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Abstract
Background: Recent investigations have shown that leukocyte activation is involved in the
pathogenesis of ventilator-associated lung injury. This study was designed to investigate whether the
inflammatory responses and deterioration of oxygenation in ventilator-associated lung injury are
attenuated by high-frequency oscillatory ventilation (HFO). We analyzed the effects of HFO compared
with conventional mechanical ventilation (CMV) on the activation of pulmonary macrophages and
neutrophils in 10 female rabbits.
Results: After surfactant depletion, the rabbits were ventilated by CMV or HFO at the same mean
airway pressure. Surfactant-depletion followed by 4 h mechanical ventilation hindered pulmonary
oxygenation in both groups. Impairment of oxygenation was less severe in the HFO group than in the
CMV group. In the HFO group the infiltration of granulocytes into alveolar spaces occurred more readily
than in the CMV group. Compared with CMV, HFO resulted in greater attenuation of β2-integrin
expression, not only on granulocytes, but also on macrophages.
Conclusions: In the surfactant-depleted lung, the activation of leukocytes was attenuated by HFO.
Reduced inflammatory response correlated with decreased impairment of oxygenation. HFO may
reduce lung injury via the attenuation of pulmonary inflammation.
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Introduction
Adult respiratory distress syndrome (ARDS), which is char-
acterized by impaired pulmonary gas exchange, large alve-
olar protein leakage and hyaline membrane formation, is
one of the major causes of death in intensive care units
(ICU) [1]. Recent investigations have demonstrated that
overactivation or improper activation of the immune system
plays a central role in the pathogenesis of ARDS [1,2]. A
variety of mediators, including active oxygen species [3],
arachidonic acid metabolites [4] and proinflammatory
cytokines [5] released from granulocytes and macro-
phages, are responsible for the tissue injury.

Over the past few decades, progress in mechanical venti-
lation has made a great contribution to the treatment of res-

piratory failure. Soon after the introduction of mechanical
ventilation, however, positive pressure ventilation itself was
reported to induce or worsen lung injury [6,7]. Recently,
several studies have reported that different ventilatory
modes influence the severity and progression of ARDS [8–
11]. High frequency oscillatory ventilation (HFO), a special
mode of mechanical ventilation applied only to specific
types of diseases in neonates [12], generally produces less
lung injury and granulocyte infiltration into alveolar spaces
in vivo, compared with conventional mechanical ventilation
(CMV) [8,9,13]. These results [8,9,13] suggest that HFO
reduces the inflammatory reaction involved in the progres-
sion of ventilator-associated lung injury.
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Inflammatory conditions may be associated with an
increased influx of inflammatory cells into the alveolar
spaces, along with marked shifts in the composition of the
cell population in bronchoalveolar lavage (BAL) fluid. Anal-
ysis of BAL fluid has been found useful in studying the
pathophysiology of ARDS [2,14] and other pulmonary dis-
eases [15,16]. In this study, we analyzed the effects of two
ventilatory modes, HFO and CMV, on the activation of pul-
monary macrophages and neutrophils in rabbits. We dem-
onstrated that pulmonary macrophages and neutrophils
were less activated in HFO rather than CMV-treated lungs.

Materials and methods
Animal preparation
The experimental protocol was reviewed and approved by
the Animal Research Committee of Osaka University Med-
ical School. Ten adult female New Zealand white rabbits
(2.5-3.0 kg) were used in this study. The rabbits were main-
tained under anesthesia by the iv infusion of 5 ml/kg/h of
5% dextrose in Ringer lactate solution with pancuronium
bromide (0.04 mg/ml) and sodium pentobarbital (1 mg/ml).
Tracheostomy was performed with a midline incision of the
neck. The trachea was intubated with a 3.5 mm inner diam-
eter (ID) endotracheal tube and tied to prevent air leakage.
Arterial cannulation was performed via the internal carotid
artery. Rectal temperature was monitored and maintained
at 38°C using an electric heating blanket.

Removal of lung surfactant
After initial stabilization, the rabbits' lungs were lavaged four
times to remove lung surfactant, using a previously
described method [34] with minor modifications (first lav-
age). A dose of 30 ml/kg of warmed normal saline was
instilled through the tracheostomy tube with a pressure <
25 cmH2O and drained after 10 s of retention. This proce-
dure provides a surfactant depletion model which is widely
recognized as a suitable model for experimental ARDS
[34]. At 4 h of mechanical ventilation, soon after the animals
had received a lethal infusion of saturated potassium chlo-
ride, the final BAL was performed with 20 ml/kg of cold
phosphate-buffered saline. The lavage fluid was collected
for further analysis.

