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Although high tidal volume ventilation exacerbates lung injury, the
mechanisms underlying the inflammatory response are not clear.
Here, we exposed isolated lungs to high or low tidal volume ventila-
tion, while perfusing lungs with whole blood, or blood depleted of
leukocytes and platelets. Then, we determined signaling responses
in freshly isolated lung endothelial cells by means of immunoblot-
ting and immunofluorescence approaches. In depleted blood perfu-
sion, high tidal volume induced modest increases in both P-selectin
expression on the endothelial surface, and in endothelial protein
tyrosine phosphorylation. Both high tidal volume–induced re-
sponses were markedly enhanced in the presence of whole blood
perfusion. However, a P-selectin–blocking antibody given together
with whole blood perfusion inhibited the responses down to levels
corresponding to those for depleted blood perfusion. These find-
ings indicate that the full proinflammatory response occurs in two
stages. First, lung distension causes modest endothelial activation.
Second, subsequent endothelial–inflammatory cell interactions
augment P-selectin expression and tyrosine phosphorylation. We
conclude that interactions of circulating inflammatory cells with
P-selectin critically determine proinflammatory endothelial activa-
tion during high tidal volume ventilation.
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Although mechanical ventilators provide essential respiratory
support in lung injury, a potential difficulty is that the high tidal
volumes delivered by mechanical ventilation may independently
exacerbate lung injury (1). Since high tidal volume (HV) causes
excessive expansion of pulmonary alveoli, and since stretching
cultured endothelial cells activates kinases (2), it is proposed
that alveolar overexpansion stretches endothelial cells, causing
inflammatory responses. However, no direct data in situ support
this view.

Because endothelial cells are critical for initiating lung in-
flammation, it is important to understand the endothelial signal-
ing sequence activated by HV ventilation. An important but
unanswered question is whether lung expansion is the predomi-
nant factor that induces proinflammatory endothelial signaling,
or whether secondary inputs are required. The stretch hypothesis
is derived largely from findings in cultured cells (2). Hence, the
possibility exists that even under HV conditions, lung endothelial
cells in situ may not stretch sufficiently to account entirely for
the induced inflammatory consequences.

To test this hypothesis, we exposed lungs to HV ventilation.
Our aim was to determine the extent to which alveolar stretch,
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as opposed to inflammatory cells secondarily recruited by the
stretch, cause HV-induced endothelial activation. In primary
isolates of endothelial cells, we detected tyrosine kinase activation
and expression of the leukocyte adhesion receptor, P-selectin,
as proinflammatory endpoints (3). We report here our new find-
ing that the proinflammatory endothelial signaling induced by
HV resulted less from the stretch effects of lung expansion than
from the effects of leukocytes and platelets that were recruited
consequent to stretch.

MATERIALS AND METHODS

Reagents and Antibodies

The following were purchased: PBS (GIBCO Laboratories, Grand
Island, NY); sulfosuccinimidobiotin (sulfo-NHS-biotin; Pierce Chemical,
Rockford, IL); gadolinium chloride (Sigma Chemical Co., St. Louis,
MO); mouse monoclonal anti-phosphotyrosine antibody (PY99), anti-
mouse IgG-HRP, protein A/Protein G-agarose, mouse monoclonal anti-
P-Selectin antibody (CTB201), mouse monoclonal IgG1 (Santa Cruz
Biotechnology, Santa Cruz, CA); rabbit anti-factor VIIIR:Ag/von
Willebrand factor (vWf; Zymed, South San Francisco, CA); Alexa 568–
tagged goat anti-mouse IgG and Rhodamine 6G (Molecular Probes,
Eugene, OR); Dynabeads M-270 tosylactivated (Dynal, Oslo, Norway);
and Strept Avidin HRP conjugate (Jackson ImmunoResearch, Inc.,
West Grove, PA). Anti-rat P-selectin nonblocking and blocking mAbs
RP-2 and RMP-1, respectively, were gifts of Dr A.C. Issekutz (Depart-
ment of Pediatrics, Dalhousie University, Halifax, NS, Canada) (3, 4).

