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Abstract

Background Despite advances in critical care, the mor-

tality rate for patients with acute lung injury (ALI) remains

high. The aim of this study was to test the hypothesis that

tumor necrosis factor-a (TNF-a) plays an initiating role in

the onset of extracorporeal circulation (ECC)-induced ALI.

Methods Eight New Zealand rabbits subjected to 1 h of

ECC and 40 min of observation after termination of ECC

were used for monitoring pulmonary nociceptor activity.

Fifty Sprague-Dawley (SD) rats that received 2 h of ECC

and 4 h of rest were used to measure the pulmonary

function and inflammatory cytokines release, including

total cells, neutrophils, and TNF-a in bronchoalveolar

lavage (BAL) and white blood cell (WBC) and neutrophils

in blood. An additional 40 SD rats were randomized to

pretreatment with inhalation of phosphate buffer solution

(control group), IgG (IgG inh group), or TNF-a antibody

(anti-TNF-a inh group) and venous injection of TNF-a
antibody (anti-TNF-a iv group). After 2 h of ECC and 4 h

of rest, the arterial blood and BAL fluid were collected

for measurement of arterial oxygen pressure (PaO2) and

inflammatory cytokines release. The left-lower-lung tissues

of animals were stained with hematoxylin & eosin (H&E).

Results The results demonstrated that the activities of

airway nociceptor and TNF-a release were similarly

upregulated at the early stage and in a time-related manner

in ECC-induced ALI. Pretreatment with TNF-a antibody

inhalation, but not venous injection, improved pulmonary

function, inhibited pulmonary inflammation, and attenu-

ated pulmonary histopathological changes after ECC.

Conclusion We concluded that TNF-a played an impor-

tant role in the pathogenesis of ALI and acted as an initi-

ating cytokine at the early stage of ECC-induced ALI.

Keywords TNF-a � Cardiopulmonary bypass �
Inflammation � Acute lung injury

Introduction

Acute lung injury (ALI) is a common cause of mortality in

intensive care [1, 2]. Approximately one third of ALIs were

induced by noninfectious systemic inflammatory response

syndrome (SIRS) from trauma, shock, aspiration, and car-

diac surgery with extracorporeal circulation (ECC) [3, 4].

Pathogenesis of ALI includes pulmonary inflammation,

which is characterized by neutrophil accumulation in the

lungs during the early stages of ALI and lymphocyte-

induced lung fibrosis during the late stages. Neutrophils

adhere to the injured capillary endothelium and migrate

through the interstitium into the air space. In the air space,
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cytokines, such as interleukin (IL)-1, IL-6, IL-8, IL-10 and

tumor necrosis factor-a (TNF-a), secreted by alveolar

macrophages act locally to stimulate chemotaxis and acti-

vate neutrophils [5–7]. Despite the extensive work that has

been done to characterize the inflammation that occurs in

ALI, the identity of the cellular elements and related

inflammatory mediators that initiate or promote patho-

genesis are still unknown [8].

Finding out the initiating cytokines of ECC-induced ALI

is of great clinical relevance and believed to be beneficial

in the early diagnosis of ALI and in improving the prog-

nosis of the patient. Among those mediators of inflamma-

tion, TNF-a is a prospective candidate. TNF-a is a member

of a group of cytokines that are involved in SIRS and

stimulate the acute phase reaction. Previous animal and

clinical studies have discovered the pathogenic mediator

role of TNF-a in pulmonary inflammation and identified

the therapeutic effect of monoclonal TNF-a antibody [9,

10]. Our latest study also suggested that ALI is accompa-

nied by an increase in TNF-a release and neutrophil

adhesion [11]. In this study we postulated that TNF-a
might play an important role in pathogenesis of ALI and

act as an initiating cytokine at the early stage of ECC-

induced ALI.

Material and Methods

This study was approved by the Institutional Animal Care

and Use Committee of Sichuan University, and all animals

received humane care in compliance with the Guide for the

Care and Use of Laboratory Animals published by the US

National Institutes of Health (NIH Publication No. 85-23,

revised 1996).

