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Infusion of activated plasma induces neutropenia and sequestration of neutrophils within the microvascula
ture. This study examined the role of the adhesion glycoprotein complex, CD11/CD18, in this sequestration.
Rabbits pretreated with either the anti-CD18 monoclonal antibody (mAb) 60.3 or saline were given infu
sions of zymosan-activated plasma (ZAP) or saline. The effect of mAb 60.3 on the changes in circulating
neutrophil counts, radiolabeled neutrophil kinetics in the lung, and the pulmonary microvascular accumula
tion of neutrophils induced by ZAP infusion was determined. The data show that pretreatment with mAb
60.3 did not inhibit either the rate of onset or the severity of the neutropenia but prevented the sustained
neutropenia. In addition, mAb 60.3 completely prevented the ZAP-induced changes in radiolabeled neutro
phil kinetics and largely inhibited the accumulation of neutrophils within the capillaries and the small ves
sels when evaluated after 15 min of ZAP infusion. We conclude that neutrophil accumulation is a two-step
process, the first occurring through a CD18-independent mechanism that may involve a stimulus-induced
decrease in neutrophil deformability and acts to slow neutrophil transit through the lung. The second step
requires CD18-dependent adhesion and is needed for prolonged accumulation ofneutrophils within the pul
monary microvasculature.

The lung contains a large marginated pool of neutrophils
within the capillary bed. Because neutrophils are normally
more than 1,000 times less deformable than erythrocytes
(RBC), neutrophils require more time than RBC to pass
through capillaries that are narrower than the neutrophil's
spherical diameter (1-8). Previous work from our laboratory
and others has shown that the multisegmented nature of the
pulmonary capillary bed allows the RBC to bypass segments
that are filled by the temporarily obstructing neutrophils,
concentrating the neutrophils with respect to the RBC to
form the marginated pool (2, 5-9). Several groups of investi
gators have suggested that a further reduction in deformabil
ity may explain the pulmonary sequestration of neutrophils
produced by an infusion of activated plasma (9, 10). How
ever, this sequestration could also be explained by an in
crease in adhesion between neutrophils and endothelial cells.

The leukocyte adhesion complex, CD11/CD18, mediates
neutrophil-endothelial cell adherence in vitro (11, 12). In
vivo, this complex is important in neutrophil emigration to-

(Received in original form November 11, 1990 and in revised form January
8, 1992)

Address correspondence to: Claire M. Doerschuk, M.D., Riley Hospital for
Children, Room 2600, Indiana University, 702 Barnhill Dr., Indianapolis,
IN 46202-5225.

Abbreviations: 5
1chromium-labeled neutrophils, Cr-PMN; monoclonal an

tibody, mAb; erythrocyte(s), RBC; 99"lechnetium-Iabeled RBC, Tc-RBC;
zymosan-activated plasma, ZAP.

Am. J. Respir, Cell Mol. BioI. Vol. 7. pp. 140-148, 1992

ward an extravascular chemotactic stimulus (13-17). How
ever, the role of CD11/CD18 in the rapid sequestration of
neutrophils and in their subsequent accumulation within the
microvasculature after intravascular infusion of stimuli has
not been examined. The anti-CD18 monoclonal antibody
(mAb) 60.3 inhibits CD18-mediated adhesion both in vitro
and in vivo (11-17). The purpose of this study was to deter
mine if pretreatment with this antibody had any effecton the
neutropenia or the accumulation of neutrophils within the
pulmonary microvasculature that was induced by infusion of
activated plasma. The data show that mAb 60.3 pretreatment
had no effect on the initial fall in circulating neutrophil
counts; however, it did prevent the subsequent accumulation
of neutrophils within the lungs. We suggest that the margina
tion of neutrophils induced by the infusion of activated
plasma has an initial phase that may depend on a change in
cell deformability and a second phase that requires increased
adhesion between neutrophils and endothelial cells.

Materials and Methods
The murine mAb 60.3 against CD18 (17) was kindly pro
vided by Dr. John M. Harlan, University of Washington.

Radiolabeling of Neutrophils and RBC

Rabbit neutrophils were isolated using previously described
methods (6, 9). In brief, rabbit peripheral blood was drawn
into acid-citrate-dextrose. The RBC were sedimented using
dextran (100,000 to 200,000 D), and residual RBC were re
moved by hypotonic lysis. The neutrophils were separated
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from the mononuclear cells by centrifugation through Histo
paque (Sigma Chemical Co., St. Louis, MO). The neutro
phils (> 95% pure) were labeled with 51chromium (Cr
PMN) by incubation with sodium "chromate (Merck
Frosst, Montreal, Quebec) at 37° C for 30 min.

