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Neutrophil sequestration in rat lungs

G M Brown, D M Brown, K Donaldson, E Drost, W MacNee

Institute of
Occupational
Medicine, Roxburgh
Place, Edinburgh
G M Brown
D M Brown

Department of
Biological Sciences,
Napier University,
Edinburgh
K Donaldson

Rayne Laboratory,
Unit of Respiratory
Medicine, Department
of Medicine,
University of
Edinburgh, UK
E Drost
W MacNee

Reprint requests to:
Dr W MacNee,
Respiratory Medicine Unit,
Department of Medicine,
Royal Infirmary, Edinburgh
EH3 9YW, UK.

Received 5 April 1994
Returned to authors
10 June 1994
Revised version received
10 October 1994
Accepted for publication
21 February 1995

Abstract
Background - The transit of neutrophils
through the pulmonary microvasculature
is prolonged compared with red blood cells
and is increased further during cigarette
smoking and in exacerbations of chronic
obstructive pulmonary disease. The in-
creased residence time (sequestration) of
neutrophils in the pulmonary capillaries
in these conditions may be the first step
leading to the accumulation of cells within
the lung interstitium and in the bron-
choalveolar space, so potentiating lung
damage. A rat model has been developed
to investigate the factors which may in-
fluence neutrophil transit through the lung
microvasculature.
Methods - Intratracheal instillation of the
heat killed organism Corynebacterium
parvum was used to induce an acute neu-
trophil alveolitis. Neutrophils and red
blood cells were isolated from donor rats,
labelled with two distinct radioisotopes,
and then reinjected into recipient rats to
assess their transit through the pulmonary
circulation. To ascertain whether peri-
pheral blood neutrophils were minimally
altered by the isolation procedure their
functional status in vitro was compared
with that of inflammatory neutrophils in
a number of assays commonly used as
descriptors of neutrophil activation. The
influence of neutrophil activation on the
accumulation of cells in the lungs was as-
sessed by comparing the lung seques-
tration of control neutrophils, isolated
from peripheral blood, with that of in-
flammatory neutrophils obtained from
bronchoalveolar lavage of inflamed rat
lungs. Lung sequestration of neutrophils
was defined as the fold increase in the ratio
of neutrophils labelled with chromium-51
to redblood cells labelled with technetium-
99m in lung tissue compared with the same
ratio in peripheral blood.
Results - Sequestration of peripheral
blood neutrophils occurred in control rat
lungs as shown by a 175 (2.1) fold increase
in the ratio of neutrophils to red blood
cells in the pulmonary circulation com-
pared with the ratio of these cells in the
peripheral circulation. When inflam-
matory neutrophils, obtained by broncho-
alveolar lavage from C parvum-treated
animals, were injected into control rats,
the increase was 90-6 (11.0) fold. Induction
of an inflammatory response in the lung
tissue of the recipient rat also caused an
increase in the sequestration of control
neutrophils compared with the same cells
in control rat lungs which was, however,

less marked than when inflammatory neu-
trophils were used (34.7 (4.7) fold). The
mean (SE) pressure developed on fil-
tration of inflammatory neutrophils in
vitro through a millipore filter (7.53
(0.2) cm H20) was greater than that of
peripheral blood neutrophils (1-18 (0 2) cm
H20). Increased filtration pressure in-
dicates a decrease in cell deformability and
suggests that this may be a contributory
factor to the increased sequestration of
inflammatory neutrophils in the pul-
monary vasculature.
Conclusions - This study shows that there
is sequestration of neutrophils in the pul-
monary vasculature in normal rat lungs
which increases in acute lung inflam-
mation and when inflammatory neu-
trophils are injected into control animals.
In this model changes in the neutrophil,
such as cell deformability, may have a
more important role in inducing increased
neutrophil sequestration than the inflam-
matory response in the lungs.
(Thorax 1995;50:661-667)

Keywords: neutrophils, lung inflammation, deform-
ability, radionuclide.

The lungs contain a large so called "mar-
ginated" pool ofneutrophils'2 which are largely
located in the capillary bed.34 While the average
diameter of the pulmonary capillary segments
is only 5 gm,5 that of the neutrophil is about
7 ,um.6 This size differential is likely to influence
neutrophil sequestration in the lungs since most
neutrophils must therefore deform to pass
through the smaller pulmonary capillaries. The
effect of such size differential is that, in normal
lungs, the transit of neutrophils through the
pulmonary microvasculature is delayed com-
pared with the passage of erythrocytes.8