Lung Preparation

We prepared the isolated, blood-perfused (14 ml/min) rat lung as before
(3). Briefly, we anesthetized rats (Sprague-Dawley, 600 g), heparinized
them (1,200 IU heparin/kg), collected their blood, and excised their
heart and lungs. To blood-perfuse the lungs (37 �C, 14 ml/min), we
held pulmonary artery and left atrial pressures at 12 and 6 cm H2O,
respectively. By means of a mechanical ventilator (Harvard Apparatus,
Holliston, MA) attached to the tracheal cannula, we ventilated the
lungs at low (LV) or high (HV) tidal volumes of 6 or 12 ml/kg, respec-
tively. The corresponding inspiratory pressures were 11 and 22 cm H2O,
and the corresponding integrated mean airway pressures were 6 and
10 cm H2O. Throughout, ventilatory rate and end-expiratory pressure
were 30/min and 5 cm H2O, respectively.

Preparation of Blood Perfusates

To determine the effects of leukocytes and platelets, we established
the following blood preparations.

Whole blood. We heparinized anesthetized rats (100 U/kg), then we
withdrew whole blood (WB).

Leukocyte- and platelet-depleted blood. We centrifuged heparinized
blood (2,000 rpm, 10 min, 4 �C), removing and saving the leukocyte-
and platelet-containing buffy coat that was layered immediately above
the RBCs following each spin. To ensure complete removal of leuko-
cytes and platelets from red cells, we washed the red cells three times
by resuspension in buffer (4% albumin/PBS, 4 �C) followed by centrifu-
gation (�3). Again, each time we saved the supernatants. Finally, we
suspended the washed red cells in 4% albumin.

Reconstituted whole blood. To control for procedural effects in the
preparation of blood perfusates, we first removed, then added back
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leukocytes and platelets to RBCs to prepare reconstituted WB
(Rec-WB).

To determine leukocyte and platelet counts, we obtained blood
perfusate aliquots at the beginning of the experiment for fluorescently
labeling cells with the marker, rhodamine 6G (5 �g/ml, 10 min).

FLEC Isolation

We isolated FLEC as we previously described (3). Briefly, we termi-
nated the experiment after 2 h of perfusion, using ice-cold buffer perfu-
sion (200 ml, 0.1% albumin/PBS, 4 �C) to clear blood from the lung.
Then, with the lung immersed in cold PBS (4 �C) we sequentially per-
fused collagenase, trypsin, and buffer (4 �C) to dislodge luminal cells
from the lung vasculature. We washed the dislodged cells in buffer
(�3) and then exposed them to magnetic beads (Dynabeads M-270,
2.8 �m) labeled with endothelial-specific, anti-vWf antibody (5). We
held the mixed cells in a magnetic chamber (magnetic particle concen-
trator; Dynal), collected the cells retained and confirmed their endothe-
lial phenotype (3).

Immunofluorescent Labeling of FLEC for P-Selectin
We labeled cells using anti–P-selectin mAb (10 �g/ml, 60 min, 4 �C)
and fluorescent, Alexa 568–tagged goat anti-mouse IgG (20 �g/ml,
30 min, 4 �C). Labeling was done at 4 �C to avoid antibody internalization
and enable surface labeling. We fixed cells (2% paraformaldehyde,
10 min, room temperature) before viewing them by confocal microscopy
(LSM 510; Zeiss, Germany) (MCID-M4; Imaging Research, St.
Catherine’s, Ontario, Canada). We digitally imaged single cells to quan-
tify fluorescence intensity (MCID-M4; Imaging Research).

Immunoblotting and Immunoprecipitation

FLEC were lysed as reported previously (3) (4 �C, 30 min), lysates
cleared (14,000 RPM, 15 min), protein concentrations determined
(BCA Protein Assay; Pierce), and anti-tyrosine phosphorylation blot-
ting performed as previously described (6). Briefly, equal amounts of
protein run in duplicate on 10% SDS polyacrylamide gels (SDS-PAGE)
under reducing conditions were transfered to nitrocellulose. Then phos-
photyrosyl-containing proteins were detected using affinity-purified
anti-tyrosine phosphorylation antibody, followed by streptavidin–
horseradish peroxidase. We developed blots using enhanced chemilumi-
nescence. Duplicate gels were stained with Coomassie Blue.