Rabbit RBC were drawn using acid-citrate-dextrose as the
anticoagulant and were labeled with 99mtechnetium (Tc
RBC) using a Glucoscan kit (New England Nuclear, Boston,
MA) (18).

Preparation of Zymosan-activated Plasma (ZAP)

ZAP was prepared by incubating heparinized rabbit plasma
combined with zymosan A yeast (Z-4250; Sigma) (5 mg/ml
plasma) at 37° C for 30 min. The plasma was centrifuged
twice at 500 X g for 10 min and used within 60 min.

Experimental Protocol

New Zealand white rabbits weighing 1.4 ± 0.2 kg were
anesthetized using intramuscular injection of ketamine hy
drochloride (60 to 80 mg/kg) and acepromazine maleate (4
to 6 mg/kg) with additional ketamine as required. After in
sertion of a catheter in the marginal ear vein, heparin (100
U/kg) was injected, and the animals were pretreated with
mAb 60.3 (2 mg/kg intravenously; n = 7) or saline (n = 14)
for a total of 30 min. After 15 min, a catheter was placed
in the aorta through the carotid artery. Three groups of
animals were studied (n = 7 in each group):

Group 1: animals pretreated with saline that received
infusions of saline.

Group 2: animals pretreated with saline that received
infusions of ZAP.

Group 3: animals pretreated with mAb 60.3 that re
ceived infusions of ZAP.

After a baseline (time 0) sample of blood was drawn to
determine the circulating blood cell count, intravenous infu
sions of ZAP (groups 2 and 3) or saline (group 1)were begun
through the ear vein at a rate of 0.4 ml/min. Blood samples
for cell counts were taken after 1, 2, and 3.7min. At 4 min,
the cardiac output was determined by the indicator dilution
technique using Tc-RBC as the indicator. A bolus of Tc-RBC
(0.1 ml) was injected into the intravenous catheter as arterial
blood was sampled at 0.5-s intervals into preweighed tubes
using a fraction collector. At 5 min, the Cr-PMN (5 to 16
X 106 Cr-PMN/animal) that were also pretreated with
mAb 60.3 (100 JA-g/ml, group 3) or saline for 15 min (groups
1 and 2) were injected intravenously. Additional Tc-RBC
were given arterially to mark the blood volume. "T-Iabeled
macroaggregated albumin was injected intravenously to
mark regional pulmonary blood flow. At 7 min, blood was
sampled for circulating cell counts and for the fraction of Cr
PMN that was circulating (2-min recovery of Cr-PMN). At
15 min, blood samples for cell counts and reference levels
of circulating radioisotope counts were taken. Saturated po
tassium chloride was injected arterially to stop the animal's
heart, the chest was opened, and the base of the heart was
rapidly tied off to prevent blood loss from the lungs. The tra
chea was opened, and 6 % glutaraldehyde in phosphate buffer
was instilled. After 20 to 30 min, the thoracic organs were
removed. The lungs were cut into five slices of equal height

in the plane perpendicular to the gravitational field. The
slices were cut into a total of 24 pieces (slices 1 through 3
into three pieces each, slice 4 into two pieces, and slice 5
into one piece for each lung) and placed in preweighed scin
tillation vials. The liver was removed after clamping the ma
jor vessels to prevent loss of blood, and the liver, spleen, kid
ney,bowel, and reference blood and plasma samples, as well
as the lung pieces, were counted in a Beckman gamma
counter linked to an IBM computer for separation of multi
ple isotopes and correction for radiodecay.

Calculations

The calculations are summarized in Table 1. The blood vol
ume in each lung piece was calculated by dividing the Tc
RBC cpm by the number of Tc-RBC cpm/ml reference
blood. The total pulmonary blood volume was the sum of the
blood volume in each piece. The cardiac output was deter
mined from the time versus concentration curves, using the
indicator dilution technique (19). The regional pulmonary
blood flow was calculated by multiplying the cardiac output
by the fraction of the total 125I-Iabeled macroaggregated al
bumin that lodged in each piece. The RBC transit time was
calculated by dividing the blood volume by the blood flow
for the whole lung and for each lung piece (6, 7, 9).

The Cr-PMN distribution in the lungs and other organs
was determined by dividing the sum of the noncirculating
(retained) Cr-PMN cpm (the total Cr-PMN cpm minus
those present due to circulating blood) in each organ by the
total Cr-PMN cpm injected. The Cr-PMN recovery in the
blood after either 2 or 10 min of circulation was obtained by
multiplying the Cr-PMN cpm/g blood by the rabbit's total
blood volume (60 ml/kg body weight) and subtracting the
51Cr cpm that were free in the plasma. The ratio of the size
of the marginated to circulating Cr-PMN pool was calcu
lated by dividing the Cr-PMN recovery in the lungs by that
in the blood.