Delay in neutrophil transit within the pul-
monary microcirculation allows interaction be-
tween capillary endothelial cells and the
neutrophil and is likely to be a prerequisite for
cell adhesion to the vascular endothelium and
subsequent diapedesis and emigration. In in-
flamed lungs the slow transit of neutrophils
through the pulmonary capillaries may po-
tentiate their interaction with the capillary
endothelium, so increasing their accumulation
in the lung tissue.
There are many factors which can influence

neutrophil sequestration in the lungs,8 amongst
which are alterations in blood flow,9 adhesion
molecule expression,10 and cell deformability."1
We have shown in humans that the se-
questration of neutrophils labelled with in-
dium-111 10 minutes after their injection
correlates with local blood velocity,"2 whereas
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the initial first pass sequestration in vivo cor-
relates with neutrophil deformability in vitro.'1
Decreased neutrophil deformability is probably
related to alterations in the cytoskeleton and
can be oxidant-mediated or can result from
cell activation.'3 Thus, decreased deformability
of neutrophils may contribute to the increased
sequestration which occurs during cigarette
smoking'2 and in exacerbations of chronic ob-
structive pulmonary disease (COPD).14

Sequestration of neutrophils in the lungs
has been the subject of considerable research
interest for many years,"'A 8with human studies
being augmented by experimental studies in
dogs and rabbits. We now report the de-
velopment of a model of neutrophil se-
questration in rat lungs in which we
demonstrate increased sequestration in acute
inflammation, which is influenced both by
changes in neutrophil function and by the
effects of lung inflammation.

Methods
CELL PREPARATIONS
Rat peripheral blood neutrophils were obtained
as previously described by Williams and co-
workers.'5 Briefly, male HAN rats of around
250 g in weight were anaesthetised with intra-
peritoneal nembutal and transfused via the
iliac vein with 40-50 ml of plasma expander
(Hetastarch; Dupont, Stevenage, UK) to in-
crease the total volume of blood retrieved from
the animals. The blood/Hetastarch mixture was
allowed to sediment for 40 minutes at room
temperature and the leucocyte-rich plasma so
formed was decanted and separated in one of
two ways.

In the initial experiments a two-step sep-
aration was used in which 20 ml of leucocyte-
rich plasma was layered over a double gradient
of Percoll (top layer, 1 -04 g/ml; bottom layer,
1-089 g/ml). The gradients were spun at
1050 rpm for 30 minutes at 10°C. A leucocyte-
rich band was retrieved from the interface of
the two Percoll layers and the cells were then
washed with saline and resuspended in 10 ml
ice-cold Hank's balanced salt solution (HBSS)
(Gibco, Paisley, UK) containing 1% bovine
serum albumin (BSA) (Sigma, Poole, Dorset,
UK). One ml of the cell suspension was mixed
with 3 ml of Sepracell (Sepratech Corp, Ohio,
USA) and the neutrophils were isolated by
centrifugation at 2600 rpm for 10 minutes,
whereafter the neutrophils were located at the
bottom of the centrifuge tube and the mono-
nuclear cells at the top of the separation
medium. This technique yielded a mean (SD)
neutrophil population of 10-5 (5-0) x 106/rat
with a purity of 86 (12)%, the remaining cells
being predominantly lymphocytes.

In later experiments a modification of the
separation technique was used. In this pro-
cedure 4-5 ml leucocyte-rich plasma was mixed
with 8 ml Percoll whose specific gravity had
been adjusted to 1 1120 at 23°C. The leuco-
cyte-rich plasma/Percoll mixture was cent-
rifuged at 2600rpm for 30 minutes at room
temperature. The red blood cells (RBCs) sed-
imented to the bottom of the tube, with a buffy

coat of neutrophils on top; mononuclear cells
migrated to the top of the separating medium.
By removing the supernatant, Percoll, and
mononuclear cells the neutrophils could be
cleanly pipetted off the RBC layer. This tech-
nique gave a markedly improved cell yield of
34-0 (23 7) x 106 per rat with a greater purity
of 94 (3)%, viability of >99% (as assessed by
trypan blue exclusion), and no RBC con-
tamination. In these experiments all in vitro
procedures were carried out at room tem-
perature.

Inflammatory neutrophils were obtained by
bronchoalveolar lavage, as previously de-
scribed,'6 from rats which had been dosed
intratracheally 16 hours previously with 1-4 mg
in 0-2 ml of the heat-killed Corynebacterium
parvum (Wellcome, London, UK). This pro-
cedure yielded 45-0 (9.4) x 106 neutrophils per
rat, with a purity of 78 (9)%. The remaining
cells in this population were alveolar macro-
phages and these were removed by differential
centrifugation through Percoll as described
above, giving a >95% pure neutrophil popu-
lation.

ASSESSMENT OF IN VITRO FUNCTIONAL ACTIVITY
OF CONTROL AND INFLAMMATORY NEUTROPHILS
Chemotaxis
Neutrophil chemotactic response was meas-
ured by assessing the migration of the cells
towards zymosan-activated serum, through
nucleopore filters of 3 gtm pore size in Boyden
chambers as previously described.'7 6-0 x 105
neutrophils in 400 ,ul were added to each cham-
ber. Chemotaxis was assessed, following 30
minutes incubation at 30°C, by counting the
number of migrated cells per high power field
in 10 fields per filter.

