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Complement fragment-induced sequestration of
neutropbils within the lungs may be mediated by
stimulus-induced decreases in the deformability
of neutropbils, prolonging their lung capillary
transit times. As changes in deformability often
occur through changes in cytoskeletal proteins,
this study determined whbethber the distribution
of actin within intracapillary neutropbils was
altered by intravascular complement fragments
and whetber sequestered neutropbils were less
deformed. Ultratbin cryosections of lung tissue
Jrom rabbits given an infusion of complement
Jragments or saline were immunolabeled with
anti-actin antibodies. The number of gold parti-
cles/microvillus and tbe density of gold parti-
cles/pm?® cytoplasm in the submembrane and the
central region of intracapillary neutropbils was
quantitated. Neutropbil shape was evaluated us-
ing laser confocal microscopy. In control rabbits,
the ratio of submembrane/central gold was al-
ways greater than one and most neutropbils
were elongated, 97% baving shape factors >
1.10. The ratio of submembrane/central gold was
greater in complement-treated rabbits (5.1 * 0.9)
than controls (2.6 + 0.4; P < 0.026). The number
of gold particles/microvillus was also increased
in complement-treated rabbits (3.9 * 0.5) com-
pared with controls (2.3 * 0.5; P < 0.045). Neu-
tropbils were more often spherical when rabbits
received complement fragments for 1.5 minutes
than in control lungs or after 15-minute infu-
sions. These data suggest that complement frag-

ments induce a rapid redistribution of actin from
the central to the submembrane region and the
microvilli and result in more round neutropbils.
This redistribution may decrease the deformabil-
ity of neutropbils by altering the stiffness of the
submembrane region and/or by preventing the
microvilli from flattening. (Am J Pathol 1996,
149:963-973)

Intravascular inflammatory mediators induce se-
questration of neutrophils within the microvascula-
ture of all organs and particularly the lungs, as the
lungs receive the entire cardiac output.’'® Within
the pulmonary microvasculature, more than 95% of
the sequestered neutrophils are localized within the
capillary network whereas only 5% are in the arte-
rioles and venules.”"2 Infusion of complement frag-
ments for just 10 minutes induces neutrophil seques-
tration and a mild increase in vascular permeability
within the lungs of rabbits, and this injury requires
neutrophils.'®

Neutrophil sequestration is thought to be induced
by an inflammatory mediator binding to specific re-
ceptors on neutrophils, resulting in signal transduc-
tion and neutrophil activation. This activation induces
a number of changes within neutrophils that include
alterations in the cytoskeletal proteins and increases
in both the expression of adhesion molecules on the
membrane and their avidity for their recep-
tors.2-37:14-26 pravious studies have shown that se-
questration of neutrophils within the pulmonary cap-
illaries induce by either formyl-methionyl-leucyl-
phenylalanine (fMLP) or complement fragments
does not require the CD11/CD18 adhesion com-

Supported by a research grant from the Riley Memorial Association
and PHS HL48160. C. M. Doerschuk was a recipient of a Career
Investigator Award from the American Lung Association.
Accepted for publication April 24, 1996.
Address reprint requests to Dr. Claire M. Doerschuk, Harvard
School of Public Health, 1-305, 665 Huntington Avenue, Boston, MA
02115.

963



964 Motosugi et al
AJP September 1996, Vol. 149, No. 3

plex.'227 However, once the neutrophils are seques-
tered within the pulmonary capillary bed, CD11/
CD18-mediated adhesion is necessary to maintain
this sequestration for more than 5 to 7 minutes.?
Recent studies have suggested that L-selectin or
P-selectin are also not required for this initial seques-
tration.2®-2° These studies suggest that the seques-
tration of neutrophils occurs through at least two
sequential events.'2 The first occurs during the first 4
minutes after an inflammatory mediator enters the
bloodstream and does not require either L-selectin,
P-selectin, or CD11/CD18. After 5 to 7 minutes,
CD11/CD18-mediated adhesion is necessary to
maintain the sequestered neutrophils within the cap-
illaries.