The regional Cr-PMN percent retention within the lung
was calculated by dividing the number of Cr-PMN retained
in each lung piece after 10 min of circulation by the number
that were delivered to the piece (6,9). The number that were
retained was equal to the noncirculating Cr-PMN cpm in the
lung piece. The number that were delivered was equal to the
total number of Cr-PMN injected times the blood flow to
that piece.

Histologic Quantitation of Neutrophil Numbers
in the Lung

To compare the size of the native unisolated neutrophil pool
with the retention of radiolabeled neutrophils that had circu
lated for 10 min, the number of native neutrophils was quan
titated morphometrically in each rabbit. After the radioiso
tope levels were determined, six tissue samples were taken
from each rabbit, two randomly selected from the most
gravity-dependent third of the lung, two from the midregion,
and two from the upper, least gravity-dependent region. The
blocks were dehydrated in graded alcohols, embedded in
glycol methacrylate, sectioned at 2 JA-m, and stained with to
luidine blue O. One section was examined from each block.

The concentration of neutrophils relative to RBC in the
capillaries « 20 JA-m in diameter) and the small vessels (20
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TABLE 1

Calculations

I. Calculations using physiologic and radiolabeled neutrophil data:

Tc-RBC cpm in lung piece
Regional blood volume = ------=----=-------

Tc-RBC cpm/ml circulating blood

[l2SI]MAA cpm in lung piece
Regional blood flow = X cardiac output

total [l2SI]MAA in lung

regional blood volume
Regional RBC transit time = --------

regional blood flow

Retained (noncirculating) Cr-PMN = total - circulating Cr-PMN in lung piece = total Cr-PMN in piece - regional blood volume
x Cr-PMN/g circulating blood

. retained Cr-PMN in organ
Cr-PMN distnbution in each organ = ---------

total Cr-PMN injected

retained Cr-PMN in lung piece
Regional Cr-PMN %retention = --------...::........:=-----

delivered Cr-PMN

retained Cr-PMN in organ
Cr-PMN distribution in each organ = ---------

total Cr-PMN injected

II. Morphometric quantitation of leukocyte numbers in lung:

total Cr-PMN - circulating Cr-PMN in piece

total Cr-PMN injected x blood flow to piece

Ieukccytess.; / RBC1ungIncrease in leukocyte concentration in microvasculature of lung = R = --------=-
leukocytesblood / RBC b100d

leukocytes
Number of leukocytes in microvasculature = R x X blood volume of capillaries or small vessels

ml circulating blood

TABLE 2

Effect of mAb 60.3 on circulating leukocyte counts*

the data from the 24 lung pieces for each animal. The maxi
mum likelihood mean regression line and the 95 % confi
dence intervals were then estimated for each group from the
regression for each animal (21). The calculations were per
formed using Gauss version 2, revision 18 (Aptech Systems,
Kent, WA).

The cardiac outputs, pulmonary blood volumes, mean
RBC transit times, mean Cr-PMN retentions, organ recover
ies ofCr-PMN, and the numbers ofleukocytes in each vascu
lar compartment of the lung were compared between the
groups using a one-way ANOVA. When the data were not
normally distributed, a log transformation was used. After
finding overall differences, multiple contrasts were used to

to 50 J.tm in diameter) was quantitated by counting the num
ber of neutrophils and RBC in 10 randomly selected fields
of alveolar capillaries and 10 small vessels from each block
(6, 9). Sixty fields of alveolar vessels and 60 small vessels
were examined from each rabbit (n = 7 in each group). The
ratio of neutrophil: RBC was calculated for each vessel size.
The fold increase in the concentration of neutrophils in the
microvasculature of the lung relative to the circulating blood
(Table 1) was calculated by dividing the neutrophil:RBC ra
tio in the capillaries or small vessels by this ratio in the sys
temic blood obtained immediately before the animal was
killed. The total number of neutrophils (Table 1) was calcu
lated by multiplying this fold increase in neutrophils times
the neutrophil count/ml systemic blood times the total blood
volume of the lung times the fraction of the total blood vol
ume present in the capillaries or the small vessels (capillary
blood volume, 58 %; small vessel volume, 8% [7, 20, Table
1]). The size of the circulating pool ofneutrophils was deter
mined by multiplying the number of neutrophilsimi blood
times the circulating blood volume (60 ml/kg body weight)
and was compared with the size of the neutrophil pool in the
lung. The mononuclear cells (lymphocytes and monocytes)
were quantitated in a similar manner.