To determine P-selectin surface expression, we surface biotinylated
FLEC (sulfo-NHS-biotin, 0.5 mg/ml, pH 8.0, 4 �C, 30 min) and, using
monoclonal anti–P-selectin antibody, immunoprecipitated P-selectin
from the lysates (3). For each immunoprecipitation (IP), to ensure
adequacy of FLEC protein (150–200 �g), we pooled cells from the
lungs of two rats that we subjected to identical ventilation and perfusion
conditions. Thus we used the lungs of four rats for one paired experi-
ment. We used equal quantities of lysate protein for IP.

Statistics
All data are mean � SE. Differences between groups were tested by
the paired t test for two groups and by the Newman-Keuls test for � 2
groups. Statistical significance was accepted at P � 0.05.

RESULTS

Cell Depletion

We perfused lungs either with WB or blood depleted of leuko-
cytes and platelets (DB). Counts for leukocytes and platelets in
DB were, respectively, 9.3 � 2 and 14.8 � 2% of those in WB
(Table 1).

TABLE 1. CELL COUNTS

WB DB

Leukocytes, �109/liter 3.1 � 0.1 0.3 � 0.01*
Platelets, �109/liter 1,363 � 24 201 � 11*

Definition of abbreviations: DB, leukocyte- and platelet-depleted blood perfusate;
WB, reconstituted whole blood perfusate.

Data are shown as mean � SE.
* P � 0.05 compared to WB.

P-Selectin Expression

In non-permeabilized FLEC, immunofluorescence of P-selectin
reveals cell surface expression of the receptor, since the fluores-
cent probe is excluded from cells and causes no cytosolic labeling
(3). Under WB perfusion, surface expression of P-selectin was
markedly greater for HV than LV ventilation (Figure 1A, left
panels). In LV ventilation, P-selectin expression was similar for
both WB and DB perfusion (Figure 1A, top panels). However,
the HV-induced P-selectin expression was markedly lower in
DB than WB perfusion (Figure 1A, bottom panels). In control
FLEC obtained immediately (5 min) after lung excision, P-selectin
immunofluorescence was 21 � 7% of the expression in LV lungs
under WB perfusion (P � 0.05, n � 3).

A comparison of the fluorescence distributions induced by
HV ventilation indicated that P-selectin expression occurred in
large clumps at the cell periphery for WB perfusion, but was
sparse for DB perfusion (Figure 1A, lower panels). Fluorescence
quantification indicated that under WB perfusion, HV increased
P-selectin fluorescence more than two times above LV levels
(Figure 1B). By contrast, under DB perfusion HV increased the
fluorescence by only � 25%. A nonspecific primary mAb re-
sulted in dark images (not shown), ruling out the presence of
nonspecific fluorescence.

The inclusion of the P-selectin–blocking mAb, RMP-1 (4) in
WB perfusion markedly inhibited the HV-induced P-selectin
expression (Figure 1C). Fluorescence quantification indicated
that this inhibition (Figure 1D) was not different from the extent
to which the HV-induced expression was inhibited in the pres-
ence of DB perfusion.

To determine bulk expression of P-selectin, we exposed
FLEC to biotin, which specifically binds to the external cell
surface (4). Then, after immunoprecipitating P-selectin from
FLEC lysates, we ran samples on SDS-PAGE and blotted mem-
branes with streptavidin. These procedures revealed the pres-
ence of a band at � 140 kD (Figure 2A) that we confirmed to
be P-selectin by reprobing the blot with specific mAb (not
shown). In paired lungs ventilated under HV conditions, the
band was 48 � 13% lower for DB than Rec-WB perfusion
(Figure 2B). In another set of paired experiments in which we
held both lungs under WB perfusion and HV ventilation condi-
tions, addition of the Ca2	 mobilization inhibitor, gadolinium,
decreased band density for P-selectin (Figures 2C and 2D), af-
firming the known Ca2	 dependence of P-selectin expression (7).

Taken together, these immunoprecipitation and immunoflu-
orescence data indicate that HV ventilation induced P-selectin
expression, and that bloodborne leukocytes and platelets played
an important role in achieving the full extent of the expression.

Tyrosine Kinase Activation

To determine cell-signaling responses, we determined protein
tyrosine phosphorylation in FLEC lysates by Western blotting.
Lanes run in parallel and stained with Coomassie Blue served
as indicators of equal protein loading. Under WB perfusion,
protein tyrosine phosphorylation was markedly greater for HV
than LV ventilated lungs (Figure 3A). However, under DB per-
fusion the HV-induced response was markedly attenuated
(Figure 3B). Thus, although HV always increased tyrosine phos-
phorylation in endothelial cells (P � 0.05), the increase under
DB perfusion was 70–80% less on several proteins than under
WB perfusion (Figure 3C).