The mechanisms important in the initial process of
sequestration may include a rapid stiffening of neu-
trophils induced by the inflammatory stimu-
lus.®7-811.12.17-26 Neytrophils must deform into an
oblong shape to pass through more than 60% of the
capillary segments and virtually every capillary path-
way. 323" |f neutrophils became stiffer and could not
deform, they would not be able to pass through the
capillary bed. Many investigators have demon-
strated that inflammatory stimuli, including C5a, in-
terleukin-8, fMLP, and phorbol myristate acetate,
rapidly induce stiffening of neutrophils, as measured
by aspiration into micropipettes, the pressure or flow
required to pass neutrophils through a filter contain-
ing 5-um pores, or cell pokers that measure the
pressure required to indent a neutrophil 3726
Worthen and colleagues® have suggested that stim-
ulus-induced decreases in the deformability are also
important in vivo, as pretreatment of isolated radiola-
beled neutrophils with cytochalasin D reduced neu-
trophil sequestration within the lungs induced by
fMLP. The mechanism through which this stiffening
occurs has been suggested to be through the poly-
merization of globular (g) actin to filamentous (f)
actin to form an actin-rich rim in the subcortical re-
gion beneath the neutrophil membrane.'"~2¢ How-
ever, direct observation of changes in the cytoskel-
eton in vivo has not yet been attempted.

The purpose of this study was to quantitate the
distribution of actin within the central region, the
submembrane shell, and the microvillar processes of
neutrophils within the pulmonary capillaries and to
compare this distribution in rabbits given infusions of
complement fragments for 2 minutes with that in
control rabbits that received no infusion. This study
also tested the hypothesis that activated neutrophils
are less able to deform than quiescent neutrophils by
determining whether neutrophils were more spheri-
cal in rabbits given infusions of complement frag-

ments for 1.5 or 15 minutes compared with control
rabbits that received no infusion. The localization of
actin within neutrophils in the pulmonary capillaries
was evaluated using ultrastructural immunohisto-
chemistry. The shape of neutrophils was quantitated
in fixed lung tissue using laser scanning confocal
microscopy.

Materials and Methods

Animals

New Zealand White rabbits weighing 2.4 to 3.1 kg
were used in this study.

Complement Fragments

Rabbit plasma was incubated with zymosan A yeast
(5 mg/mi; Sigma Chemical Co., St. Louis, MO) for 30
minutes at 37°C.""'2 The complement-activated
plasma was then centrifuged twice at 800 X g for 15
minutes. Plasma containing complement fragments
was used within 1 hour.

Protocol A: Immunohistochemical
Localization of Actin within Neutrophils

Rabbits were anesthetized with ketamine hydrochlo-
ride (80 to 100 mg/kg i.m.) and acepromazine mal-
eate (8 to 10 mg/kg i.m.) and placed supine. Cath-
eters were inserted in the aorta through the right
internal carotid artery and in the marginal ear vein. A
tracheostomy was performed and the animals
breathed room air spontaneously. After a blood sam-
ple was taken from the arterial line to determine the
circulating leukocyte counts and differential, com-
plement fragments were infused at a rate of 0.3
ml/kg/minute for 2 minutes (n = 4). Control rabbits
received no infusion (n = 4). After a blood sample
was obtained from the arterial line, the heart was
stopped by intra-arterial injection of saturated potas-
sium chloride.

The chest was rapidly opened, the base of the
heart was tied, and 0.025% glutaraldehyde in phos-
phate-buffered saline (PBS) was instilled through the
trachea at 30 cm H,O pressure. The lungs were
removed and allowed to fix for 1 hour at 4°C. The
lung tissue was then sectioned into 1 X 1 X 1 mm
cubes and fixed for an additional 60 minutes. After
rinsing in PBS, the tissue sections were infiltrated
with 2.5 mol/L sucrose overnight at 4°C. Each tissue
fragment was then placed on an aluminum specimen
pin and frozen in liquid nitrogen. Sections measuring



90 to 110 nm were cut using a cryo-ultramicrotome
and collected on formvar-coated copper grids.