Recording Technique and Identification of Airway

Nociceptor

Eight male adult New Zealand rabbits, weighing 2.5–3.0 kg,

were anesthetized with an intraperitoneal injection of

sodium pentobarbital (50 mg/kg). A midline incision was

made to expose the trachea and vagus nerve. The trachea was

cannulated low in the neck and the lungs were mechanically

ventilated with a Harvard ventilator model 683 (Harvard

Apparatus, Holliston, MA). Positive end expiratory pressure

(PEEP) was maintained by placing the expiratory outlet

under 3–4 cmH2O. Airway pressure (Paw) was monitored at

the tracheal tube with a Statham pressure transducer P23

(Gulton-Statham Products, Rochester, NY). The chest was

opened widely in the midline to allow location of the

receptive field. The values of Paw and afferent activities were

recorded by a thermorecorder (Astro-Med Dash IV; Astro-

Med, Inc., West Warwick, RI). Single-unit activities were

recorded as described previously [12, 13]. Briefly, the vagus

nerve (either right or left) of the rabbit was separated from the

carotid sheath, placed on a dissecting platform, and covered

with mineral oil. A small afferent bundle was cut from the

vagus nerve. This bundle was dissected into thin filaments

using two pairs of fine forceps. The filaments were further

divided and placed on electrodes to record action potentials.

The electrodes were connected to a high-impedance probe

(Grass Model HIP 511; Grass Technologies, an Astro-Med

subsidiary), from which the output was fed into an amplifier

(Grass P511). After suitable amplification, action potentials

from a single unit of the vagal sensory receptors were dis-

played on an oscilloscope and a loudspeaker. In addition, a

voltage analog of impulse frequency was produced by a rate

meter (Frederick Haer, Brunswick, ME) at a bandwidth of

0.1 s. The receptive field was located by identifying the most

sensitive point on the lung surface using a glass rod with a

0.5-mm round tip. Airway nociceptors, including high-

threshold Ad fiber receptors (HTARs) and C fiber receptors

(CFRs), can be activated by a variety of inflammatory

mediators and may serve as biosensors to monitor inflam-

mation in the lung [3]. These biosensors were identified by

their discharge patterns and confirmed by verifying their

receptive fields in the lung and their conduction velocities

(above 1.6 m/s for HTARs and less than 1.5 m/s for CFRs).

Unit activity was expressed as impulses per minute (imp/

min).

Acute Lung Injury Model Induced by ECC

Male adult Sprague-Dawley (SD) rats, weighing 225–250 g,

were anesthetized with 3 % intraperitoneal pentobarbital

injection (40 mg/kg), then the ECC-induced ALI model was

established as described previously [14]. Briefly, the trachea

was intubated and ventilation was controlled mechanically at

a respiratory rate (RR) of 65 bpm and a tidal volume (Vt) of

7 ml/kg. After heparinization (3 mg/kg), the right common

carotid artery was cannulated with a 20G retention catheter

and connected with a three-way joint for measurement of

blood pressure (BP). The skin was cut from the inguinal

groin, and the femoral vein was cannulated with a 24G

retention catheter and also connected with a three-way joint

to maintain anesthesia. The two joints then were connected

with a roller pump (Stöckert II, Munich, Germany) and a

1/16-in. tube, which was primed with 7 % Voluven�
(Fresenius, Bad Homberg, Germany). ECC was established

by a circuit from the right common carotid artery to the

femoral vein, and the rate of blood flow was kept at one

fourth that of cardiac output. The establishment of the rabbit

ECC model was similar to that for the rat, except that the

right common carotid artery and femoral vein were cannu-

lated with 16G retention catheters and connected with a

1/8-in. tube.
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Determination of Inflammatory Cytokines Releases

Related to ECC

In order to investigate the pulmonary inflammatory cyto-

kines releases related to ECC, 50 male adult SD rats were

employed. The blood and BAL samples of these animals

were obtained at baseline, 10 min, 1 h, and 2 h during

ECC, and 4 h after termination of ECC (n = 10 at each

time point). The white blood cell (WBC) and neutrophil

counts in the blood and total cell and neutrophils count in

the BAL fluid were measured by an Auto Hematology

Analyzer (BC-3000 Plus, Mindray, Shenzhen, China). The

TNF-a level in the BAL fluid was determined by a com-

mercial ELISA kit (Bender MedSystems, Vienna, Austria).