To rule out nonspecific effects that might have contributed
to the differences in band density between separately run gels,
in a group of paired experiments, holding both lungs under HV
conditions, we ran lysates from Rec-WB and DB together in
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Figure 1. Confocal images of single lung en-
dothelial cells showing P-selectin expression
on the cell surface. anti-P-sel mAb, anti–P-
selectin monoclonal antibody, RMP-1 (20
�g/ml). HV, high tidal volume; LV, low tidal
volume. WB, whole blood perfusion; DB, per-
fusion with leukocyte- and platelet-depleted
blood. The single endothelial cells shown
were obtained from lungs treated either un-
der different combinations of ventilation and
perfusion conditions as indicated (A, B ), or
from lungs exposed only to HV ventilation
under different perfusion conditions (C, D).
In paired experiments, we quantified the
mean fluorescence in 30–40 cells from each
lung. We processed cells obtained from each
lung in parallel but in separate aliquots (n � 3
paired experiments). Mean � SE. *P � 0.05,
compared with bar on left by paired t test.

the same gel. These experiments also indicated that protein
tyrosine phosphorylation was markedly reduced under DB than
Rec-WB perfusion conditions (Figures 4A and 4C). Hence, we
interpret that under DB conditions, namely in the absence of

Figure 2. Immunoprecipitation of P-selectin from lung endothelial cells.
IP, immunoprecipitate. SA-HRP, streptavidin–horseradish peroxidase.
HV, high tidal volume. WB, whole blood perfusion; Rec-WB, reconstituted
whole blood perfusion; DB, perfusion with leukocyte- and platelet-
depleted blood. P-selectin was immunoprecipitated from lysates of pri-
mary endothelial isolates obtained from HV ventilated lungs. (A–D) SA-HRP
blots show endothelial surface expression of P-selectin, under perfusion
conditions of WB or DB in A and WB in C. Molecular weights are indicated
on the left. Bars show densitometry. Gadolinium, 10 �M. Each bar:
n � 3. Mean � SE. *P � 0.05, compared with bar on left by paired t test.

inflammatory cells in blood, HV ventilation had a considerably
diminished effect on endothelial tyrosine kinase activation.

To determine the role of the surface-expressed P-selectin
in the FLEC phosphorylation response, we added the anti–P-
selectin mAb, RMP-1 to the perfusate under WB conditions.
RMP-1, which blocks leukocyte binding to P-selectin, markedly
attenuated HV-induced tyrosine phosphorylation (Figures 4B
and 4D). These findings indicated that P-selectin mediated the
HV-induced activation of endothelial tyrosine kinases.

To determine the extent to which Rec-WB contained acti-
vated leukocytes and platelets that may have in turn, activated
endothelial cells, we perfused paired lungs with either WB, or
Rec-WB under HV conditions. Not shown are results from these
experiments in which endothelial surface P-selectin expression
and protein tyrosine phosphorylation were similar for WB and
Rec-WB perfusion (n � 3). We cannot rule out the possibility
that some leukocyte activation might have taken place during
Rec-WB preparation. However, evidently this activation did not
detectably contribute to the P-selectin and tyrosine phosphoryla-
tion responses under HV.

Extravascular Lung Water

We have shown previously (3) that the present protocol for
HV ventilation does not increase the extravascular lung water
(EVLW). Here, in lungs exposed to HV during WB or DB
perfusion, EVLW averaged 4 � 0.1 and 4.1 � 0.1 g/g dry weight,
respectively. These values, which are within the range of normal
for our laboratory, indicate that neither group developed pulmo-
nary edema.

