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INTRODUCTION 

Several studies have shown that during the development of respiratory failure 

in the adult respiratory distress syndrome (ARDS), the pulmonary surfactant system is 

disturbed1-s. One of the current promising therapeutic approaches in ARDS is, 

therefore, re-establishment of the functional integrity of the damaged surfactant system 

by intratracheal instillation of surfactant. The first clinical trials6,7 and results from 

experimental studies on ARDS have shown that exogenous surfactant application can 

restore lung function in ARDS (for review see references 8 and 9). Due to the great 

variance in etiology of ARDS it is, however, a necessity to investigate surfactant 

replacement therapy in different models of respiratory failure. Therefore, we studied 

the effect of surfactant substitution in two animal models of severe respiratory failure 

due to viral pneumonia. 

In the first model, mice were infected with influenza A virus resulting in a lethal 

pneumonia. Infection with influenza A virus causes severe damage to the alveolar 

capillary membrane and can lead to pulmonary edema, hemorrhage and death from 

respiratory failure and shocklO,ll. In this model, the effect of surfactant replacement on 

lung mechanics was studied. Thorax-lung compliance (ell) was measured and 

postmortem lung volume at 5 cm HzO (Vs) positive end-expiratory pressure (PEEP). 

It is not possible to measure functional residual capacity (FRC) in small laboratory 

Oxygen Transport to Tissue XV, Edited by P. Vaupel 
et aI., Plenum Pless, New York, 1994 83 



animals effectively, however, it is possible to measure postmortem lung volumes with 

a method based on Archimedes principle. It is speculated that the Vs is the cumulative 

outcome of postmortem lung volume at end-expiration (approximating FRC), the added 

lung volume, resulting from 5 cm HzO PEEP and the amount of fluid in the alveoli. Vs 

is likely to give a valuable impression of pulmonary stability of the surfactant system. 

Additionally, changes in surface tensions of bronchoalveolar lavage (BAL) fluid during 

infection was measured. 

In the second model, rats were infected with Sendai virus resulting in a 

pneumonia with acute respiratory failure closely resembling ARDS12. In this model it 

was possible to investigate the effect of surfactant substitution on arterial blood gas 

tensions. 

METHODS AND MATERIALS 

Animals 

All experiments were approved by the institutional committee on animal care 

according to the rules on animal welfare of the European Committee. Male Swiss-bred 

mice n = BO (SPF, 20-25 g) and male Sprague-Dawley rats n=41 (lBO-200 g, SPF) 

supplied by Harlan/CPB, Zeist, The Netherlands, were used. Animals were housed 

under conventional conditions; food and water were given ad libitum. Infected animals 

were housed under the same conditions, under filtered bonnets, in a separate facility. 

Virus preparation and infection procedure 

Influenza A virus (A/PRB/34, H1N1) was passed once in lO-day embryonated 

chicken eggs. The allantoid fluid was clarified by centrifugation, diluted once in sucrose 

and then stored at -70°C. The hemagglutination (HA) titer of this stock solution was 

1:400. For a lethal infection, mice were exposed once for 30 min to an aerosol of live 

influenza A virus by placing them in an aerosol chamber through which an B-fold 

dilution of the stock solution was nebulized. 

Sendai virus (Myxovirus parainfluenza type 1) was propagated in ll-day 

embryonated chicken eggs. The stock solution, similarly prepared as with influenza A 

virus, had a HA titer of 1 : 3000. For inoculation animals were placed for 90 min in an 

aerosol chamber in which a one-fold dilution of the stock solution was nebulized. 
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Preparation of animals for ventilation and/or lung mechanics measurement 

Animals, both mice and rats, were anesthetized by intraperitoneal injection of 

60 mg/kg pentobarbital (Nembutal®; Algin BV, Maassluis, The Netherlands) and 

tracheotomized using a metal cannula as tracheal tube. Paralyzation was achieved by 

intramuscular injection of pancuronium bromide, 0.1 mg/kg (Pavulon®; Organon 

Technika, Boxtel, The Netherlands). Additionally in rats, the carotid artery was 

canalized for drawing arterial blood samples for measuring blood gas tensions. 

Bronchoalveolar lavage and surface tension measurement 

BAL was performed three times in mice with a volume of 1 ml sterile saline 

preheated to 38°C, BAL cells were removed from the lavage fluid by centrifugation (800 

x g, 10 min, 4°C). Surface activity in BAL fluid was measured with a modified Wilhelmy 

balance by applying 400 J.£l of BAL fluid onto a 71.3 cm3 trough. For measurement of 

minimal surface tensions the area was compressed to 20% of the initial value. 