Epithelial injury
Cells of the human type II alveolar epithelial
cell line A549 were prepared at a concentration
of 5 x 105/ml in microtitre plates, allowed to
form a monolayer, and radiolabelled with chro-
mium-51 (5"Cr); 5 x 104 A549 cells were added
to each well. Peripheral blood and bron-
choalveolar lavage neutrophils were incubated
on the A549 monolayers at a ratio of 10 neu-
trophils to one A549 cell for four hours at 37°C
without further stimulation. Epithelial injury
was assessed as cell detachment from the mono-
layer by measuring the cell associated 5'Cr
counts released into the supernatant medium
as previously described.'7

Fibronectin proteolysis
The proteolytic activity of unstimulated neu-
trophils was tested by their ability to degrade
fibronectin labelled with iodine-125 as pre-
viously described.'6 Briefly, 1 x 105 neutrophils
were cultured on a solid phase matrix of 125I-
labelled fibronectin in microtitre plates for four
hours at 37°C. Proteolysis of fibronectin was
assessed as the 125I counts in the supematant
medium.
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Superoxide anion production
Superoxide anion (02-) production was meas-
ured in the presence of the phorbol ester, phor-
bol myristate acetate (PMA; 1 ,ug/ml) using the
cytochrome C reduction method. The release
of 02- from 2 5 x 105 neutrophils was assessed
spectrophotometrically as the absorbance at
550 nm as previously described.'8

Neutrophil deformability
Neutrophils were diluted to a concentration of
1 x 105/ml and filtered at constant flow (1 5 ml/
min) through a nucleopore polycarbonate
membrane in a filter chamber with a pore
diameter of 5 ,um and length of 11 gm. These
dimensions mimic the average dimensions of
human pulmonary capillary segments.' De-
formability was assessed by measuring the pres-
sure which developed within the chamber over
a period of six minutes as previously de-
scribed.'3

RADIOLABELLING OF CELLS
Red blood cells were labelled with technetium-
99m (99mTc) using the BNL red blood cell
labelling kit (Cadema Inc, New York, USA).
Four ml of blood was withdrawn by cardiac
puncture from a control rat and anticoagulated
with heparin. The blood was then mixed with
stannous tin reagent and rotated for four min-
utes at room temperature. One ml of 4A4%
disodium EDTA was added to the tube and
inverted five times. The tube was then spun at
2500 rpm for five minutes and the plasma and
buffy coat removed and discarded. Technetium
(12 MBq) was added to the cell pellet and
the tube was rotated for 10 minutes at room
temperature. The cell pellet was then diluted
to the original blood volume and the labelling
efficiency estimated by spinning an aliquot of
the cells and measuring the counts remaining
in the supernatant. Labelling efficiency ofRBC
using this system, measured as the uptake of
label, was >95%.

Neutrophils were labelled with chromium-
51 (51Cr) by incubating 15 x 106 neutrophils
with 15 MBq of 5"Cr in 0-2 ml saline. Following
incubation for 20 minutes at 37°C the cells
were washed twice with HBSS/0-2 rat plasma
to removed unbound 51Cr. After labelling the
neutrophils were recounted and adjusted to a
concentration of 10 x 106/ml in HBSS/0-2% rat
plasma. The labelling efficiency of neutrophils
was >70%. Cell viability was always >99% as
assessed by trypan blue exclusion.
The cell association of radiolabel and the

ability of the cells to retain the radiolabel in
vitro was assessed for both RBCs and neu-
trophils over a two hour period. Aliquots of
each cell suspension were taken at 10 minute
intervals, centrifuged, and counts per minute
(cpm) in the supernatant were measured. There
was no loss of label from the RBCs or neu-
trophils during this time (RBC To 6-5 x 105,
T120 6-4 x 105 cpm; neutrophils To 9-2 x 104,
T120 8 9 x 10 cpm).

IN VIVO FUNCTION OF 51CR-LABELLED
NEUTROPHILS
Rats of approximately 250 g in weight were
anaesthetised with 0-1 ml hypnorm (10 mg/ml)
(Janssen, Lamberhurst, Kent, UK) intra-
peritoneally and 0 2 ml diazepam (10 mg/2 ml)
(Roche, Welwyn Garden City, UK) was given
intramuscularly as a muscle relaxant. The
radiolabelled RBC and neutrophil suspensions
were mixed gently in a ratio of 1:1 by volume
immediately prior to reinjection. A 200 gil bolus
of this cell mixture was then injected into an
anaesthetised rat via the iliac vein. Ten minutes
later the thoracic cavity was opened and 200 ,ul
peripheral blood was obtained by cardiac punc-
ture. The heart and major blood vessels were
immediately ligated to prevent blood loss from
the lungs which were then dissected free of the
thoracic cavity. The lungs were inflated with
3% gluteraldehyde in saline and fixed overnight
to prevent blood loss on dissection. The
samples of blood and lung were counted the
following day in a gamma counter to determine
the amount of 51Cr and 99mTc in each sample.
To check that the radiolabel remained as-

sociated with the cell, and to assess the per-
sistence of radiolabelled cells in the circulation,
200 gl samples of venous blood were taken
from three rats at 5, 15, 30, 60, and 120
minutes after the injection of radiolabelled
RBC/neutrophil via the iliac vein. These
samples were anticoagulated with EDTA, the
cells were pelleted by centrifugation, and the
99M Tc and 5"Cr counts in the supernatant and
pellet were then measured.
The ability of the radiolabelled neutrophils

to function as native unlabelled cells was as-
sessed in two experiments in which their ability
to respond to an inflammatory stimulus was
determined by measuring their accumulation
in the bronchoalveolar space in control and
inflamed rat lungs. In these experiments a
200 gl bolus of RBC/neutrophil was injected
into anaesthetised rats, followed immediately
by an intratracheal injection of C parvum.
Twenty four hours later the lungs were excised
and lavaged and the cell-associated radio-
activity in the bronchoalveolar lavage fluid was
measured.