Mechanical ventilation
The animals were divided into two groups according to ven-
tilation mode (CMV, n = 5; HFO, n = 5). In the CMV group
a ventilator for neonates (VIP BIRDTM, Bird Products Corp,
Palm Spring, CA, USA) was used [peak inspiratory pres-
sure 20 cmH2O, inspiratory time 0.7 s, respiratory rate 30-
40 min, inspiratory flow 20 l/min, positive end expiratory
pressure (PEEP) 0 cmH2O, FiO2 0.5]. In the HFO group a
piston-pump oscillatory ventilator (Humming VTM, Senko
Medical Instrument Manufacturers, Tokyo, Japan) was intro-
duced [oscillatory frequency 15 Hz, stroke volume 5-6 ml/
kg, mean airway pressure 7 cmH2O (equivalent to that used

in CMV), FiO2 0.5]. The respiratory rate of CMV and stroke
volume of HFO were adjusted to maintain PaCO2 between
30 and 50 mmHg.

During BAL, all the animals were ventilated by HFO (oscil-
latory frequency 15 Hz, stroke volume 5-6 ml/kg, mean air-
way pressure 7 cmH2O, FiO2 1.0). The animals were then
divided into CMV and HFO groups and ventilated for 4 h.
Heparinized arterial blood samples were collected just
before the first BAL, and 10 min and 4 h afterwards for the
analysis of arterial blood gases by ABL 505 (Radiometer
Co, Copenhagen, Denmark).

Analysis of total cell counts and cell population of BAL 
fluid
After 4 h of ventilation the rabbits were killed and a final
complete BAL was performed in order to obtain cells that
had infiltrated into alveolar spaces. Nucleated cell counts of
lavage fluid were done using a hemocytometer (Reichert
Co, Buffalo, NY, USA). Cytocentrifuge preparations of lav-
age fluid were stained with Wright's stain and differential
cell counts were conducted.

Flow cytometry
The following monoclonal antibodies (mAbs) (Spring Vally
Laboratories Inc, Woodbine, MD, USA) were used for
immunofluorescence staining: fluorescein isothio-
cyanate(FITC)-conjugated antirabbit CD11a [the α chain of
leukocyte function associated antigen-1 (LFA-1)]; CD11b
(α chain of Mac-) and CD18 (the β chain of LFA-1 and Mac-
1).

For immunofluorescence staining, 106 BAL cells were
washed once with phosphate-buffered saline (PBS), and
resuspended in 50 µl of PBS containing 2% fetal bovine
serum (FBS), 0.05% sodium azide and 5 µg/ml mAbs. After
incubation for 30 min at 4 VC in the dark, the cells were
washed once with PBS containing 2% FBS and 0.05%
sodium azide. The cells were then resuspended in 1 ml of
PBS containing 2% FBS and 1% paraformaldehyde, and
stored at 4 VC in the dark prior to flow cytometrical
analysis.

Flow-cytometric measurements were made with an FACS-
can (Becton Dickinson, San Jose, CA, USA). A minimum of
20,000 events were analyzed for each sample. Analysis
was performed using the software application CEL-
LQuestTM (Becton Dickinson). Neutrophils and alveolar
macrophages were separately gated according to their for-
ward and sideward scatter. The expression of cell-surface
molecules identified by respective mAbs was assessed in
terms of the mean fluorescence intensity (MFI) in arbitrary
units. For proper comparison of the fluorescence intensity
values, a standard set of FITC-calibrated microbeads
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(Becton Dickinson), as described previously [15], was
included in each experiment.

Statistical analysis
Results were expressed as mean ± standard error. The
Mann-Whitney test was used to compare the results
between groups. P <0.05 was considered significant.

Results
Gas exchange impairment was greater in CMV
As shown in Table 1, the surfactant depletion procedure
performed in this study, consisting of repetitive lung lavage,
significantly impaired oxygenation as assessed by respira-
tory index (the value of PaO2 divided by FiO2). There were
no significant differences between the values of the CMV

group and those of the HFO group at 15 min after the first
BAL. During 4 h of mechanical ventilation, oxygenation was
significantly impaired in both groups. The respiratory index
of the HFO group was significantly higher, however, than
that of the CMV group (P < 0.05; Table 1).