Actin was localized using immunogold labeling
techniques. The grids were inverted on 40-ul drop-
lets of PBS containing 5% fetal calf serum (FCS). The
grids were incubated with the primary mouse mono-
clonal anti-actin antibody (Boehringer Mannheim, In-
dianapolis, IN) at a concentration of 0.01 mg/ml. This
anti-actin antibody recognizes all actin isoforms in
both the globular and the filamentous form.32 To
assess nonspecific gold labeling, additional cryo-
sections were incubated with nonimmune mouse
IgG (Sigma) at the same concentration. After wash-
ing in PBS/FCS, the sections were incubated with a
colloidal gold-labeled anti-murine antibody (1:26 di-
lution; Sigma). After post-fixing in 1% glutaralde-
hyde, the sections were embedded and contrasted
with 1.8% methylcellulose containing 0.3% uranyl
acetate in distilled water.

The tissue sections were examined using a Phil-
lips CM 10 transmission electron microscope. Neu-
trophils were identified by their segmented nuclear
lobes and cytoplasmic granules. All neutrophils were
photographed at X27,000 to x32,000 magnification.
In each animal, at least five neutrophils were identi-
fied.

The density of gold particles was measured in the
submembrane region, which was designated as a
rim of cytoplasm extending O to 0.5 um below the
plasma membrane, and the central region of cyto-
plasm between the nuclear lobes. This density was
determined by counting the number of gold particles
on a measured surface area of cytoplasm and was
expressed as gold particles/um? cytoplasm in each
region. The change in the density of actin in the
submembrane compared with the central regions
was quantitated for each neutrophil by calculating
the ratio:

submembrane/central actin density

_ number of gold particles/um? submembrane rim
~ number of gold particles/um? central cytoplasm'

The number of gold particles in each microvillar pro-
cess was also counted and expressed as number of
gold particles/microvillar process. For each neutro-
phil, the average value of gold particles/microvillar
process was calculated.

Protocol B: Neutrophil Shape

New Zealand White rabbits were anesthetized as
described in protocol A. A tracheostomy was per-
formed and the animals breathed room air sponta-
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neously. Catheters were placed in the aorta through
the left carotid artery and in the marginal ear vein.
After blood was sampled to determine the circulating
leukocyte counts and differential, infusion of comple-
ment fragments was begun at a rate of 0.3/kg/minute
for either 1.5 (n = 5) or 15 (n = 5) minutes. Control
animals received infusions of saline (n = 5). After
either 1.5 or 15 minutes, blood was sampled for
circulating leukocyte counts, and the heart was
stopped by intra-arterial injection of saturated potas-
sium chloride. The chest was rapidly opened, the
base of the heart was tied, and 4% paraformalde-
hyde was instilled through the trachea at a pressure
of 30 cm H,0. The heart and lungs were removed
from the thoracic cavity and fixed overnight. Tissue
blocks were removed from the posterior portion of
the left middle lobe, embedded in paraffin, and sec-
tioned at 25 um.

The day before observation using the laser confo-
cal microscope, the sections were deparaffinized
and incubated with 0.1% Triton X-100 in PBS for 30
minutes. They were stained for 30 minutes with a
mixture of ethidium bromide (Molecular Probes, Eu-
gene, OR) in 100 ug/ml PBS to identify nuclei®® and
fluorescein isothiocyanate (FITC)-labeled phalloidin
(Sigma) in 50 ug/ml PBS to identify the cyto-
plasm.25-26

The sections were examined using a laser scan-
ning confocal microscopy (Odyssey Microscope,
Noran Instruments, Middleton, WI). Neutrophils were
identified using an excitation wavelength of 529 nm
and an emission wavelength of >590 nm to visualize
ethidium-bromide-labeled nuclei. Neutrophils that
were located within longitudinally sectioned capillar-
ies were examined, and measurements were made
using excitation and emission wavelengths of 488
and 520 to 540 nm, respectively, to visualize FITC-
phalloidin. The focal plane, which measured <0.2
um in depth (z dimension), through the largest cross-
section (x-y plane) of the neutrophil was used for
measurements. The major axis was taken to be the
axis parallel to the capillary walls. The minor axis was
the axis perpendicular to the major axis midpoint of
the major axis. The shape factor was calculated as
the major axis/minor axis.®° This shape factor mea-
sured 1.0 if the neutrophil were spherical and in-
creased as the neutrophil deformed into elongated
shapes.