Lung mechanics in influenza A model 

Mice were randomly divided into ten groups (n = 8 per group). Two groups 

were not infected and served as controls, eight groups were infected. On days 1, 3 and 

5 after infection, thorax-lung compliance (Cn), lung volume at 5 cm Hp (Vs) and the 

ratio wet/dry lung weight (ratiow/ d) were measured and in three other infected groups 

BAL was performed. On day five after infection these parameters, except BAL, were 

studied in two additional groups: one was treated with surfactant and one was sham

treated with the vehicle for surfactant (VFS = 1:2 mixture H20 and saline). From these 

two groups the lungs were prepared for histologic examination. 

Ctl measurement. Anesthetized and tracheotomized mice were placed in a 

multichambered body plethysmograph13 and connected to a ventilator system for 

pressure-controlled ventilation. Initial ventilatory settings: 30 pulses/min (30 bf), 

inspiration/expiration (I/E) ratio 1:2, peak pressure (P peak) 25 cm HP (25/0) and FI02 

= 1. After 10 min Cu was recorded at a breath frequency of lO/min. For calculation of 

compliance per kilogram body weight (Cn/kg), the bodyweight (BW) registered on the 

day of infection was used. 

Vs measurement. After registration of Cn, animals were euthanized with an 

overdose of pentobarbital. The thorax was excised, carefully leaving the diaphragm 

intact and leaving the intratracheal cannula in place. These excised lungs were 

reexpanded with 0.5 ml of air to reopen atelectic areas induced by the surgical 
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procedure. Next, the lungs were left to collapse for 10 min against a positive pressure 

of 5 cm H20 100% nitrogen. Afterwards the trachea was bound and the cannula 

removed, maintaining the positive pressure in the lungs. First the total weight (W) of 

the thorax was measured, followed by the measurement of the thorax weight immersed 

in saline at a preset depth to measure upward force (F) caused by displacement of a 

volume of saline equal to the volume of the thorax. Vs was calculated by the following 

formula (for details see reference 14): 

Vs = 0.99 * F - 0.94 * W 

For the correction for BW (Vs/kg), the BW registered on the day of infection was used. 

Ratiow/ d' Dry lung weight was obtained after drying the excised lungs in a 

conventional microwave oven at 250 W for 1 hIS. 

SurfactantjVFS installation. After measurement of CII a PEEP of 4-5 cm H20 

was added, keeping the remaining ventilatory settings unchanged. Next 0.15 ml of a 

natural bovine surfactant (200 mg/kg BW dissolved in 1:2 mixture of H20 and saline), 

extracted in basically the same manner as described by othersl6, or 0.15 ml of the VFS 

was instilled into the lungs. Ten minutes later CII was registered again; hereafter Vs 

was measured as described above. 

Arterial blood gas tension measurement in Sendai virus model 

Thirty-six hours after infection of the rats, seven animals were prepared for 

ventilation and measurement of arterial blood gases. The remaining animals were 

prepared 48 hours after infection. 

The ventilator was set in a pressure-controlled mode, 35 b/min, P peak 15/0, I/E 

ratio of 1:2 and 100% oxygen (FI02 = 1). To assess the severity of respiratory failure, 

blood gas tensions were measured at increased ventilatory airway pressures. P peak was 

first increased to 20/0 then to 25/4 adding a PEEP of 4 cm H20. After each ventilatory 

change 15 min was allowed for stabilization before a 0.3 ml blood sample was drawn 

from the carotid artery for blood gas tension measurements. 

Treatment with surfactant or VFS was performed only in animals with an arterial 

oxygen tension (Pa02) below 150 mm Hg ventilated at 15/0 and in which increased 

ventilatory airway pressures (25/4) did not increase Pa02 above 175 mm Hg. Twenty

two animals met these preset criteria at 48 hours after infection and were randomly 

divided into three groups. Nine animals received 1.5 ml of surfactant (200 mg/kg BW) 

intratracheally, seven animals received 1.5 rnl VFS intratracheally and six animals 

received no treatment whatsoever except for continuation of the same ventilatory 
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support that was used in the treated animals (25/4). After treatment ventilatory settings 

remained unchanged and blood gas tensions were monitored for 2 hours. 

Histologic examination 

In both models the lungs were prepared and excised for histologic examination. 