Granulocyte infiltration was greater in CMV than in HFO
The number of neutrophils, macrophages and lymphocytes
in the BAL fluid before and after ventilation is shown in
Table 2. There was no significant difference between the
groups in the number of cells in the first BAL fluid. The cell
composition in the first BAL fluids (before the completion of
surfactant-depleted lung injury) for both groups consisted
mainly of macrophages. The proportion of neutrophils in the
first BAL fluid was <4%. After 4 h of ventilation, the total
number of cells in the BAL fluid was significantly greater in
the CMV group than in the HFO group.

After 4 h of ventilation, the number of granulocytes in the
BAL fluid was also significantly greater in the CMV group
than in HFO group. The CMV group also had more macro-

Figure 1

β2-integrin expression on macrophages in the first (a) and final (b) BAL 
fluid. In the final lavage, the expression of CD11a, CD11b and CD18 
was significantly up-regulated (b) in comparison with the values from 
the first lavage (a), in both groups. However, in the final lavage (b), the 
levels of up-regulation of CD11a, CD11b and CD18 in the high fre-
quency oscillatory ventilation (HFO) group were significantly lower than 
those of the conventional mechanical ventilation (CMV) group. The 
solid column indicates CMV procedure and open column HFO proce-
dure. *P < 0.05 vs CMV-treated. MFI = mean fluorescence intensity 
(arbitrary units).

Table 1
Changes of respiratory index in surfactant-depleted lung injury 
rabbits ventilated with CMV or HFO

Mode of Before first LL 15 min after LL 4 h after LL
ventilation

CMV 450.5 ± 25.2 91.8 ± 21.1* 32.3 ± 6.7†‡

HFO 430.3 ± 15.2 104.0 ± 13.1* 55.8 ± 4.3†

After the completion of surfactant depletion, the rabbits were 
ventilated by conventional mechanical ventilation (CMV) or by high-
frequency oscillatory ventilation (HFO) for 4 h at the same mean 
airway pressure. LL = lung lavage. *P < 0.05 vs the value before the 
first LL; †P < 0.05 vs the value before and 15 min after the first LL; ‡P 
< 0.05 vs the values of HFO at 4 h after the first LL.

Table 2
The number of cells in the BAL fluid before and after ventilation with 
CMV or HFO

CMV HFO

First BAL*

Total cell count (7.8 ± 1.2) × 106 (8.1 ± 1.3) × 106

Last BAL†
Total cell count (47.0 ± 8.8) × 105 (13.6 ± 3.5) × 105 ‡

Neutrophils (19.7 ± 5.5) × 105 (1.6 ± 1.0) × 105 ‡

Macrophages (22.6 ± 3.5) × 105 (10.9 ± 2.3) × 105 ‡

Lymphocytes (4.7 ± 0.5) × 105 (1.1 ± 0.3) × 105 ‡

BAL = bronchoalveolar lavage; CMV = conventional mechanical 
ventilation; HFO = high-frequency oscillatory ventilation. *Before 
ventilation; †after 4 h ventilation; ‡P <0.05.
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phages and lymphocytes in the BAL fluid after 4 h of
ventilation.

Pulmonary macrophages and neutrophils were more 
activated in CMV than in HFO
As shown in Fig 1, the levels of the expression of CD11a,
CD11b and CD18 on macrophages were significantly
upregulated in both groups after 4 h ventilation. The levels
of up-regulation for the expression of CD11a, CD11b and
CD18 were significantly higher, however, in the CMV rather
than the HFO group (P <0.05; Fig 1b). The expression lev-
els of CD11b on granulocytes in BAL fluids after 4 h of ven-
tilation were higher in CMV than in HFO as measured by
MFI (148 ± 12 in the CMV group and 72 ± 10 in the HFO
group, P < 0.05). The MFI of CD11b on granulocytes in the
first BAL fluid was not analyzed because so few neutrophils
were recovered, as mentioned above.

Discussion
In the present study, we have shown, using a repeatedly
lavaged surfactant-depleted rabbit lung model, that, in com-
parison with HFO, CMV resulted in greater impairment of
oxygenation and increased infiltration of neutrophils, as
indicated by their presence in BAL fluids. These findings
are consistent with the results described in previous
reports [8,9,13]. Sugiura et al reported that the oxidative
burst of neutrophils in the lung was attenuated by HFO in a
surfactant-depleted rabbit model [8]. Imai et al demon-
strated that HFO could reduce the release of inflammatory
chemical mediators, platelet-activating factor and throm-
boxane B2 in the surfactant-depleted rabbit lung [13].
These investigations suggest that HFO may prevent the
progression of inflammation in an experimental ARDS
model. Consequently, we analyzed the severity of inflamma-
tion in injured lungs ventilated with two different modes,
CMV and HFO, and measured the expression of adhesion
molecules on inflammatory cells through the use of flow
cytometry. In comparison with previous studies [8,9,13],
the application of flow-cytometric analysis in this study
enabled us to examine separately the extent of the activa-
tion of neutrophils and macrophages. In this regard, our
findings directly demonstrate that the HFO procedure is
less harmful than CMV because the expression of adhesion
molecules was lower on lung inflammatory cells isolated
from the HFO rather than the CMV group.

