samples were obtained, a similar difference between
venous and arterial neutrophil counts was observed, as seen in animals given IgG. E. coli also induced an increase in the number of circulating
F-actin–rimmed neutrophils by 4 h. The number of F-actin–rimmed neutrophils was less in arterial than in venous blood. Blockade of CD18 did
not prevent this difference, indicating that CD11/CD18 is not required for the sequestration of F-actin–rimmed neutrophils within the pulmonary
microvasculature. *Significantly less than counts in the venous blood entering the lungs, p � 0.05.

total neutrophil counts was similar to the gradient of F-actin–
rimmed neutrophils in pneumonias induced by either organism,
and there was no gradient in nonrimmed neutrophils. The obser-
vation that F-actin–rimmed neutrophils were the cells that were
sequestering in response to either organism is interesting in
light of previous observations that these two organisms induce
neutrophil recruitment through quite different pathways. E. coli
induces neutrophil emigration through a tumor necrosis factor
(TNF)-	� and IL-1–dependent pathway that requires CD11/
CD18 and intercellular adhesion molecule-1–mediated adhesion
(12, 43, 44). In contrast, S. pneumoniae induced neutrophil emi-
gration through pathways that do not require TNF-	, IL-1, or
selectin- or CD11/CD18-mediated adhesion (12, 45). The obser-
vation that sequestration of F-actin–rimmed neutrophils occurs
in either type of pneumonia is likely to reflect the fact that the
production of inflammatory mediators induced by each of these
organisms is not substantively different, in that CXC chemokines
and other mediators that bind to the G protein–linked family
of receptors are produced in response to either organism.

TABLE 3. VENOUS–ARTERIAL GRADIENT IN CIRCULATING
NEUTROPHILS IN RATS WITH E. coli PNEUMONIA

Nonimmune IgG Anti-CD18 Ab

Total neutrophils 1.01 � 0.59 1.20 � 0.21
F-actin–rimmed neutrophils 1.45 � 0.43 1.32 � 0.25
Unrimmed neutrophils �0.26 � 0.25 �0.31 � 0.11

Neutrophil counts are expressed as number of neutrophils � 106 per milliliter
of blood.

The gradient was calculated by subtracting arterial neutrophil counts from
venous counts. Four hours after instillation of E. coli a gradient was present,
indicating that neutrophil sequestration in the lungs was occurring. The gradient
was the same for F-actin–rimmed neutrophils as for total neutrophils, suggesting
that F-actin–rimmed neutrophils accounted for the entire gradient. There was no
significant gradient for unrimmed neutrophils. Inhibiting CD18-mediated adhe-
sion did not prevent this gradient, suggesting that CD11/CD18-mediated adhe-
sion was not required for sequestration of F-actin–rimmed neutrophils during
pneumonia.

Because the hypothesis that cytoskeletal rearrangements and
the associated mechanical changes in neutrophil deformability
are the mechanism through which these F-actin–rimmed neutro-
phils are sequestering cannot be directly addressed by presently
available technologies, three potential alternative mechanisms
were examined that may also be associated with early events in
activation: CD11/CD18-mediated adhesion, L-selectin adhesion,
and neutrophil–platelet adhesion. CD11/CD18 and L-selectin may
mediate adhesive changes between neutrophils and endothelial
cells that could result in neutrophil sequestration. Platelet–-
neutrophil adhesion may activate neutrophils through ligation
of the P-selectin glycoprotein ligand-1 (PSGL-1), as well as mak-
ing the neutrophils effectively larger and more easily trapped
within the narrow pulmonary capillaries (31–35).

Our studies examining the role of CD11/CD18 took the ap-
proach of blocking the function of this adhesion molecule on
circulating neutrophils after pneumonia was allowed to establish
for 3.75 h, when the mediators were present and cytoskeletal
changes were initiated. Thus, whether CD11/CD18-mediated
adhesion played a role in sequestration of F-actin–rimmed neu-
trophils could be determined. The results demonstrate that
inhibition of the CD11/CD18 adhesion process with the block-
ing antibody WT3 (46–50) has no effect on the sequestration of
F-actin–rimmed neutrophils, as measured on the basis of the
venous–arterial gradient (Figure 3B). Thus, CD11/CD18 does
not appear to be mediating the initial processes that underlie
sequestration of F-actin–rimmed neutrophils.