Histograms describing the frequency distribution
of shape factors were constructed, and cumulative
frequency distributions were calculated for each

group.
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Table 1.  Circulating Neutrophil Counts before and during Infusion (X 10°/mi blood)
Time relative to infusion
Protocol 1 Before 2 minutes
Complement fragments 1.75 £ 0.44 0.04 = 0.01
Saline 1.65 = 0.41 1.58 + 0.42
Protocol 2 Before 1.5 minutes 15 minutes
Complement fragments
1.5 minutes 1.98 +0.23 0.049 = 0.004*
15 minutes 1.76 = 0.20 0.046 = 0.002* 0.042 + 0.007*
Saline 1.18 £ 0.16 1.25 =0.15 1.31 *=0.20

*Significantly different from neutrophil counts before infusion of complement fragments; P < 0.05.

The surface area of the cross section of each
neutrophil was estimated by assuming the shape to
be an ellipse and using the formula:

ab
surface area = T

where a = major axis and b = minor axis. The
volume was also estimated using the formula for a
rotated ellipse:

abc
volume = 7——

6"
where a = major axis, b = minor axis, and b and ¢
are the axes in the plane perpendicular to the vessel
wall so thatb = c.

The hypothesis for these studies is that activated
neutrophils cannot deform and are therefore more
spherical than neutrophils in the pulmonary capillar-
ies of normal rabbits. However, the lungs normally
contain a large number of marginated neutrophils
that will already be deformed before infusion of com-
plement fragments, 58123034 gnd these neutro-
phils will lead to underestimates of the effect of com-
plement fragments on inhibition of neutrophil
deformation. Therefore, the number of neutrophils
that might be expected to be spherical was esti-
mated by calculating the total number of circulating
neutrophils available to sequester in the lungs imme-
diately upon infusion of complement fragments. This
number was compared with the total number of neu-
trophils in the capillary bed before the infusion. The
number available to sequester was estimated to be
the total number of neutrophils/ml of blood before the
infusion multiplied by the blood volume of the rabbit
(60 mi/kg®?*). The total number of marginated neutro-
phils in the lungs of normal rabbits was taken to be
18 x 108 to 21 x 10%.'1-34 The percentage of neu-
trophils that might be expected to have a spherical
shape was then equal to

number of circulating neutrophils

number of circulating neutrophils +
number of marginated neutrophils

where

number of circulating neutrophils

_ number of circulating neutrophils
ml blood

X body weight X 60 ml blood/kg.

This predicted percent increase in spherical cells
was then compared with the observed increase ob-
tained using the cumulative frequency distribution of
shape factors.

Statistics

The circulating neutrophil counts, ratio of submem-
brane/central actin densities, average number of
gold particles/microvillus process for each neutro-
phil, length of major and minor axes, surface area,
volume, and shape factor were compared using ei-
ther Student t-tests or analyses of variance, as ap-
propriate. When an analysis of variance was found to
be significant, multiple contrasts with a Bonferroni
correction were used to determine which groups
were significantly different.>> Cumulative frequency
distributions were calculated and compared using
the Kolmogorov-Smirnov test.%®

Results

Infusion of complement fragments induced neutro-
penia by 1.5 minutes that persisted through the 15-
minute infusion (Table 1).



Table 2.  Distribution of Actin within Neutropbils

Actin densities in
submembrane/ Gold particles/

central regions microvillus
Complement fragments 5.1 09" 3.9+ 05"
Saline 26+04 23=*=05

The ratio of the density of actin in the submembrane region to the
central region of neutrophils was expressed as the ratio of gold
particles/um? submembrane cytoplasm to gold particles/um? central
cytoplasm. The second column shows the average number of gold
particles/microvillar process for each neutrophil.