DISCUSSION

We show here for the first time, that in HV ventilation, endothe-
lial P-selectin expression critically enhanced proinflammatory
activation of endothelial cells. To determine the roles played
by circulating inflammatory cells, we depleted leukocytes and
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Figure 3. Lung endothelial protein tyrosine phosphorylation. 
-tyrP,
anti-phosphotyrosine; HV, high tidal volume; LV, low tidal volume; WB,
whole blood perfusion; DB, perfusion with leukocyte- and platelet-
depleted blood. (A and B ) anti-phosphotyrosine blots are of lysates of
endothelial cells from lungs ventilated and perfused for 2 h as indicated.
Arrows indicate prominent bands. Coomassie staining is on duplicate
gels. Molecular weights are indicated on the left. (C ) Bars represent HV-
induced increases in band density (tyrosine phosphorylation/protein
ratios). n � 3 for each bar. Mean � SE, *P � 0.05 versus left bar by
paired t test.

platelets from the blood. Our HV protocol did not increase
extravascular lung water, thereby ruling out any contribution of
pulmonary edema to these signaling responses. Lung perfusion
with depleted blood led to the important finding that in the
absence of bloodborne inflammatory cells, HV ventilation
caused a markedly attenuated P-selectin expression. Notably, in
the presence of inflammatory cells the same distension caused
a 4-fold greater enhancement of P-selectin expression. Further,
the P-selectin blocking mAb RMP-1 inhibited increases in both
HV-induced tyrosine phosphorylation and P-selectin expression.

We interpret that the primary effect of lung overdistension
was to activate endothelial P-selectin expression modestly, but
sufficiently to initiate leukocyte recruitment. Thus HV in the
absence of leukocytes and platelets increased tyrosine phosphor-
ylation, indicating that overdistension alone was sufficient to
activate endothelial signaling. The increased tyrosine phosphory-
lation may have triggered P-selectin expression (3), initiating
the first wave of leukocyte recruitment. The recruited leukocytes
and platelets then interacted with P-selectin to further spike
tyrosine phosphorylation and, thereby, P-selectin expression.
Evidently, the endothelial signaling initiated by HV ventilation
occurred in a sequence in which lung distension evoked modest
inflammatory activation, but subsequently, recruited leukocytes
were required to induce the full extent of the response (8, 9).
We propose that ventilation stress incurs a feedback loop in
which recruited leukocytes act on endothelial cells to enhance
the gain of the inflammatory process.

To our knowledge, this is the first evidence that interplay
between mechanical strain and leukocyte recruitment sensitizes

the lung’s proinflammatory response. In the first step of this
process, lung distension is likely to induce stretch of blood vessels
(10), causing displacement of the endothelial cell membrane
against the interstitial matrix. In cultured cells, mechanically
induced cell-matrix displacement induces integrin aggregation
(11), which induces further downstream signaling (12). Our pre-
vious studies indicate that HV aggregates the 
v�3 integrin, caus-
ing it to associate with the focal adhesion kinase (3). The extent
to which these mechanisms contributed to the present findings
requires further consideration.

In endothelial cells, mechanically induced cell-matrix dis-
placement induces integrin-mediated increase in cell Ca2	 (13),
causing exocytosis and cell-surface expression of P-selectin (14).
We speculate that endothelial integrin aggregation and focal
adhesion formation resulting from lung distension may induce
several proinflammatory pathways in lung. In cultured lung endo-
thelial cells, integrin aggregation causes tyrosine phosphorylation–
mediated increases in cytosolic Ca2	 (Ca2	cyt) (15). Integrin
aggregation also induces release of arachidonate, which activates
Ca2	 entry (16). Cytosolic Ca2	 increases activate exocytosis of
P-selectin containing Weibel-Palade bodies (WPB) (7), resulting
in P-selectin expression on the endothelial surface. The present
responses support these considerations. The nonspecific Ca2	

inhibitor gadolinium blocked the present P-selectin expression,
indicating that the response was Ca2	 mediated.

Although our findings point to P-selectin as being critical to
the present responses, the role of P-selectin in lung inflammation
continues to be controversial (reviewed in Ref. 14). According
to Kotani and colleagues (17), ventilation stress does not induce
P-selectin expression in lung vessels. The reason for the differ-
ence from our findings is not clear. In lung, P-selectin expression
occurs only in the arterial and venous segments (18). Our evi-
dence for P-selectin expression in FLEC from freshly isolated
lungs confirms previous reports that unstressed P-selectin ex-
pression occurs in lung vessels (19). It is possible that FLEC
include cells from these segments, while Kotani and coworkers’
immunohistochemical data largely address the alveolar capillary
segment that does not express P-selectin (17).