Measurement of neutrophil sequestration in the
lungs
Sequestration of 51Cr-labelled neutrophils
(PMN) in the lungs was calculated by dividing
the ratio of PMN:RBC counts in peripheral
blood by the ratio of PMN:RBC counts in the
lung tissue samples. This provides a measure of
the fold excess ofWBC:RBC in the pulmonary
vasculature. The calculation is as follows:

PMN (cpm in blood) X
RBC (cpm in blood)

RBC (cpm in lung) -Y
PMN (cpm in lung)
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Fold increase in PMN:RBC ratio = X-

Y

x

STATISTICAL ANALYSIS
Significant differences between treatment
groups were assessed by analysis of variance
followed by a t test.

Results
IN VITRO FUNCTIONAL ACTIVITY OF CONTROL
AND INFLAMMATORY NEUTROPHILS
There were no differences in the activity of
control peripheral blood neutrophils harvested
by the one-step or two-step techniques as meas-
ured by epithelial cell detachment (2410
(843) cpm v 2780 (515) cpm respectively, n=
4, p>005).
The data on the functional status of control

peripheral blood neutrophils are summarised in
the table. These cells were quiescent compared
with inflammatory neutrophils obtained by
bronchoalveolar lavage from rat lungs exposed
to C parvum as judged by significantly lower
proteolytic activity, ability to detach epithelial
cells, and chemotaxis. The exception to this was
the ability of neutrophils to release superoxide
anion (02). Both cell populations released
02 in the presence of the phorbol ester, PMA.
Although PMA-stimulated 2- production by
control peripheral blood neutrophils was lower
than that of neutrophils obtained by bron-
choalveolar lavage after C parvum instillation,
the difference was not statistically significant.
There was a progressive increase in cell ac-

tivity between peripheral blood neutrophils
from control rats and those from C parvum
treated animals. Neutrophils in broncho-
alveolar lavage fluid from C parvum treated
animals were the most active as measured by
fibronectin degradation and epithelial cell de-
tachment (table). This trend was not present
for 2- release. The pressure developed after
six minutes filtration of peripheral blood neu-

trophils through a millipore filter was sig-
nificantly lower (0 94 (028) cm H20) than
that produced by inflammatory neutrophils

Figure 1 Mean filtration pressures ofperipheral blood
neutrophils from control animals (0) and inflammatory
neutrophils obtained from bronchoalveolar lavage (BAL)
of rats treated with Corynebacterium parvum (0) (n=
4). Data are given as the pressure developed during
filtration of 1 x 10(5 cellslml through a millipore filter of
8/m pore size. The bars represent the SE in each case.
*p<005; **p<OO1 compared with time zero.

obtained by bronchoalveolar lavage (8-89
(2-01) cm H20, p<0 01) (fig 1), indicating the
greater deformability of the peripheral blood
neutrophils.

IN VIVO EXPERIMENTS WITH CONTROL AND
INFLAMMATORY NEUTROPHILS
Persistence of neutrophils in the bloodstream
The intravenous retention ofradiolabel on neu-
trophils and RBCs was assessed in three control
rats in a single experiment over a time course
which extended from five to 180 minutes. The
proportion of SSmTc which remained associated
with RBCs during this time was 98 (1)%,
and the proportion of 51Cr associated with
neutrophils was 88 (1)%.

Cell-associated counts due to 5'Cr in 200 ml
aliquots ofperipheral blood were also measured
over a period of 5-180 minutes. During this
time there was a decrease in counts of 51Cr
from 1272 (100)/blood sample to 683 (17)/
blood sample (fig 2).
To determine if radiolabelled neutrophils

functioned as native cells, the ability of the
labelled neutrophils to migrate into a site of
inflammation was assessed. In a single ex-

periment the total neutrophil-associated counts
in the bronchoalveolar lavage fluid were 51 cpm

Mean (SE) in vitro function ofperipheral blood (PB) and bronchoalveolar lavage (BAL) neutrophils (PMN) from
control and C parvum treated animals

Control C parvum Number of Comparison p
PB-PMN expenments*
(Group 1) PB-PMN BAL-PMN

(Group 2) (Group 3)

Fibronectin proteolysis 2452 (80) 3702 (154) 12367 (1129) 3a 1 v 2 <0-05
(cpm fibronectin degraded)

1 v 3 <0-001
2v 3 <001

A549 epithelial cell detachment 2410 (487) 4150 (500) 7597 (1880) 4a 1 v 2 <0-05
(cpm detached cells)

1 v 3 <0-01
2 v 3 >0-05

PMA-saimulated superoxide anion 8-16 (1-4) 19-73 (2-2) 14-4 (1-2) 32 1 v 2 >0-1
release (nmol)

1 v 3 >0- 1
2 v 3 >0-25

Chemotaxis 7-4 (1-8) ND 19-2 (3-0) 6b 1 v 3 <0-05
(cells/high power field)

'Analysis of triplicate sample in each experiment.
bDuplicate samples in six separate experiments.
ND = not done; PMA =phorbol myristate acetate.