Pretreatment with TNF-a Antibody Inhalation

In an additional experiment, 40 male adult SD rats, weigh-

ing 225–250 g, were pretreated with inhalation of phosphate

buffer solution (control group, n = 10), IgG (IgG inh group,

Fig. 1 The activity of airway nociceptor was increased at the early

stage of extracorporeal circulation-induced ALI. a Representative

nociceptor activity recorded from the cervical vagus nerve. b The

time course of pulmonary nociceptor activity throughout the study.

c Representative photomicrographs of hematoxylin & eosin–stained

left lung tissue sections (940) harvested at the end of study. Values

are expressed as mean ± SD (n = 8). ALI, acute lung injury; BP,

blood pressure; IMP, impulses (sensory activity); Paw, airway

pressure

Fig. 2 a Arterial oxygen pressure. b, c Counts of total cells and neutrophils in bronchoalveolar lavage fluid. d, e Counts of white blood cell and

neutrophils in blood throughout the study. Values are presented as mean ± SD (n = 10). *P \ 0.01, **P \ 0.001 vs. baseline
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n = 10), or TNF-a antibody (anti-TNF-a inh group,

n = 10) and venous injection of TNF-a antibody (anti-

TNF-a iv group, n = 10). After a 10-min washout, the

ECC model was established as described above. After 2 h

of ECC and 4 h of rest, the arterial blood and BAL fluid

were collected for measurement of PaO2 and inflammatory

cytokines releases.

Histological Examination

The left-lower-lung tissues of rats or rabbits were placed in

10 % neutral formalin and embedded in paraffin, then

sectioned into 5-lm intervals and stained with hematoxylin

& eosin (H&E). The results were assessed for alveolar

inflammatory infiltration and interstitial edema in a blinded

fashion by a pathologist.

Statistical Analysis

All values are presented as mean ± SD. The result of

airway nociceptor activity was analyzed by a two-sided

Student t-test. Multiple group data were analyzed by one-

way ANOVA followed by Bonferroni’s correction for post-

hoc t-test (SPSS 13.0 software; SPSS, Inc., Chicago, IL).

P values \0.05 were considered statistically significant.

Results

ECC-induced ALI Increased the Activity of Airway

Nociceptor

As shown in Fig. 1a and b, under basal conditions, airway

nociceptors discharged sporadically at a very low fre-

quency (2.6 ± 0.9 imp/min). After 10 min of ECC, the

frequency significantly increased to 8.1 ± 1.4 imp/min

(P \ 0.01 vs. baseline). This increase was sustained until

the end of 60 min of ECC (27 ± 6.0 imp/min, P = 0.001

vs. baseline). During the 40-min observation after termi-

nation of ECC, the activities of the nociceptors were still at

a relatively high level (1827 imp/min, P \ 0.01 vs. base-

line). Data of H&E staining indicated that the neutrophil

Fig. 3 The release (a) and linear regression analysis (b) of TNF-a in bronchoalveolar lavage fluid. The level (c) and linear regression analysis

(d) of TNF-a in blood. Values are presented as mean ± SD (n = 10). *P \ 0.01 vs. baseline
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infiltration and the thickness of the alveolar membrane

were greatly increased after ECC, suggesting that a clear

ALI was induced by ECC (Fig. 1c).