*Significantly greater than in neutrophils in pulmonary
microvasculature of saline-treated rabbits. In the saline-treated
group, 26 neutrophils from five rabbits were evaluated. The effect
of complement fragments was examined in 28 neutrophils from
five rabbits.
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Protocol A: Immunohistochemical
Localization of Actin within Neutrophils

The distribution of actin within the cytoplasm of neu-
trophils in the pulmonary capillaries is described in
Table 2 and Figures 1 to 4. Electron micrographs of
immunogold-labeled actin within intra-capillary neu-
trophils in the lungs of rabbits given either comple-
ment fragments or saline are shown in Figure 1. The
ratio of submembrane/central actin density, as quan-
titated by the ratio of gold particles/um? cytoplasm in
the submembrane region to that in the central region,
was 2.6 = 0.4 in the control animals, indicating that
the density of actin was twice as great in the cyto-

#

Figure 1. Electron micrographs showing ultrastructural localization of actin within intracapillary neutrophils in the lungs of rabbits that received
infusion of saline (8) or complement fragments (b) for 2 minutes. Magnification, X 47,000 (colloidal gold particle = 10 nm).
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Figure 2. Cumulative frequency distribution of the ratio of actin
densities in the sub brane rim to the central region of neutrophils
within pulmonary capillaries. More neutrophils showed bigher values
of submembrane/central actin density when rabbits were treated with
complement fragments for 2 minutes (M) compared with those in
control rabbits (O; P < 0.01).

plasmic rim beneath the plasma membrane as in the
central, perinuclear region before activation. This ra-
tio of submembrane/central actin density increased
after a 2-minute infusion of complement fragments to
5.1 + 0.9 (Table 2). Control grids replacing the anti-
actin antibody with nonimmune IgG showed virtually
no nonspecific binding of gold particles (range, O to
0.05 particle/um? cytoplasm). Figure 2 describes the
ratio of actin densities as a frequency distribution,
showing that more neutrophils have high ratios of
submembrane/central actin density after exposure to
complement fragments than in control lungs. No cor-
relation was found between the ratio of actin densi-
ties and neutrophil shape for either the complement
fragment-treated animals (R = 0.150; P > 0.5), sa-
line-treated (R = 0.0144; P > 0.05), or the combined
groups (R = 0.109; P > 0.05).

Within the microvillar processes, there was also an
increase in actin after infusion of complement frag-
ments. Both the mean value (Table 2) and the fre-
quency distribution (Figure 3) of gold particles/microvil-
lus were increased after infusion of complement
fragments. A significant correlation between the ratio of
actin density in the submembrane to central regions
and the number of gold particles/microvillus in the in-
tra-capillary neutrophils was found in the complement
fragment-treated rabbits but not in the saline-treated
rabbits (Figure 4). Similar to changes in the ratio of
actin density, no correlation was found between the
number of gold particles/microvillus and neutrophil
shape for either the complement fragment-treated an-
imals (R = 0.299; 0.25 > P > 0.10), saline-treated (R =
0.335; 0.25 > P > 0.10), or the combined groups (R =
0.0389; P > 0.05).
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Figure 3. Cumulative frequency distribution of the actin density in
microvillar processes in neutrophils within pulmonary capillaries. The
number of gold particles/microvillar process, a measure of actin con-
centration within these processes, was increased when rabbits received
infusions of complement fragments for 2 minutes (W) compared with
those in control rabbits (O).

Protocol B: Neutrophil Shape

The average length of the major and minor axis, the
surface area, and the volume were not significantly
different in neutrophils within pulmonary capillaries
of rabbits treated with complement fragments for
either 1.5 or 15 minutes when compared with those
in rabbits that received saline (Table 3). There was
also no significant difference in the average shape
factor for any of the groups (Table 3). Figure 5 shows
the cumulative frequency distribution of shape fac-
tors for each neutrophil in the three groups. This
analysis makes no assumptions about the normality
of the data. More spherical neutrophils were present
in the pulmonary capillaries of rabbits treated with
complement fragments for 1.5 minutes than those
treated with either saline or complement fragments
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Figure 4. Correlation between the actin in the
brane/central regions and the concentration of actin/microvillar pro-
cesses. Each symbol represents the ratio of submembrane/central actin
densities and the mean value of the gold particles/microvillar process
for one neutrophil. There was a significant correlation between these
parameters in neutropbils within pulmonary capillaries after infusion
of complement fragments (@; R = 0.521, P < 0.005). However, no
correlation was observed in neutrophils within the capillaries of rabbits
given infusion of saline (O; R = 0.020, P > 0.6).
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Table 3.  Size and Shape of Neutrophils in Pulmonary Capillaries
% neutrophils with ~ Diameter
(um) of
Surface Shape  Shape neutrophils
Major Minor area Volume Shape factor factor  with shape
axis (um)  axis (um) (um?) (wm3) factor <140 >2.00 factor <1.05
Saline (n = 62) 785*113 541070 33467 1228 x421 1.47 £0.29 44 6.4 6.34(n=1)
Complement fragments
1.5 minutes (n =58) 747 +149 537 +0.69 31781 1159420 141 *0.31 60 52 6.44(n=2)
15 minutes (n = 60) 8.01 =146 522 *0.83 328=*=80 1172+ 446 158 =045 43 150 6.26(n=1)