3 4
Time (min)
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)o Discussion
The role of intravascular neutrophil se-
questration in the pathogenesis of pulmonary

°O Idisease has been of interest for a number of
years.'2 Much of the work in previous ex-
perimental studies of neutrophil sequestration

)o - was carried out using rabbits3"' and dogs.919 In
view of the large database of information on
rat models of lung inflammation"" we have

C0 1 developed a rat model to investigate the mech-o 15 30 60 120 180 anisms which govern neutrophil sequestration
Time (min) in the lungs. The rat has previously been con-

Mean (SE) cell-associated counts of .Crin sidered unsuitable for studies of neutrophil
Pod samples over a three hour period. kinetics because of the large numbers of neu-

trophils which need to be harvested in such
experiments, and the difficulty of obtaining

** sufficient numbers and purity of cells which
maintain their functional integrity from such
a small animal. In addition, rat neutrophils
sediment with RBCs in dextran which further
complicates standard isolation procedures.
Rats have been used in previous studies of

* _ neutrophil sequestration but, in order to obtain
sufficient numbers of cells, the influx of neu-
trophils into the peritoneal cavity was induced
by an intraperitoneal injection of thioglycollate
medium or into the bloodstream following an

into control into C parvum into control intravenous injection of endotoxin."22 How-
lungs lungs lungs ever, the nature of the methods to elicit these

cells will induce cell activation producing a
Sequestration of 5 pCr-labelled neutrophils in the population of cells with different properties

ninutes after reinjection ofperipheral blood (PB) fro noma cicltn nurpis23
s fiom control rats (PB-PMN) (n = 12), from normal circulatig neutrophils.
tory neutrophils from bronchoalveolar lavage The method of cell isolation which we have
IL-IN-PMN) (n = 11) into control rat lungs, utilised in the present study permitted us to
,l PB-PMN into C parvum treated animals
The histograms represent the mean and the bars obtai large numbers of non-activated pen-
'the fold increase of the PMN:RBC ratio in the pheral blood neutrophils from a single rat.
r that in peripheral blood. *p<005; **p<0-01. The most important aspect of the separation

technique is the use of Hetastarch (hydroxy-
ethyl starch) exchange transfusion.'5 This

cpm for two control rats, and 4680 cpm has several benefits. Firstly, by transfusing the
1l 5 cpm for two rats with lung in- animal the largest possible yield of plasma was
tion induced by C parvum. obtained. Secondly, the increased time that is

taken to bleed the animal permits recovery of

PHIL SEQUESTRATION the marginated pool of neutrophils from organs
PHILutrophilaEStRation such as the lungs and liver. Finally, while rat

eofneutrophil activation inmodulating RBCs sediment in Hetastarch, neutrophils re-
neurophil main in suspension so Hetastarch is a suitable.iestration of neutrophils in the lung was alternative separating medium to dextran. Thei by comparing the pulmonary se-

use ofHetastarch exchange to obtain peripheralton Of untreated peripheral bloodneu-...btaione frmcntroatedperipel ailsd and blood neutrophils from rats was originally de-obtained from control animals and scribed and validated by Williams and co-iatory bronchoalveolar neutrophils when workers.'5 The functional activity in vitro of
I into control rats. The increased se- the isolated neutrophils in the experiments re-
tion of inflammatory neutrophils in the tported by Williams et al was not significantlycontrol ral blo neutrophls (fig 3). different from that of neutrophils obtained by

simple phlebotomy; in addition, radiolabelled
neutrophils isolated with Hetastarch retained

flung inflammation normal transit and adherence capacities in
stigate the contribution which lung in- v
tion might have on neutrophil se- In our experiments we have extended the
tion in this model we compared the work of Williams and colleagues by comparing
questration of control peripheral blood the in vitro chemotactic activity, fibronectin
hils when reinjected into control rats proteolysis, superoxide anion production, and
at of control neutrophils injected into the injurious effects on epithelial cells of
which an acute alveolitis had been peripheral blood neutrophils prepared by the
by the intratracheal instillation of Hetastarch method with that of exudated