ECC Reduced PO2 and Increased Inflammatory

Cytokines Releases

At baseline and during 2 h of ECC, there were no signifi-

cant differences in PaO2 and in the counts of total cells and

neutrophils in the BAL fluid. Four hours after termination

of ECC, the PaO2 was greatly reduced (P \ 0.01) and the

total cells count was nearly 2-fold higher (P \ 0.01) and

the neutrophils count was nearly 1.5-fold higher (P \ 0.01)

when compared with the baseline (Fig. 2a–c). Prior to

these changes, significant increases of WBC and neutrophil

counts in the blood were observed at the end of 2 h of ECC

(Fig. 2d and e). More quickly, the TNF-a level in the BAL

started to increase after 10 min of ECC and exhibited a

marked increase during the remaining time points (all

P \ 0.01, Fig. 3a). The result of linear regression analysis

indicated that the release of TNF-a was increased in a

time-related manner (r = 0.9197, Fig. 3b). In contrast, the

TNF-a level in the blood was similar throughout the study,

indicating that the TNF-a in the BAL, but not in the blood,

was probably involved in the pathogenesis of ECC-induced

ALI (Fig. 3c and d). Typical pulmonary inflammation

induced by ECC was further confirmed by increases of

neutrophil infiltration and thickness of alveolar membrane

(Fig. 4).

Inhalation of TNF-a Antibody Improved Pulmonary

Function and Inhibited Pulmonary Inflammation

after ECC

After 2 h of ECC and 4 h of rest, neither inhalation of IgG

nor intravenous injection of TNF-a antibody improved the

PaO2 after ECC (Fig. 5a), while inhalation of TNF-a
antibody significantly increased the PaO2 compared with

the control group (P \ 0.001) and the anti-TNF-a iv group

(P = 0.036). The levels of TNF-a in the blood were

comparable among groups (Fig. 5b). However, the release

of TNF-a and neutrophils in the BAL fluid and the ratio of

neutrophils/total cells in BAL were remarkably reduced in

the anti-TNF-a inh group compared to the other three

groups (Fig. 5c–e). The increase in neutrophil infiltration

and thickness of the alveolar membrane was also attenu-

ated in the anti-TNF-a inh group compared with the other

three groups (Fig. 5f). These results suggested that pul-

monary inflammation was inhibited by pretreatment with

TNF-a antibody inhalation but not with IgG inhalation or

an intravenous TNF-a antibody injection.

Discussion

We sought to identify the initiating factors involved in

ECC-induced ALI. Proinflammatory TNF-a seemed a

reasonable candidate because in many pathological con-

ditions it is highly presented in inflamed airways and acts

Fig. 4 Representative photomicrographs of hematoxylin & eosin–stained left lung tissue sections (920) harvested at baseline, during 10 min,

1 h, and 2 h of extracorporeal circulation, and 4 h after termination of extracorporeal circulation
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as a potential activator of neutrophil in multiple settings

[15]. However, the role of TNF-a at the onset of ECC-

induced ALI has not been previously examined. Our study

at first demonstrated that the airway nociceptors were

stimulated as early as 10 min accompanied by lung injury

after ECC. Furthermore, we proved that the release of

TNF-a in lung was also quickly increased in a time-related

manner during ECC, which was similar to the activity of

nociceptors. Finally, we found that pretreatment with

TNF-a antibody inhalation, but not intravenous injection,

could improve pulmonary function and inhibit inflamma-

tory response. This fact further confirms that the ALI was

initiated by pulmonary TNF-a and suggests that pulmon-

ary, but not circulating, TNF-a may be one of promoters of

lung inflammation.

In the present study, we employed a rabbit ECC model

for recording nociceptor activity, mainly because the rat’s

vagus nerve is too small to separate easily and the elec-

trodes for recording action potentials are too big for small

animals such as rats. From the data of this study, we

believe that TNF-a released in the initial phase of ECC-

induced ALI contributed to activation of the pulmonary

nociceptors. As reported previously, nociceptor activation

must be multifactorial and cannot be explained by edema

alone [3] because the activation occurs within several

minutes, while pulmonary edema develops gradually. If the

edema or water flux is the only stimulus, the increased

activity should follow the time course of edema develop-

ment. In the first several minutes of ALI/ARDS, the

influence of lung extravascular fluid and interstitial edema

Fig. 5 Pretreatment with TNF-a antibody by inhalation from airway,

but not via intravenous injection, attenuated acute lung injury.

a Arterial oxygen pressure. b TNF-a release in blood. c, d Neutrophil

count and TNF-a release in bronchoalveolar lavage fluid. e Ratio of

neutrophils/total cells in bronchoalveolar lavage fluid.

f Representative photomicrographs of hematoxylin & eosin–stained

left lung tissue sections (920) harvested at the end of the study.