The ratio of submembrane/central actin densities, average number of gold particles/microvillus process for each neutrophil, length of
major and minor axes, surface area, volume, and shape factor were compared using analyses of variance. When an analysis of variance
was found to be significant, multiple contrasts with a Bonferroni correction were used to determine which groups were significantly

different.3® Data are expressed as mean * SD.

for 15 minutes. In particular, the number of neutro-
phils having a shape factor of less than 1.4 was 60%
after a 1.5-minute infusion of complement fragments,
43% after 15 minutes, and 44% in the animals
treated with saline infusion, indicating that there was
an increase in the fraction of spherical neutrophils of
16% when rabbits received complement fragments
for 1.5 minutes (Table 3). In contrast, more neutro-
phils were deformed and flattened in animals that
received complement fragments for 15 minutes, as
these animals had 8.6% more neutrophils that
showed shape factors greater than 2.0 (Table 3).
Previous studies have estimated the number of
neutrophils within the normal pulmonary microvascu-
lature of rabbits weighing 3.4 kg to be 18 X 108 to
21 x 108, The increase due to sequestration of all
circulating neutrophils was calculated as the number
of circulating neutrophils/ml of blood (Table 1) mul-
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Figure 5. Cumulative frequency distributions of shape factors for
neutrophils within pulmonary capillaries. More neutrophils in the
lungs of rabbits given infusion of complement fragments for 1.5 min-
utes had shape factors that were close to 1 than animals treated with
complement fragments for 15 minutes or control animals given infu-
sion of saline. In contrast, infusion of complement fragments for 15
minutes resulted in a small increase in the number of neutrophils that
were more elongated. B, rabbits given infusion of complement frag-
ments for 1.5 minutes; O, rabbits given infusion of complement frag-
ments for 15 minutes; ®, rabbits given infusion of saline. Cumulative
fmqufincy distributions were compared using the Kolmogorov-Smirnov
Test

tiplied by the blood volume/kg body weight and was
calculated to be 3.06 x 108. Therefore, the percent-
age of the total sequestered neutrophils that were
delivered to the lungs during the 1.5-minute infusion
and might be expected to be spherical was 12.7 to
14.5%. This predicted value of spherical neutrophils
corresponds closely with the observed value of 16%
(Table 3).

These data were also used to estimate the diam-
eter of spherical neutrophils and to determine the
fraction of neutrophils that deform as they pass
through the pulmonary capillary bed of normal ani-
mals. Only a total of four neutrophils, two in the lungs
of rabbits that received complement fragments for
1.5 minutes and one each in the lungs that received
saline or complement fragments for 15 minutes, were
nearly spherical with shape factors less than 1.05.
The mean diameter of these four nearly spherical
neutrophils measured 6.37 = 0.19 um. In the rabbits
that received only saline, 98% of the neutrophils had
shape factors greater than 1.05, 97% had shape
factors greater than 1.10, and 92% had shape fac-
tors greater than 1.15.