4m 16 hours previously. An increased neutrophils obtained by bronchoalveolar lavage
ration of control neutrophils in the in- from inflamed rat lungs. In three of the para-
lungs compared with control lungs was meters tested - fibronectin proteolysis, chemo-
g 3). taxis, and epithelial detachment - the control
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peripheral blood neutrophils were significantly
less active than exudated neutrcphils from
bronchoalveolar lavage fluid obtained from C
parvum treated animals. The results of these
experiments suggest that the peripheral blood
neutrophils were not activated by the isolation
procedure and are in agreement with a previous
study in which we demonstrated increased pro-
teolytic activity and injurious effects on epi-
thelial cells of inflammatory bronchoalveolar
neutrophils.24 Furthermore, peripheral blood
neutrophils in the rat could be activated in vitro
by PMA.25 Increased chemotaxis of inflam-
matory neutrophils has also been shown pre-
viously in rabbits.26
These results were not due to the suppressive

effect ofthe Hetastarch on the peripheral blood
neutrophils since in vitro exposure of the exu-
dated neutrophils to Hetastarch did not alter
their functional activity (data not shown). In
addition, exposure to hydroxyethyl starch in
vitro has previously been shown to have no
adverse effect on human peripheral blood neu-
trophils.'5 Furthermore, in vivo transfusion
with Hetastarch has no adverse effects in
humans, rats, or several other laboratory
animals.2728
The superoxide anion released by inflam-

matory neutrophils in bronchoalveolar lavage
fluid was greater (although not significantly
greater) that that ofthe control peripheral blood
neutrophils. This may be due to down-
regulation of the oxidant activity of the in-
flammatory neutrophils, which has been
reported previously in neutrophils lavaged from
lungs of rats exposed to asbestos29 and in
human bronchoalveolar neutrophils obtained
from a patient with acute respiratory failure.30
It has been proposed that such downregulation
of oxidant responses may be due to negative
feedback by hydrogen peroxide.3'

Interestingly, the activity of peripheral blood
neutrophils obtained from C parvum treated
animals was also higher than peripheral blood
neutrophils obtained from control animals, but
not as high as the activity from cells obtained
by bronchoalveolar lavage from inflamed lungs.
This result was significant for fibronectin pro-
teolysis, although a similar but non-significant
trend was present for epithelial cell detachment.
These data suggest that neutrophils become
more activated in migrating from the blood to
the air spaces, possibly due to the action of
cytokines.
The later stages of the separation procedure

involved differential separation of the leuco-
cyte-rich plasma using Percoll, a colloidal
silica preparation. This type of separation
medium is preferable to the usual alternative,
Ficoll Hypaque, which may activate the cells
during the isolation procedure.32 The rapid
one-stage separation technique which we used
in all of the later experiments enabled us to
obtain larger numbers of cells, of high purity,
in about half the time required for our original
method. No differences in the activity of neu-
trophils prepared by either techniques were
observed in vitro or in vivo. This novel tech-
nique will permit the use of rats in research
programmes where peripheral blood neu-

trophils are required and where larger animals
would previously have been used to provide
sufficient numbers of neutrophils. The tech-
niques which we utilised to radiolabel the eryth-
rocytes and neutrophils were standard
procedures which have been used previously
and which do not alter cell function or
viability.'92325 In the present study we have
shown that the radiolabel remains associated
with the cells both in vitro and in vivo. In
this study 54% of neutrophils injected into
untreated rats remained in the circulation for
up to three hours after the injection. This
suggests that the cells were in a condition which
was similar to that of neutrophils in previous
studies where the half life of radiolabelled neu-
trophils in the circulation was claculated to be
seven hours in humans33 and six hours in dogs.34
The number of neutrophils remaining in the
circulation in the present study compares fa-
vourably with one previous study using peri-
pheral blood neutrophils in dogs where only
17% of radiolabelled neutrophils remained in
circulation at four hours.9 Moreover, in the
present study the neutrophils migrated into the
air spaces in response to the inflammogen C
parvum, which is further evidence oftheir ability
to respond like native circulating cells.
These studies of radiolabelled neutrophils

confirm in the rat, as has been shown in animal
studies in dogs,'0 rabbits,'0 and in humans,"1
that there is sequestration of neutrophils in the
normal pulmonary vasculature. We calculated
neutrophil sequestration as the fold increase of
intravascular neutrophils in excess of that pre-
dicted by the local blood volume (estimated by
the RBC counts). This calculation produced a
17 4 (2*1) fold excess of neutrophils in the nor-
mal pulmonary circulation, which compares with
the 15 fold increase obtained using a similar
techniquewhen radiolabelled cells were injected
into patients undergoing lung resection.35 These
data therefore support the use of this model
in the rat as a surrogate for human studies.