Group 1
Group 2
Group 3

Before Pretreatment

7.4 ± 1.3 x 106/ml

6.6 ± 0.9 x 106/ml

6.4 ± 0.6 x 106/ml

30 min after Pretreatment

6.6 ± 0.8 x 106/ml

5.2 ± 0.6 x 106/ml

5.5 ± 0.5 x 106/ml

Statistics

The Cr-PMN percent retention was compared with the RBC
transit time by determining the linear regression that best fit

* The circulating WBC counts before and after treatment with saline (groups
1 and 2) or mAb 60.3 (group 3) were not significantly different. Group 1: animals
pretreated with saline that received infusions of saline. Group 2: animals pretreated
with saline that. received infusions of ZAP. Group 3: animals pretreated with
mAb 60.3 that received infusions of ZAP.
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determine which groups were significantly different from
each other. The sequentially rejective Bonferroni test was
applied to assess the significance of these contrasts (22). The
frequency distributions of regional RBC transit times in each
piece oflung were compared between groups by constructing
cumulative frequency distributions and applying the Kolmo
gorov-Smirnoff test (23). The leukocyte, neutrophil, mono
nuclear cell, and platelet counts at each time point were com
pared between groups and over time using a generalized
linear model for repeated measurements (24). A probability
greater than 0.05 was considered to be significant. The data
are expressed as mean ± SEM.

Results
Injection ofmAb 60.3 had no significant effect on the leuko
cyte count when compared with injection of saline (Table 2).
The total leukocyte count fell within 1 min of ZAP infusion
in both the saline-pretreated (group 2) and the mAb 60.3
pretreated rabbits (group 3) and remained constant in the
animals that received saline infusions (group 1). This de
crease was due primarily to a fall in circulating neutrophils
that occurred to a similar degree over the same time period

in both groups (Figure 1, upper panel). The decrease was
prolonged in the saline-pretreated animals and persisted
throughout the entire 15 min. In contrast, the neutropenia
was transient in the mAb 60.3-pretreated animals and began
to increase by 7 min despite continuous infusion of ZAP
(Figure 1, upper panel).

The mononuclear cell count was decreased by infusion of
ZAP (group 2; Figure 1, lower panel) but to a lesser degree
than the neutrophil counts. Pretreatment with mAb 60.3 both
slowed and partially inhibited this fall (Figure 1, lower
panel).

The recovery of Cr-PMN that were circulating in the
blood at 2 and 10 min after injection was reduced in the rab
bits that received ZAP infusion (group 2) compared with sa
line (group 1; Table 3). The 2-min recovery of Cr-PMN in
the animals that were pretreated with mAb 60.3 (group 3)
was similar to the saline-pretreated group after ZAP infusion
(group 2), but the 10-min recovery after mAb 60.3 pretreat
ment was similar to the control animals that received saline
infusions (group 1).

The recovery of noncirculating Cr-PMN within the lung
was 44 ± 3 % in control animals that received saline infu
sions and increased to 72 ± 2 % after ZAP infusion (Table
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Lung 44.3 ± 4.0 72.0 ± 1.8* 40.5 ± 2.5
Blood 5.3 ± 0.5 1.4 ± O.H 4.3 ± 0.1
Liver 24.4 ± 2.7 4.2 ± 0.7* 27.5 ± 3.0
Spleen 1.0 ± 0.3 0.1 ± 0.03* 1.1 ± 0.3
Kidney 1.4±0.2 2.1 ± 0.6 2.3 ± 0.2
Total 76.4 ± 2.0 79.8 ± 1.2 75.7 ± 1.9

Plasmas 3.7 ± 0.8 3.5 ± 0.4 2.6 ± 0.3

Marg:Circ pool sizell 9.2 ± 1.7 55.0 ± 4.4* 9.5 ± 0.7

Definition of abbreviations: Marg = marginated; Circ = circulating.
* The percentage of the injected Cr-PMN recovered in each organ. Group

I: animalspretreated with salinethat received infusionsof saline. Group 2: animals
pretreated with saline that received infusions of ZAP. Group 3: animals pretreated
with mAb 60.3 that received infusions of ZAP. Mean ± SEM (n = 7 in each
group).

t Significantly different from group 1 (P < 0.05) but not group 3.*Significantly different from group 1 and group 3 (P < 0.05).
§ The percentage of slchromium counts that were free in the plasma.
II The ratio of the marginated to circulating Cr-PMN pool size.

3). In the mAb 60.3-pretreated animals that received ZAP
infusions, the recovery of noncirculating Cr-PMN was 40 ±
3 %, which was similar to that of control animals. The organ
distribution in the blood, liver, and spleen was also similar
to control animals, whereas the ZAP-treated animals that did
not receive mAb 60.3 showed lower recoveries in these or
gans. The total recovery was similar in all three groups (Ta
ble 3).