L-selectin is an adhesion molecule whose function is regulated
in part by shedding from the surface by proteases that are acti-
vated rapidly after G protein–linked receptors are occupied by
mediators in vitro, and L-selectin shedding is considered a
marker of early events in neutrophil activation (8, 21, 22). Previ-
ous studies demonstrated that this shedding may occur more
slowly in circulating neutrophils exposed to intravascular media-
tors in vivo (8). In addition, newly released neutrophils entering
the blood stream from the bone marrow have increased expres-
sion of L-selectin compared with those that have been circulat-
ing for some time (51, 52). Thus, the first question was whether
neutrophils express high or low levels of L-selectin 4 h after
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Figure 4. (A ) The number of circulating neutrophils, (B ) the percentage
of neutrophils that expressed L-selectin, and (C ) the mean fluorescence
intensity and standard deviation of L-selectin on neutrophils obtained
from venous and arterial blood samples before and 4 h after instillation
of E. coli. Similar to the rats studied in Figures 2A and 3A, E. coli induced
a significant increase in circulating neutrophil counts by 4 h (A ). Arterial
neutrophil counts were significantly less than venous counts, indicating
that sequestration was ongoing at this time. The percentage of neutro-
phils expressing L-selectin was significantly increased at 4 h after pneu-
monia (B ). Neutrophils from venous and arterial blood samples were
similar. The mean fluorescence intensity of L-selectin labeling and the
standard deviation increased in animals with 4-h pneumonias (C ). There
was no difference in venous compared with arterial values. Similarly,
standard deviations increased at 4 h after pneumonia, and were similar
between venous and arterial samples. *Significantly greater than neutro-
phil counts before pneumonia, p � 0.05. #Significantly greater than
the value obtained in arterial blood samples, p � 0.05.

Figure 5. Circulating neutrophil counts in rats with E. coli pneumonia.
As demonstrated in Figures 3A and 4A, neutrophil counts increased in
rats after instillation of E. coli pneumonia, and the arterial counts were
less than the venous counts, indicating that sequestration of neutrophils
was occurring in the lungs. In these samples, the percentage of neutro-
phils to which platelets were bound is shown in Figures 6 and 7. *Signifi-
cantly greater than the number before pneumonia, p � 0.05. #Signifi-
cantly less than the venous counts, p � 0.05.

initiation of the inflammatory process, when bone marrow re-
lease is ongoing. The data clearly show that L-selectin expression
is greater on circulating neutrophils during rather than before
pneumonia and that more neutrophils express measurable levels
of L-selectin. The standard deviation is also increased, suggesting
that the variability of L-selectin expression is larger. This vari-
ability is unlikely to be due to shedding of L-selectin, because
most of the variability was due to high values of L-selectin ex-
pression. Thus, the changes observed during pneumonia are
likely to reflect the release of young neutrophils from the bone
marrow, rather than the shedding of L-selectin induced by in-
flammatory mediators. Interestingly, there was no difference in
L-selectin on neutrophils in venous compared with arterial blood
samples. These data suggest that the amount of L-selectin is not
a determinant of the initial sequestration of neutrophils at this
time during pneumonia.

Studies investigating the function of L-selectin were not un-
dertaken because in contrast to anti-CD18 antibodies, anti–L-
selectin antibodies induce neutropenia in rats. Although the
neutrophil counts recover after a period of time, the design of this
experiment did not allow this time period. However, previous
studies demonstrated that the rapid sequestration of neutrophils
within pulmonary capillaries induced by intravascular comple-
ment protein products was not prevented in L-selectin–deficient
mice (9). Furthermore, neither L-, P-, nor E-selectin was re-
quired for neutrophil sequestration in rabbits induced by this
same stimulus, although both L-selectin and CD11/CD18 were
required to maintain the sequestered neutrophils in the capillar-
ies for more than 4 min (8). Taken together, L-selectin expression
does not predict which neutrophils will be sequestered, and
L-selectin–mediated adhesion does not appear to mediate the
initial events in neutrophil recruitment.

Platelet–neutrophil adhesion has been suggested to occur
normally within the circulation and to increase during inflamma-
tory responses, for example, during ischemia–reperfusion injury
in the myocardium after angioplasty and during hemodialy-
sis with cellulose diacetate and polysulfone membranes, as well
as in patients with unstable angina, endotoxemia, sepsis, septic
multiple organ dysfunction syndrome, and meningococcal dis-
ease (27–41). Platelets adhere to neutrophils primarily through
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Figure 6. An example of data obtained by flow cytometry
from a single rat, identifying the percentage of neutrophils
to which platelets were bound in blood samples. Blood
samples were obtained before pneumonia from venous
(A ) and arterial (B ) catheters and 4 h after instillation of
E. coli, also from venous (C ) and arterial (D ) sites. Cells were
labeled with an anti-granulocyte antibody (clone HIS48)
followed by phycoerythrin-labeled anti-mouse IgM and a
fluorescein isothiocyanate–labeled mouse anti-rat CD42d
monoclonal antibody (clone RPM-4) as described in
METHODS. Flow cytometry was performed by gating on the
neutrophils and determining the number of HIS48-positive
cells that expressed the platelet marker CD42d (upper right
region of each scattergram).