Several mechanisms may contribute to the
delayed passage of neutrophils within the ca-
pillary bed. In this study we have investigated
the relative roles of neutrophil activation and
acute lung inflammation on the transit of neu-
trophils through the pulmonary vasculature.
We have also investigated, in a preliminary
way, the effect of neutrophil deformability on
neutrophil sequestration in the lungs. The most
marked neutrophil sequestration was observed
in experiments where cells obtained by bron-
choalveolar lavage from rat lungs inflamed with
Cparvum were reinjected into control animals.
The sequestration ofthese cells in control lungs
was six times greater than that of the se-
questration of control peripheral blood neu-
trophils. We have previously shown that these
inflammatory neutrophils are activated as de-
fined by a number of criteria.2436 In this and
previous studies we have shown that neutrophil
activation is associated with altered de-
formability of the cell8'4 which is probably due
to polymerisation of F-actin."' The association
between the reduced deformability of the in-
flammatory neutrophils in the present study
and their increased intravascular retention
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Neutrophil sequestration in rat lungs

strongly suggests that cell deformability may
be a major factor contributing to neutrophil
sequestration in the normal lung micro-
vasculature, and is supported by studies in
humans where a correlation has been shown
between neutrophil sequestration in the lungs
of healthy subjects in vivo and neutrophil de-
formability in vivo." However, the increased
sequestration of control peripheral blood neu-

trophils in inflamed rat lungs in the absence of
any difference in cell deformability implicates
other mechanisms which enhance the se-

questration of neutrophils during lung in-
flammation.8 Neutrophil sequestration in the
lungs has been shown previously to be variously
dependent on blood flow.912 Expression of ad-
hesion molecules on the surface of the neu-

trophil and the capillary endothelial cells can

alter cell adhesion and hence neutrophil se-

questration.'0 Such integrin-mediated neu-

trophil sequestration in the lungs is thought to
be important in conditions of neutrophil or

lung endothelial cell activation,37 whereas cell
deformability alone may account for the se-

questration in normal lungs."' The differences
in lung sequestration of neutrophils under the
various conditions in this study demonstrate
the multifactorial nature of the signals which
can elicit increased neutrophil sequestration in
the lungs. The use of this rat model of neu-

trophil sequestration will enable further studies
to be carried out to elucidate the role of the
various factors which can influence neutrophil
sequestration in lung inflammation and injury.

This study was supported by the Wellcome Trust and the
Norman Salvesen Emphysema Research Trust. The authors are

grateful to Dr J Williams for helpful advice on the methodology
in this study.

1 Hogg JC. Neutrophil kinetics and lung injury. Physiol Rev
1987;67: 1249-95.

2 MacNee W, Selby C. Neutrophil kinetics in the lungs. Clin
Sci 1990;79:97-107.

3 Doerschuk CM, Allard MF, Martin BA, MacKenzie A
Autor AP, Hogg JC. Marginated pool of neutrophils in
rat lungs. I Appl Physiol 1987;63:1806-15.

4 Lien DC, Wagner WW, Capen RL, Haslett C, Hanson WL,
Hofmeister SE, et al. Physiological neutrophil se-
questration in the lung: visual evidence for localisation in
capillaries. Jf Appl Physiol 1987;62:1236-43.

5 Weibel ER. Morphometry of human lung. New York: Aca-
demic Press, 1963.

6 Schmidt-Schonbein GW, Shih Y, Chein S. Morphometry
of human leukocytes. Blood 1980;56:866-75.

7 Thomassen HV, Martin BA, Wiggs B, Baile E, Hogg JC.
The effect of pulmonary blood flows on white blood cell
uptake and release by the dog lung. Appl Physiol 1984;
56:966-74.

8 MacNee W, Selby C. Neutrophil traffic in the lungs: role of
haemodynamics, cell adhesion, and deformability. Thorax
1993;48:79-88.

9 Lien DC, Worthen GS, Capen RL, Hanson WL, Checkley
LL, Janke SJ, et al. Neutrophil kinetics in the pulmonary
circulation. Effects of pressure and flow in the dependent
lung. Am Rev Respir Dis 1990;141:953-9.

10 Doerschuk CM, Wmn RK, Coxson HO, Harlan JM. CD 1 8-
dependent and independent mechanisms of neutrophil
emigration in the pulmonary circulation of rabbits.
Immunol 1990;144:2327-33.

11 Selby C, Drost E, Wraith PK, MacNee W. In vivo neutrophil
sequestration within the lungs of man is determined by
in vitro 'filterability'. JAppl Physiol 199 1;71:1996-2003.

12 MacNee W, Wiggs B, Belzberg AS, Hogg JC. The effects
of cigarette smoking on neutrophil kinetics in human
lungs. N EnglJ Med 1989;321:924-8.

13 Drost EM, Selby C, Lannan S, Lowe GDO, MacNee W.
Changes in neutrophil deformability following in vitro
smoke exposure: mechanism and protection. Am JfRespir
Cell Mol Biol 1992;6:287-95.

14 Selby C, Drost E, Lannan S, Wraith PK, MacNee W.
Neutrophil retention in the lungs of patients with chronic
obstructive pulmonary disease. Am Rev Respir Dis 1991;
143:1359-64.

15 Williams JH, Moser KM, Ulich T, Cairo MS. Harvesting
the non-circulating pool ofpolymorphonuclear leukocytes
in rats by hetastarch exchange transfusion (HET): yield
and functional assessment. Jf Leuk Biol 1987;42:455-62.

16 Brown GM, Donaldson K. Degradation of extracellular
matrix components by lung-derived leukocytes in vitro:
role of proteases and oxidants. Thorax 1988;43:132-9.