Discussion

Previous studies have demonstrated that intravascu-
lar complement fragments induce a rapid and virtu-
ally complete sequestration of neutrophils within the
pulmonary capillary bed?5©:11:12 and that this se-
questration does not require L-selectin, P-selectin, or
CD11/CD18-mediated adhesion between neutro-
phils and endothelial cells.22%-2° The present study
addresses the hypothesis that sequestration of neu-
trophils induced by circulating inflammatory media-
tors occurs through changes in the biomechanical
properties of neutrophils that result in decreased
deformability by evaluating the subcellular distribu-
tion of a major cytoskeletal protein as well as
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changes in neutrophil shape that are important in
their transit. The data show that the ratio of submem-
brane/central actin density and the gold particles/
microvillus in intra-capillary neutrophils is increased
after a 2-minute exposure to complement fragments,
suggesting that actin rapidly redistributes from the
central regions of the cells into the submembrane
regions as well as into the microvillar processes
when intravascular neutrophils are activated. These
changes are associated with a greater number of
spherical neutrophils within the pulmonary capillary
bed.

Other investigators have demonstrated using a
variety of techniques that binding of inflammatory
mediators to receptors on neutrophils induces a
rapid stiffening of these cells that is accompanied by
a decrease in their ability to deform.3'7-26 The
mechanism for this stiffening has been suggested to
involve the polymerization of g-actin to f-actin, in-
creasing the rigidity of the submembrane cytoskel-
etal network.® 17726 Ajthough our study did not eval-
uate the polymerization of actin, the observed
increase in immunoreactive actin likely resulted in
increased formation of microfilaments. However, it is
possible that increasing the viscosity of the submem-
brane rim of cytoplasm by increasing the concentra-
tion of actin monomers could also result in increased
stiffening without requiring polymerization. Increases
in the viscoelastic properties of the submembrane
rim may similarly decrease the neutrophil’s ability to
deform.

The observation that the concentration of actin in
the microvillar processes increases rapidly after in-
travascular activation of neutrophils suggests an al-
ternative or additional hypothesis. Normally, neutro-
phils contain 140 to 200% more plasma membrane
than is necessary to surround the cytoplasm when
neutrophils are spherical 3”8 This excess mem-
brane is thought to be required for neutrophils to
change their shape, as the smallest surface area to
volume ratio is that of a sphere, and excess surface
area is required to accommodate changes in shape.
An increase in the concentration of actin within the
microvillar processes may prevent them from flatten-
ing and contributing their excess membrane for
shape changes, decreasing the neutrophils’ ability to
deform. Alternatively, this increased concentration of
actin may actually facilitate contraction of microvillar
processes and their incorporation into the body of
the cell, particularly if the monomers assembled into
microfilaments. In fact, these studies may suggest
the hypothesis that the microvillar processes rapidly
stiffen, inhibiting deformation immediately after acti-
vation, whereas at later time points this accumulation

of actin facilitates their flattening and subsequent
changes in neutrophil shape. This hypothesis is sup-
ported by data demonstrating that stimulus-induced
decreases in deformability are transient, and neutro-
phils regain their ability to deform within 15 to 30
minutes despite continued exposure to the inciting
stimulus. However, direct measurements of microvil-
lar stiffness have not been made to our knowledge.

Previous studies have measured the diameter of
spherical unstimulated neutrophils using electron mi-
croscopy and a statistical method suitable for calcu-
lating the frequency distribution of diameters for a
polydispersed system of spherical shapes.®° Laser
scanning confocal microscopy permits optical sec-
tioning through the entire thickness of neutrophils in
capillaries and selection of the largest plane. How-
ever, its resolution is less than that of electron mi-
croscopy, and it does not allow identification of
plasma membrane and microvillar processes. When
the measurements of diameter from these two very
different techniques are compared, the value for the
diameter of spherical neutrophils obtained using
confocal microscopic measurements of neutrophils
with shape factors close to 1 was 6.37 = 0.19 um
and compared very closely with values of 6.4 + 0.6
um calculated from ultrastructural measurements.3°

Both confocal microscopy and electron micro-
scopic studies showed that only a small fraction of
the neutrophils present within the capillary bed of
control, unstimulated lungs were spherical. How-
ever, using confocal microscopy, the average shape
factor and its variability was smaller (1.47 + 0.29)
than that obtained using electron microscopy (1.9 *
1.039). One possible explanation for this discrepancy
is related to the fact that confocal microscopy per-
mits selection of the largest cross section whereas
electron microscopy results in cross sections that
may deviate considerably from the central one, even
when only neutrophils in longitudinally sliced capil-
lary segments are included. Shape factors mea-
sured on more peripheral cross sections require the
assumption that neutrophils change shape only
along the axis that is parallel to the capillary segment
and that the two axes perpendicular to the vessel
wall change similarly. One possible interpretation of
the smaller shape factors and variability in values is
that neutrophils change shape in two directions,
lengthening as well as flattening to pass through
capillary segments.