P-selectin on platelets binding to PSGL-1 on neutrophils (31–35).
Ligation of PSGL-1 leads to intracellular signaling and activation
of neutrophils. Our studies suggest that a small fraction of circu-
lating neutrophils have platelets bound to their surface in unin-
fected rats. During the acute stages of pneumonia, the percent-
age of neutrophils that bind platelets increases by nearly twofold.
This increase is present in both venous and arterial blood sam-
ples, suggesting that adhesion of platelets to neutrophils does not
enhance the ability of neutrophils to sequester in the pulmonary
capillaries. Thus, adhesion of platelets to neutrophils does not
necessarily result in their sequestration within the lungs and does
not cause them to preferentially sequester in the lungs during
pneumonia.

Figure 7. The percentage of circulating neutrophils
that bound platelets in the venous and arterial blood
before and at 4 h after instillation of E. coli. This
percentage increased approximately two-fold dur-
ing E. coli pneumonia, and this change was due to
an increase in the percentage of neutrophils binding
1–4 platelets. No increase was observed in the per-
centage of neutrophils binding 5–9 or more than
10 platelets. This increase occurred in both venous
and arterial blood samples. There was no significant
difference in the percentage of neutrophils that
bound platelets in the venous compared to the arte-
rial blood samples before pneumonia or at 4 h after
instillation. * Significantly greater than the percentage
of neutrophils that bound platelets before pneumo-
nia, p � 0.05.

Although measurement of the venous–arterial gradient pro-
vides interesting quantitative data regarding the numbers of
neutrophils that are sequestering in the lungs, these neutrophils
are not necessarily sequestering within the site of pneumonia in
the left lower lobe. In fact, neutrophil sequestration appears to
occur throughout the lungs, as has been demonstrated previously
(26, 53). These studies have suggested that neutrophils sequester
throughout the lungs, but they adhere and migrate only at sites
of pneumonia. Although it is possible that other mechanisms
of sequestration may be operant at the site of infection, this site
contains a high concentration of inflammatory mediators that
bind the G protein–linked receptors and thus induce cytoskeletal
rearrangements, decreased deformability, and sequestration. We
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hypothesize that these mechanisms are even more accentuated
at the infected site. The long transit times of quiescent neutro-
phils in healthy lungs (median of 26 s compared with erythrocyte
transit times of 0.9–1.5 s [54]), the fact that this long transit time
is not due to a constant slow velocity but rather to one or two
prolonged stops within the capillary bed (55), and the greatly
extended transit time of activated neutrophils (56) allow these
cells to sample and interpret their environment, binding to the
endothelium and migrating when they find an appropriate stimu-
lus. The rapid formation of F-actin rims after ligation of the G
protein–linked receptors is short-lived (reviewed in [12]), and
after 2–5 min complex cytoskeletal events including flattening,
pseudopod formation, and crawling have begun to occur that
facilitate neutrophil migration.

F-actin–rimmed neutrophils are present in arterial blood, im-
plying that not every F-actin–rimmed neutrophil sequesters and/
or that some are released. Hypoxic vasoconstriction occurs
during pneumonia and redirects blood flow away from areas of
infection by modulating arterial and arteriolar diameters and
resistance. Capillary perfusion patterns also change, and the de-
crease in capillary perfusion, as measured by the accumulation of
colloidal markers in the capillary bed, appears even greater than
the reduction in blood flow (26). This implies that more flow is
going through fewer capillary segments, and these are most likely
to be either the wider ones or ones that are dilated by the
increasing pressure. These wider capillary pathways may receive
more of the blood flow during pneumonia, and a larger fraction
of neutrophils may not need to deform to pass from an arteriole
to a venule. Thus, F-actin–rimmed neutrophils appearing in the
arterial blood during pneumonia may represent those that passed
through these wide capillary pathways and did not need to de-
form. Other changes in flow patterns may also act to reduce
the effect of cytoskeletal changes and allow F-actin–rimmed
neutrophils to pass through the pulmonary capillaries or be
released.

In summary, neutrophil sequestration is actively occurring
4 h after instillation of either E. coli or S. pneumoniae. The
neutrophils that sequester in the lungs have F-actin rims, sug-
gesting that they have been recently activated by inflammatory
mediators present in the blood stream and are stiff. CD11/CD18-
mediated adhesion is not required for this sequestration. Neutro-
phils expressing either high or low levels of L-selectin do not
preferentially sequester. Adhesion of platelets to circulating neu-
trophils also does not appear to result in preferential uptake of
these neutrophils, compared with those that have not bound
platelets. Thus, these studies suggest that neutrophils are seques-
tering because of the decreased deformability resulting from
the cytoskeletal changes, causing them to be trapped within
the lungs. Subsequent steps include the adhesion of neutrophils
to the vessel wall and migration into the site of infection. This
mechanism of sequestration is likely to underlie neutrophil accu-
mulation during acute respiratory distress syndrome and other
inflammatory diseases of the lungs, as well as during pneumonia.
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