The potential concern that platelets adherent to FLEC con-
tribute d to P-selectin fluorescence is unlikely on several counts.
First, the 10-min perfusion of a large volume (200 ml) of ice-cold
buffer probably removed all vascular leukocytes and platelets.
Second, the collagenase and trypsin infusions and the triple
washing of the isolated cells were also likely to have removed any
cells or other material adherent on FLEC. Third, no adherent
platelets or leukocytes were evident through direct microscopy
of � 250 FLEC. We conclude that the P-selectin fluorescence
was of endothelial origin.

The extent to which the present findings in the isolated lung
reflect responses in the intact lung requires consideration. The
high vascular resistance (20) and ex vivo perfusion conditions
are potential sources of nonspecific responses. However, since
systemic effects are excluded, isolated lungs are widely used
in the investigation of ventilation-induced lung injury (21). To
reduce nonspecific influences such as those attributable to vin-
blastine (22), an agent sometimes used to deplete leukocytes
(17), we avoided drug-induced leukocyte depletion procedures.
We opted instead for blood reconstitution methods that were
evidently not in themselves cell activating, since P-selectin ex-
pression and tyrosine phosphorylation were not affected. We
point out that our procedures were identical for all groups.
Hence, the HV-induced responses were not procedure-driven,
but were specific consequences of mechanical stress.

In selecting the HV tidal volume, our aim was to establish a
modest ventilation challenge that could cause stretch-mediated
endothelial signaling, while avoiding lung injury. Although lung
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Figure 4. P-selectin blockade inhibits endothe-
lial protein tyrosine phosphorylation in ventila-
tion stress. anti-P-sel mAb, anti–P-selectin
monoclonal antibody, RMP-1 (20 �g/ml).

-tyrP, anti-phosphotyrosine; HV, high tidal
volume; WB, whole blood perfusion; Rec-WB,
reconstituted whole blood perfusion; DB, per-
fusion with leukocyte- and platelet-depleted
blood. (A and B ) Representative anti-phospho-
tyrosine blot of lysates of endothelial cells de-
rived from lungs ventilated and perfused for
2 h as indicated. Arrows indicate prominent
bands. Coomassie staining is on duplicate gels.
Molecular weights are indicated on the left.
(C and D) Bars represent band densities (tyrosine
phosphorylation/protein ratios). C: solid bars in-
dicate Rec-WB; open bars indicate DB. D: solid
bars indicate WB; open bars indicate WB 	

anti–P-sel mAb. n � 6 (A) and 3 (B ). Mean �

SE. *P � 0.05 by paired t test against left bar.

overexpansion exacerbates lung injury in mechanically venti-
lated patients (1), our aim was to avoid excessive hyperinflation
that might elicit independent signaling effects secondary to
events such as pulmonary edema (23) and stress fracture (24).
Previous reports indicate that stretch-mediated increase of vas-
cular diameter by � 8% induces Ca2	 and NO signaling in lung
endothelial cells in situ (25, 26). To achieve comparable levels
of stretch, we held tidal volume at physiologic levels (27) for
LV, but at two times this volume for HV. The increase of tidal
volume increased mean airway pressure from 6 in LV to 10 cm
H2O in HV. This increase in airway pressure stretches lung
vascular diameters by � 8% (10). Thus, although the present
HV conditions did not cause lung injury, at least to the extent that
lung water did not increase, the vascular stretch was sufficient to
induce endothelial signaling, which may reflect the initial phases
of the proinflammatory response to ventilation stress. Further
studies are required to determine whether secondary events en-
hance this signaling to enhance inflammation and induce overt
lung injury (28, 29).

In conclusion, our findings indicate a novel role for leukocytes
and platelets in the proinflammatory responses to ventilation
stress. In VILI and other forms of lung injury, leukocytes and
platelets are traditionally viewed as direct agents of tissue injury.
For example, damage to the endothelial barrier by activated
leukocytes causes lung microvascular hyperpermeability and
pulmonary edema (30, 31). However, here the HV-recruited
leukocytes and platelets played a novel role. Thus, once recruited
through P-selectin expression, these cells facilitated the endothe-
lial proinflammatory response. Although shown here for ventila-
tion stress, the extent to which leukocytes and platelets similarly
drive inflammation in other forms of tissue injury requires
consideration.
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