A shape factor of 1.4 was selected as the thresh-
old value for comparison between groups for two
reasons. First, previous studies have shown that all
neutrophils in large-vessel blood have shape factors
less than 1.4%° and that 94% of leukocytes in pulmo-



nary arterioles have shape factors less than 1.25.%°
Second, previous studies have shown that neutro-
phils can deform from a diameter of 6.4 um to 5.1 to
5.2 um as quickly as red blood cells without a mea-
surable delay in pulmonary transit time,®' and this
change in diameter alters shape from a shape factor
of 1 to approximately 1.4. When this threshold value
of shape was applied to the data presented here,
only a small increase in the more spherical neutro-
phils was observed after infusion of complement
fragments for 1.5 minutes. In fact, only an additional
16% of neutrophils had a more spherical shape than
those observed in control animals (Table 3). How-
ever, calculations to determine what increase we
would expect to find if every circulating neutrophil
sequestered as a spherical neutrophil showed that
only a 12.7 to 14.5% increase could be expected,
very close to the 16% increase observed. We inter-
pret these data to indicate that neutrophils seques-
tered by infusion of complement fragments maintain
their spherical shape for longer than predicted from
the frequency distribution of neutrophil shape in nor-
mal pulmonary capillaries.

In contrast, neutrophils that were sequestered in
the lungs after a 15-minute infusion of complement
fragments had elongated shapes more frequently
than control animals (Figure 5). Although this in-
crease was small, it is interesting in light of data
showing that, by 15 minutes, CD11/CD18-mediated
adhesion is critical for maintaining the sequestered
neutrophils within the pulmonary capillaries.® This
flattening may be mediated through increased neu-
trophil-endothelial cell adhesion, and later time
points may demonstrate this elongation more dra-
matically.

More of the intra-capillary neutrophils in the rab-
bits given short exposures to complement fragments
display redistribution of actin to the submembrane
region and the microvillar processes than display
changes in shape, and there was no correlation be-
tween neutrophil shape and either the ratio of sub-
membrane/central actin density or the number of
gold particles/microvillar process. These observa-
tions may be due to the ability of neutrophils that are
already within the lungs before the infusion of com-
plement fragments to undergo redistribution of actin
despite previous deformation. If, in fact, the changes
in cytoskeletal portions mediate the stimulus-in-
duced stiffening of neutrophils, these studies imply
that redistribution of actin will not cause a deformed,
elongated neutrophil to regain its spherical shape
but rather will only inhibit a spherical neutrophil from
undergoing deformation.
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Finally, we and others have suggested that stim-
ulus-induced changes in neutrophil volume may also
increase the difficulty neutrophils encounter in pass-
ing through the pulmonary capillary bed and contrib-
ute to their sequestration.®#8:12:40 However, the cal-
culated surface area and volume of neutrophils
showed no significant differences after either 1.5- or
15-minute exposures to complement fragments. Al-
though these calculations are likely to underestimate
both surface area and volume, it is unlikely that the
magnitude of changes in volume will be sufficient to
induce sequestration.

In summary, these studies demonstrate a rapid
redistribution of actin from the central regions of
neutrophils to the submembrane rim of cytoplasm
and to the microvillar processes when neutrophils
are activated in vivo by intravascular inflammatory
mediators. These changes, as well as the increased
polymerization of actin within the periphery of the
cytoplasm observed by others,?2726 are likely to alter
the biomechanical properties of neutrophils, increas-
ing their stiffness and viscosity and decreasing their
ability to deform. Measurements of shape suggest
that the majority of the newly sequestered cells are
more spherical and less able to deform compared
with those present within the normal pulmonary mi-
crovasculature. Although some of these arguments
are indirect, these studies suggest that changes in
the cytoskeleton that induce alterations in the biome-
chanical properties of neutrophils may alter neutro-
phil transit and result in sequestration of neutrophils
during the inflammatory process.
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