17 Donaldson K, Brown GM. Assessment of mineral dust
cytotoxicity toward rat alveolar macrophages using a "Cr
release assay. Fund Appl Toxicol 1988;10:365-6.

18 Donaldson K, Slight J, Bolton RE. Oxidant production
by control and inflammatory bronchoalveolar leukocyte
populations treated with mineral dust in vitro. In-
flammation 1988;12:231-43.

19 Martin BA, Wiggs B, Lee S, Hogg JC. Regional differences
in neutrophil margination in dog lungs. J Appl Physiol
1987;62: 1230-43.

20 Donaldson K, Brown GM, Brown DM, Slight J, MacLaren
W, Davis JMG. Characteristics of the bronchoalveolar
leukocytes from the lungs of rats inhaling 0-2-0-8 ppm of
ozone. Inhalation Toxicol 1993;5:1249-64.

21 Brown GM, Donaldson K. Degradation of connective tissue
by leukocytes in vitro: the role of proteases and oxidants.
Thorax 1988;43:132-9.

22 Rinaldo JE, English D, Levine J, Stiller R, Henson J. In-
creased intrapulmonary retention of radiolabeled neu-
trophils in early oxygen toxicity. Am Rev Respir Dis 1988;
137:345-52.

23 Savage JA, Saverymuttu H, Pinching AJ. A function com-
parison of".'Indium-labelled elicited peripheral blood neu-
trophils and peritonealneutrophils in the rat. Clin Exp
Immunol 1984;58:737-48.

24 Donaldson K, Slight J, Brown GM, Bolton RE. The ability
of inflammatory bronchoalveolar leukocyte populations
elicited with microbes or mineral dust to injure alveolar
epithelial cells and degrade extracellular matrix in vitro.
BrJf Exp Pathol 1988;69:327-38.

25 Brown DM, Brown GM, MacNee W, Donaldson K. Ac-
tivated human peripheral blood neutrophils produce epi-
thelial injury and fibronectin breakdown in vitro.
Inflammation 1992;16:21-30.

26 Keller HU, Cottier H. Comparison of locomotion,
chemotaxis and adhesiveness of rabbit neutrophils from
blood and peritoneal exudates. Blood Cells 1984;10:45-52.

27 MichlerJM. Hydroxyethyl starch as an experimental adjunct
to leukocyte separation by centrifugal means: review of
safety and efficacy. Transfusion 1975;15:449-56.

28 Schiffer CA, Aisner J, Schmukler M, Whitaker CL, Wolft
JH. The effect of hydroxyethyl starch on in vivo platelet
and granulocyte function. Transfusion 1975;15:473-8.

29 Crapo J, Miller FE, Mossman B, Pryor WA, KileyJP. NHLBI
Workshop summary. Environmental lung diseases. Re-
lationship between acute inflammatory responses to air
pollutants and chronic lung disease. Am Rev Respir Dis
1992;145:1506-12.

30 Cerasoli F, Gee MH, Ishihara Y, Albertine KH, Tahamont
MV, Gottlieb JE, et al. Biochemical analysis of the ac-
tivation of adherent neutrophils in vitro. Tissue Cell 1988;
20:505-17.

31 Mege JL, Capo C, Benoliel AM, Mongrand P. Selflimitation
ofthe oxidative burst of rat polymorphonuclear leukocytes.
Jf Leuk Biol 1986;39:599-616.

32 Haslett C, Guthrie LA, Kopaniak MM, Johnston RB, Hen-
son PM. Modulation of multiple neutrophil functions by
preparative methods or trace concentrations of bacterial
lipopolysaccharide. Am J Pathol 1985;119:101-5.

33 Athens JW, Haab OP, Raab SO, Mauer AM, Ashenbrucker
H, Cartwright GE, et al. Leukokinetic studies. IV. The
total blood, circulating and marginal granulocyte pools
and the granulocyte turnover rate in normal subjects. Jf
Clin Invest 1961;40:989-95.

34 Raab SO, Athens JW, Haab OP, Bogg DR, Ashenbrucker
H, Cartwright GE, et al. Granulokinetics in normal dogs.
Am Jf Physiol 1964;206:83-8.

35 Selby C, Drost E, Gillooly M, Cameron E, Lamb D,
MacNee W. Neutrophil sequestration in lungs removed
at surgery: the effect of microscopic emphysema. Am J
Respir Crit Care Med 1994;149:1518-25.

36 Donaldson K, Brown GM. Assessment of mineral dust
cytotoxicity towards rat alveolar macrophages using a "Cr
release assay. Fund Appl Toxicol 1988;10:365-6.

37 Smith CW, Marlin SD, Rothlein R, Toman C, Anderson
CD. Co-operative interactions of LFA and Mac-i with
intracellular adhesion molecule-I in facilitating adherence
and transendothelial migration of human neutrophils in
vitro. J Clin Invest 1989;83:2008-115.

667

 on M
ay 23, 2023 by guest. P

rotected by copyright.
http://thorax.bm

j.com
/

T
horax: first published as 10.1136/thx.50.6.661 on 1 June 1995. D

ow
nloaded from

 

http://thorax.bmj.com/