The pulmonary blood volumes, cardiac outputs, and RBC
transit times were similar in all three groups (Table 4). The
frequency distribution of RBC transit time within regions of
the lung also was not different between the groups.

The relationship between RBC transit time and Cr-PMN
percent retention for each piece of lung tissue is shown in

TABLE 3

Distribution of Cr-PMN among organs (%)*
TABLE 4

RBC transit time and Cr-PMN % retention*

Group 1 Group 2 Group 3

Pulmonary blood
volume (ml) 5.53 ± 0.55 6.07 ± 0.49 5.72 ± 0.44

Cardiac output
(ml/min) 308 ± 24 336 ± 23 325 ± 30

RBC transit
time (s) 1.07 ± 0.07 1.10 ± 0.07 1.08 ± 0.07

Cr-PMN %
retention 48 ± 3% 72 ± 2%t 42 ± 3%

* Group 1: animals pretreated with saline that received infusions of saline.
Group 2: animals pretreated with saline that received infusions of ZAP. Group
3: animals pretreated with mAb 60.3 that received infusions of ZAP. Mean ±
SEM (n = 7 in each group).

t Significantly different from group 1 and group 3 (P < 0.001).

Figure 2. In all three groups, the Cr-PMN percent retention
increased as the RBC transit time lengthened, and the
weighted mean regression line showed a similar slope (Table
4). However, the Cr-PMN percent retention was higher in
group 2, which received saline pretreatment and ZAP infu
sions than in groups 1 or 3 when regions of the lung that had
the same RBC transit time were compared. Pretreatment
with mAb 60.3 completely inhibited the ZAP-induced in
crease in Cr-PMN retention at all RBC transit times. This
difference between group 2 and groups 1 and 3 is reflected
in the y-intercept of the weighted mean regression lines and
in the mean Cr-PMN percent retention (Table 4).

Histologic quantification of the total numbers of neutro
phils and mononuclear leukocytes in the pulmonary vascula
ture confirmed that there was a large marginated pool of both
cell types in normal lungs (Tables 5 and 6). The ratio of neu
trophils:RBC showed that a 15-min infusion of ZAP induced
a large increase in neutrophils within both the alveolar capil
laries (4.9-fold) and the small vessels (7.0-fold) (Table 5).
Pretreatment with mAb 60.3 inhibited this increase by 80%
in the capillaries and by 95 % in the small vessels. In addi-

Group 3

3.4 ± 0.4

Group 2

1.6 ± O.4t

Group 1

After 2 min of circulation
Blood 4.8 ± 0.5

After 10 min of circulation

Figure 2. The relationship between Cr-PMN per
cent retention and RBC transit time. The regres
sion lines obtained using maximum likelihood
techniques and the 95 % confidence intervals are
shown for each group. In all three groups, there
was an increase in Cr-PMN percent retention as
RBC transit time increased. Infusion of ZAP
(group 2, solid line) increased the Cr-PMN per
cent retention at all RBC transit times compared
with the controls (group 1, shan-long dashed line)
(P <0.001). These ZAP-induced changes in reten
tion were completely inhibited by pretreatment of
the animals with mAb 60.3 (group 3, dotted line).
The equations describing the regression lines are:
group 1, y = 15.6.x + 25.7; group 2, y = 12.lx +
56.7; group 3, y = 16.8x + 24.4.3.02.52.01.51.00.5
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TABLE 5

Relative concentration of leukocytes to RBC in the
alveolar capillaries and the small vessels

(20 to 50 pm} *

* Group 1: animals pretreated with saline that received infusions of saline.
Group 2: animals pretreated with saline that received infusions of ZAP. Group
3: animals pretreated with mAb 60.3 that received infusions of ZAP.

t Significantly different from group 1 and group 3 (P < 0.01).
*Significantly different from group 1 and group 2 (P < 0.01).

Neutrophils:RBC (X 10- 3)

Capillaries 17.8 ± 1.0 87.5 ± 2.8 t 31.8 ± 3.9*
Small vessels 3.4 ± 0.7 23.7 ± 2.4t 4.5 ± 1.0*
Fold increase compared with group 1 in:

Capillaries 4.9 1.8
Small vessels 7.0 1.3

Mononuclear cells:RBC (x 10- 3)

Capillaries 10.0 ± 0.8 25.4 ± Lit 15.4 ± 1.2*
Small vessels 0.8 ± 0.5 1.4 ± 0.7 0.4 ± 0.4
Fold increase compared with group 1 in:

Capillaries 2.5 1.5
Small vessels 1.7 0.5

Group 1 Group 2 Group 3

tion, ZAP infusion also increased the numbers of mono
nuclear cells within the alveolar capillaries, and mAb 60.3
also inhibited this increase by about 70 % (Table5). ZAP in
fusion did not cause a significant increase in mononuclear
cells within the small vessels.