Values are presented as mean ± SD (n = 10). *P \ 0.01,

**P \ 0.001 vs. baseline. NS nonsignificant
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would be minimal. Thus, non-lung-water factors must be

involved in stimulating these nociceptors. Some previous

studies have indicated that TNF-a can activate or sensitize

airway nociceptors [16, 17]. The present study provided

additional evidence that the airway nociceptor was proba-

bly activated by TNF-a in lung because both the nociceptor

activity and the pulmonary TNF-a level had increased

within 10 min after ECC. However, our results only indi-

rectly support that the increased activity is due to an

increase in pulmonary TNF-a, and whether other inflam-

matory mediators like IL-1b, IL-6, and IL-8 that are

involved in the early initiation of airway nociceptors still

needed to be identified.

Despite continuous technical improvements, ALI after

ECC is still a significant clinical problem [18, 19]. With the

use of a rat ECC model, the present study was the first to

demonstrate that pulmonary interstitial inflammation hap-

pened almost simultaneously at the ECC-induced ALI. In

ALI, a high level of local inflammatory cytokines will

promote F-actin recombination and Mac-1 assembly at the

head of neutrophils, and thus increase the adhesive capacity

and accumulation of neutrophils in alveolus and pulmonary

interstitium, causing local inflammation in the lung tissue

[20]. Therefore, diagnosis and treatment of the elevated

inflammatory response at the initiation of ECC will be of

great benefit to the patient. Pulmonary function was not

influenced immediately after ECC, as evidenced by that

significant PaO2/FiO2 decrease that was observed 4 h after

termination of ECC. However, the TNF-a was sensitive to

the ECC-induced ALI, the level of which was increased

from 10 min after onset of ECC. These data indicate that

the elevated TNF-a level was more prospective in the

diagnosis of ALI in the early stage.

Another important finding of this study is that TNF-a
antibody given via the airway, but not vein, potentially can

prevent ECC-induced ALI. As we know, TNF-a plays a

vitally important role in pulmonary inflammation [21].

TNF-a itself could potentially activate pulmonary inflam-

matory cells and promote them to secrete proinflammatory

cytokines, including TNF-a. Thus, TNF-a-induced TNF-a
release constitutes a positive feedback mechanism for

enhanced inflammation during ECC [14]. However, it

seems that neutralization of TNF-a in systemic circulation

by its antibody was not effective in attenuating ALI; a

double-blind randomized controlled trial did not find an

improvement in survival with TNF-a monoclonal antibody

therapy after septic shock [22]. Similarly, our study con-

firmed that venous injection of TNF-a antibody cannot

reduce ALI after ECC. However, when changing the

method of administration to inhalation, TNF-a antibody

exhibited great protection by inhibiting pulmonary

inflammation and ameliorating lung function. The exact

mechanism of this phenomenon is not clear, but its

explanation may include the following reasons: First,

TNF-a is produced mainly by macrophages and mono-

cytes, which are abundant in lung tissue. During inflam-

mation, both macrophages and monocytes are activated to

recruit inflammatory cells. Therefore, delivery of antibody

directly to the airway against TNF-a-mediated inflamma-

tion may be the best choice. Also, as we mentioned above,

TNF-a quickly accumulated in great amounts in the lung

after ECC, and neutralization of TNF-a in the alveolus and

pulmonary interstitium may potentially inhibit the positive

feedback of TNF-a-induced TNF-a release and reduce

ALI/ARDS at the early stage.

Conclusions

In conclusion, by using animal ECC models, we demon-

strated that pulmonary nociceptor activity and TNF-a were

quickly upregulated at the onset of ECC-induced ALI, and

neutralization of TNF-a by inhalation of its antibody could

improve pulmonary function and inhibit inflammation.

These results indicate that TNF-a plays an important role

in the pathogenesis of ALI and acts as an initiating cyto-

kine at the early stage of ECC-induced ALI.
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