CD11a, CD11b and CD18 are well known adhesion mole-
cules belonging to the β2-integrin superfamily [17].
Integrins are heterodimers and consist of α and β subunits
(CD11a/CD18 = LFA; CD11b/CD18 = Mac-1). β2-
integrins have been widely recognized to be important dur-
ing the recruitment of leukocytes from the peripheral blood
to inflamed tissue [17,18]. Inhibition of β2-integrin has
been shown to lead to the reduction of neutrophil recruit-
ment in several pulmonary inflammatory states in vivo

[19,20]. Clinical investigations have indicated that the
expression of β 2-integrin on macrophages and granulo-
cytes is upregulated in pulmonary inflammation [15,21].
Our present study demonstrates that HFO can reduce the
activation not only of granulocytes, which has been
reported by several investigators [8,9,13], but also of alve-
olar macrophages, assessed by the expression of β2-
integrins. This study provides a first demonstration that the
activation of pulmonary macrophages is influenced by the
mode of ventilation. However, factors other than ventilation
affect the expression of adhesion molecules. There was no
significant difference in change in blood pressure between
the groups (data not shown). Hypoxia itself may affect the
expression of adhesion molecules. Granulocytes and mac-
rophages are both key players in the pathogenesis of
ARDS [1–3,14]. Proinflammatory cytokines and oxygen
radicals released from neutrophils and macrophages seem
to be responsible for damaging lung tissue [3,14]. In ARDS
patients, high percentages of neutrophils and low percent-
ages of alveolar macrophages in BAL, suggesting sus-
tained alveolar inflammation, have been associated with
high mortality [22]. Thus, lower activation of alveolar macro-
phages and neutrophils in HFO may play a part in the mech-
anisms by which HFO is responsible for less pulmonary
injury, although detailed histological analysis was not per-
formed in this study.

Pulmonary microvascular and parenchymal injury is pro-
duced by mechanical ventilation not only in the pathological
lung [8,23,24], but also in the normal lung [10,11]. Recent
investigations have suggested that high inflation pressure
itself is not harmful when overdistension is prevented [10].
High peak-inspiratory pressures (PIP) and volumes cause
severe injury when coupled with low end-expiratory lung
volume [10,25]. Ventilator-associated lung injury, induced
with high PIP combined with high lung volume, is markedly
attenuated when alveolar collapse is prevented by the
application of PEEP [10,26]. In addition, high tidal volume
ventilation activates proinflammatory mediators into circula-
tion, which may contribute to the progression of multiple
organ failure [27]. HFO can also reduce ventilator-associ-
ated lung injury by preventing cyclic pulmonary distension
or avoiding collapse of alveoli, as with PEEP [8,9,13].
Although the precise cellular response of lung parenchymal
cells during distension or shear stress remains unknown,
several in vitro studies have described single specific
aspects of the response. One method of mechanical stim-
ulation (stretching) initiated intracellular signaling via
Ca2+[28] and inositol triphosphate [29], and altered the
surfactant production in lung epithelial cells [28]. Another
mechanical stimulation (shear stress) induced nitric oxide
and arachidonic acid production in endothelial cells [30].
Epithelial and endothelial cells can produce proinflamma-
tory cytokines [31,32] and modulate the process of
inflammation. Therefore, altered function of epithelial and
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endothelial cells induced by mechanical stimulation may
lead to the modulation of the activation of neutrophils and
macrophages in the lung via proinflammatory cytokines
[14] and arachidonic acid metabolites [33]. Thus, the less
harmful effects of HFO may be mediated by attenuating the
activation of epithelial and endothelial cells. Further investi-
gation will be required to confirm this speculation.

In summary, the activation of macrophages and neutrophils
in the lung of a surfactant-depleted rabbit ARDS model
was attenuated by ventilating with HFO. Reduced inflam-
matory response correlated with reduced impairment of
oxygenation. The less harmful effects of HFO in minimizing
lung injury in ARDS may result from the attenuation of pul-
monary inflammation.
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