The changes induced by ZAP in the size of the total mar
ginated pool and in the concentration of leukocytes/ml blood
are shown in Table6. In the control animals, the normal mar
ginated pool contained 1.4 times the number of neutrophils
that were in the entire circulating pool. This margination was
due primarily to a 36-fold increase in concentration of neu
trophils within the capillary bed when compared with ar
terial blood and a smaller increase of 6.4-fold in the small
vessels (Table 6). However, because of the large portion of
blood that is in the capillaries, these vessels contained 97%
of the neutrophils. Infusion of ZAP caused a 4.4-fold in
crease in the number of neutrophils within capillaries and a
6.4-fold increase in the number within small vessels. Pre
treatment with mAb 60.3 completely inhibited the increase
in neutrophil concentration within the small vessels and
prevented the increase in the capillary bed by 83 %(Table6).

TABLE 6

Number of leukocytes in the pulmonary vasculature*

Group 1 Group 2 Group 3

Neutrophils (X 1()6)
Circulating blood

Number/ml blood 2.8 ± 0.5 0.19 ± O.04t 0.81 ± 0.12*
Total pool size 264 ± 47 15.3 ± 4.4t 65.9 ± 11.6*

Pulmonary capillaries
Total number 292 ± 23 1,430 ± 94t 469 ± 50*
Number/ml cap. blood 90 ± 6 397 ± 13t 141 ± 17*
Fold increase in cap.§ 36 ± 5 2,671 ± 451t 205 ± 37*

Pulmonary small vessels
Total number 7.5 ± 1.7 52.4 ± 6.6t 9.3 ± 2.3
Number/ml sm. ves. blood 16.6 ± 3.6 107 ± io- 19.7 ± 4.2
Fold increase in sm. ves. 6.4 ± 1.4 697 ± 111t 29.1 ± 7.0

Marg:Circ pool size] 1.4 ± 0.3 132 ± 24t 9.4 ± 2.1*
% in capillaries 97 ± 1% 96 ±·O.4% 98 ± 0.3%
% in small vessels 3 ± 0.5% 4 ± 0.4% 2 ± 0.3%

Mononuclear cells (x 106)

Circulating blood
Number/ml blood 3.9 ± 0.5 1.8 ± 0.2t 3.0 ± 0.3
Total pool size 362 ± 50 144 ± 21t 240 ± 29

Pulmonary capillaries
Total number 165 ± 18 419 ± 37t 229 ± 23*
Number/ml cap. blood 50 ± 3 115 ± 5t 68 ± 6*
Fold increase in cap.§ 14 ± 2 69 ± 9t 25 ± 4*

Pulmonary small vessels
Total number 1.5 ± 1.0 3.1 ± 1.5 0.6 ± 0.6
Number/ml sm. ves. blood 4.1 ± 2.7 6.1 ± 2.9 1.8 ± 1.8
Fold increase in sm. ves.I 1.3 ± 0.8 3.2 ± 1.6 0.6 ± 0.6

Marg:Circ pool size] 0.52 ± 0.12 3.4 ± 0.4 1.6 ± 0.2

Definition of abbreviations: cap. = capillaries; sm. ves. = small vessels (20 to 50 J,'m); Marg = marginated; Circ = circulating.
* Group 1: animals pretreated with saline that received infusions of saline. Group 2: animals pretreated with saline that received infusions of ZAP. Group 3:

animals pretreated with mAb 60.3 that received infusions of ZAP.
t Significantly different from group I and group 3 (P < 0.05).
:j: Significantly different from group I and group 2 (P < 0.05).
§ Fold increase in concentration/ml blood when compared to the concentration of leukocytes in the circulating blood of the same animal.
II Ratio of the size of the marginating (capillary plus small vessel) pool to the circulating pool.
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The pulmonary vasculature also contained a marginated
pool of mononuclear cells that was 0.52 times the size of the
entire circulating pool. The mononuclear cells showed an in
crease in concentration within capillaries that measured 14
times that of arterial blood (Table 6). Infusion of ZAP in
creased this marginated pool 2.3 times, and the accumula
tion was inhibited by pretreatment with mAb 60.3 (Table 6).

Discussion
This study and others (9, 25-27) have shown that infusion
of activated plasma induced profound neutropenia and a
moderate decrease in mononuclear cells within 1 min that
persisted for the 15-min duration of the infusion. This fall
in circulating cells was due to the accumulation of neutro
phils and mononuclear cells within both the capillaries and
the small vessels of the lung, demonstrated both by histo
logic counts of native leukocytes and by radiolabeled neutro
phils. Pretreatment with an anti-CD18 antibody did not alter
either the rate of onset or the degree of the rapid fall in cir
culating neutrophils. However, mAb 60.3 did inhibit the per
sistent neutropenia that occurred between 7 and 15 min of
ZAP infusion. In addition, this pretreatment almost com
pletely inhibited the continued sequestration and resultant
accumulation of neutrophils within the pulmonary microvas
culature after 15 min. These data suggest that the changes
in neutrophil kinetics induced by infusion of activated
plasma occurred through two separate mechanisms. The first
process produced the initial neutropenia and intravascular
sequestration within 1 min by mechanisms that do not in
volve CDll/CD18-mediated adhesion. The second process
resulted in prolonged neutropenia and massive neutrophil
accumulation in the lung by 15 min and required CD11/
CD18-mediated adhesion. The histologic studies show that
CDll/CD18-mediated adhesion was completely responsible
for the increase in neutrophil concentration within the ves
sels that measure 20 to 50 urn in diameter and was a major
factor in increasing the concentration within capillaries.
These data are supported by work of Yoder and associates
(28), who found that neutrophils from a dog with a genetic
deficiency of CD11/CD18 did not sequester in the lungs of
a normal dog after activation by ZAP. Our data are also sup
ported by the studies of Lundberg and Wright (29), who
found that transient formylmethionylleucylphenylalanine
induced neutropenia was not inhibited by pretreatment using
an anti-CD18 antibody.

The rapid sequestration that was CDll/CD18-indepen
dent might be due to an alternative adhesion system or to a
decrease in the deformative ability ofthe neutrophil. Several
CD18-independent adhesion systems have been described.
The receptor for the first system is L-selectin (LECAM-1,
LAM-I, Mel-14antigen) (30-37) on the neutrophil that inter
acts with endothelial ligands that likely include E-selectin
(ELAM-1)and P-selectin (GMP-140,CD62) (36,37). In con
trast to CDll/CD18, which is expressed in low quantities on
the plasma membrane of unactivated neutrophils and is up
regulated during activation, L-selectin is expressed on the
surface of the neutrophil when the cell is circulating and is
downregulated when the neutrophil responds to an inflam
matory stimulus (30-32). L-selectin and CDll/CD18 may
interact sequentially or collaboratively to mediate adhesion

and migration (34-37). Whether or not L-selectin plays any
role in the initial fall in circulating neutrophils seen in these
experiments remains to be determined.

Another CD11/CD18-independent system has been shown
to mediate neutrophil emigration into the alveolar spaces
of the lung in response to Streptococcus pneumoniae and
hydrochloric acid (13). Although these stimuli elicit CDll/
CD18-dependent neutrophil emigration in the systemic cir
culation, a separate, as yet undefined adhesion system is
responsible for neutrophil emigration in the pulmonary cir
culation. It is possible that this system could playa role in
ZAP-induced sequestration. However, until a specific anti
body that inhibits the function of this system becomes avail
able, this question cannot be answered.

Although CD11/CD18-independent adhesion may be im
portant in the initial neutropenia observed in these experi
ments, it is likely that a decrease in the deformability of the
neutrophil is at least partially responsible for this neutrope
nia. The unactivated neutrophil is approximately 1,000 times
less deformable than the RBC (1-5). The normal marginated
pool of neutrophils that is present within the lung capillary
bed forms because the poorly deformable neutrophils, which
measure 6.4 #-tm in diameter in rabbits, must negotiate capil
lary pathways that consist of many narrow capillary segments
averaging 5.8 ± 0.4 #-tm in diameter (38). Previous data from
our laboratory have shown that the multi segmented intercon
necting structure of this bed allows the RBC to bypass the
segments temporarily obstructed by a neutrophil, concen
trating the neutrophils relative to the RBC (5-7, 9). Direct
measurements through a pleural window obtained by Lien
and co-workers in dogs showed that the median neutrophil
transit time was 26.1 s (mean transit time, 6.1 min) whereas
the plasma transit time was 1.4 ± 0.3 s (8). If activated neu
trophils became even less deformable and required more
time to pass through narrow capillaries, the circulating neu
trophil count would fall and the size of the lung marginated
pool would rise until a new equilibrium between the mar
ginating and circulating pools was established. In vitro
studies support this hypothesis by showing that many stimuli
that activatedneutrophilsproduced a rapid decrease in deform
ability (10, 39-41), which was associated with an increase in
the amount of f-actin present within the cytoskeleton (10)
and was not prevented by pretreatment with the anti-CD18
antibody, mAb 60.3 (10).

This study indicates that the mechanism by which the ini
tial neutrophil sequestration occurred was sufficient to main
tain the neutropenia and tissue sequestration for only a brief
period of time. Several lines of evidence support this conclu
sion. First, the circulating neutrophil counts in the mAb
60.3-pretreated animals were increasing toward baseline lev
els despite continuous infusion ofZAP. Second, although the
recovery of Cr-PMN in the blood at 2 min was low, similar
to that in the saline-pretreated animals during ZAP infusion
(group 2), by 10 min the recovery had increased to values
similar to control animals (group 1). Finally, the ZAP
induced increase in both the Cr-PMN percent retention and
the accumulation of native neutrophils within the pulmonary
vasculature was inhibited after 10to 15 min of ZAP infusion.
These data indicate that the CD18-independent sequestration
of neutrophils is short-lived, lasting between 4 and 7 min
when CD18 is blocked. These changes in the neutrophil
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count could be due to the establishment of a new equilibrium
between the marginating and circulating neutrophil pools af
ter a ZAP-induced increase in neutrophil transit time. Alter
natively, the changes in neutrophil deformability or adhesion
might be reversible.

If4 to 7 min represented the time required for a new equi
librium to occur between marginating and circulating pools
of neutrophils that had become less deformable, then the size
of the marginated pool in the lung would be increased. In
fact, our data quantitating the size of the marginated pool of
native neutrophils in the capillaries indicate that although
pretreatment with mAb 60.3 markedly inhibited the ZAP
induced increase in margination, this pool size was increased
by 57 % in these rabbits compared with control animals
(group 1, 90 ± 6 neutrophils/ml capillary blood versus
group 3, 141 ± 17 neutrophils/ml capillary blood; Table 6).
In addition, mAb 60.3 completely prevented the increased
neutrophil concentration in the small vessels where adhesion
rather than decreased deformability is far more likely to
mediate neutrophil accumulation. Taken together, these data
suggest that the mechanism of the initial sequestration was
due to a change in the deformability of the neutrophil and
that the equilibrium between the marginated and circulating
pools was shifted toward an increase in the size of the margin
ated pool. However, a change in the CDl8-independent
adhesive characteristics of the neutrophil by ZAP that is re
versible cannot be completely excluded.

In normal lungs, the marginated pool of neutrophils was
1.4 ± 0.3 times the size of the circulating pool (Table 6). The
marginating and circulating pools are in equilibrium because
the neutrophil counts in arterial and venous blood samples
are the same (42). This means that the number of neutrophils
that enter the marginated pool is equal to the number that
are released. When activated plasma is infused, there is a
marked shift of neutrophils from the circulating pool into the
marginated pool leading to accumulation of cells within the
lung microvasculature (9, 28). In fact, our data (Table 6)
show that the number of neutrophils that accumulate within
the lungs during the infusion is far greater than the number
that were present in the circulation before the infusion (1,430
X 106 in the capillaries after ZAP + 52.4 X 106 in the
small vessels = 1,482 X lQ6 total after ZAP compared
with 264 x 106 circulating neutrophils + 292 X 106 in the
capillaries + 7.5 X 106 in the small vessels = 563 X 106

in the circulating and marginated pools of normal rabbits;
Table 6). This suggests that ZAP infusion was associated
with the release of a second marginated pool, such as the
bone marrow pool (43), which is sequestered in the lung al
most immediately upon entering the circulation. The stimu
lus for the release of neutrophils could be the low circulating
counts themselves or a stimulus in the ZAP, possibly the C3e
fragment of complement protein 3 (44). Because the release
occurred very rapidly during the course of this experiment,
cytokines that require protein synthesis are not reasonable
candidates.

In contrast to neutrophils, the initial fall in mononuclear
cells induced by infusion of ZAP was not as great (Figure
1, upper panel, compared with Figure 1, lower panel). In ad
dition, inhibition of CDl8-dependent adhesion both delayed
and partially prevented the fall in mononuclear cells. The
capillary accumulation of these cells was also inhibited but

to a slightly lesser degree than the neutrophils (Table 6).
These data suggest that the sequestration and accumulation
of mononuclear cells occurred through several mechanisms
and may reflect the variety of cell populations within this
group.

In conclusion, these data show that neutrophil accumula
tion within the lung induced by infusion of ZAP is a two-step
process. The first process occurs through a CDl8-independent
system, produces profound neutropenia by 1 min, and can
sequester neutrophils for 4 to 7 min. A second CDI8-depen
dent mechanism accounts for the prolonged sequestration of
neutrophils that increases the marginated pool5-fold after 15
min of ZAP infusion. We suggest that the CDl8-independent
step may be required to slow the neutrophils in preparation
for CDl8-mediated adhesion to the endothelium and may oc
cur through either a stimulus-induced decrease in neutrophil
deformability or a CDl8-independent adhesion system.
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