In mice, the thorax was opened and a cannula inserted into the right ventricle. A 

pressure of 5 cm H20 in the lungs was maintained while the lungs were perfused with 

formalin (4%) via the right ventricle. In rats, the chest of each animal was opened at 

the end of the experiment and a cannula was inserted into the pulmonary artery and 

an inflation pressure of 20 cm H20 was maintained. After this procedure the lungs were 

removed and kept in a 10% formalin solution for at least 48 hours. Paraffin sections 

were stained with hematoxylin-eosin and examined microscopically. 

Statistical analysis and presentation of the data 

Statistical analysis of data was performed using the Mann-Whitney U test for 

analysis of intergroup differences or Wilcoxon's test for analysis of intragroup 

differences. Statistical significance was accepted at p ~ 0.05 (two-tailed). All data are 

expressed as mean ± SD. 

RESULTS 

Lung mechanics and surface tensions 

Both minimal and maximal surface tension of BAL fluid were significantly 

increased on the fifth day after infection with influenza A virus compared to 

noninfected control values (table 1). Ct/kg and Vs/kg in mice were significantly 

decreased on the third and the fifth day after infection (table 1). Furthermore ratiow / d 

was significantly increased on the third and fifth day after infection in animals (table 

1). 

Surfactant instillation on the fifth day significantly increased Ctl/kg in these 

animals, whereas VFS instillation did not significantly improve Ctl/kg (table 2). To take 

into account the effect of the instilled amount of fluid into the lungs 0.15 ml should be 

subtracted from control values to correct for the reduction of Vs by the volume of the 

instilled dose (assuming no absorption of fluid has taken place). Table 2 shows the 

corrected values for VS/ kg • 
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Table 1. Changes in lung mechanics and surfactant system during influenza A 

pneumonia 

days after infection controls 1 3 5 

~/d 4.28 4.21 4.83' 5.34' 

(0.51) (0.22) (0.28) (0.78) 

V5/kg (ml/kg) 20.8 20.0 14.1' 9.5' 

(2.5) (2.1) (2.1) (3.3) 

CIl/kg 0.57 0.56 0.46' 0.41' 

(ml/kg/cm H2O) (0.08) (0.06) (0.06) (0.14) 

maximal surface tension (dynes/cm) 58.3 58.5 55.5 63.9' 

(3.7) (4.2) (6.6) (1.7) 

minimal surface tension (dynes/cm) 22.5 21.6 21.1 32.2' 

(1.7) (1.4) (3.3) (2.1) 

Changes in ratiow/ d, lung volume at 5 cm H20 PEEP (V 5/kg), thorax-lung compliance (CIl) of control mice 

and mice infected with a lethal dose of influenza A virus. Mean (SO), n=8/group. * = p s: 0.05 Mann

Whitney U test.(Partly reprinted with permission from ref.14) 

Table 2. Effect of exogenous surfactant instillation on lung mechanics during influenza 

A pneumonia 

surfactant ~oup VFS ~oup 

before after before after 

CIl (ml/kg/H20) 0.34 0.52 • 0.35 0.32 

(0.15) (0.28) (0.14) (0.15) 

healthy untreated surfactant VFS 
corrected 

V5/kg (ml/kg) 14.7 9.5 14.0*# 4.3 

(2.2) (3.3) (2.3) (1.9) 

Influence of surfactant or VFS instillation on thorax-lung compliance (CIl/kg) and postmortem lung 

volume at 5 cm H20 PEEP on the fifth day after infection with lethal dose influenza A virus. CIl/kg at 

25 cm H20 before and 10 min after instillation of 0.15 ml surfactant or VFS. Mean (SO), n=8/group. * 

= p s: 0.05 Wilcoxin test compared to values before treatment. V5/kg at 5 cm H20, after instillation of 

surfactant or VFS. * = P s 0.05 compared to solvent treated group, # = P s: 0.05 compared to 

untreated animals at the fifth day after infection. Mann-Whitney U test. (Reprinted with permission 

from ref. 14) 
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Evaluation of the effect of surfactant instillation (table 2) shows that 

surfactant almost completely restored Vs/kg (from 9.5 ± 3.3 ml/kg in untreated animals 

on the fifth day after infection to 14.0 ± 2.3 ml/kg in surfactant treated animals). VFS 

significantly reduced Vs/kg. 

Arterial blood gas tensions 

At 36 h after infection, animals already showed severe signs of respiratory 

insufficiency. Increasing the ventilatory airway pressure from 15/0 to 25/4, however, 

almost completely restored arterial blood gas tensions to normal values: Pa02 from 

152.2 ± 18.7 to 456.5 ± 65.6 mm Hg, PC02 from 65.3 ± 19.2 to 46.8 ± 8.2 mm Hg. 

Criteria for treatment of surfactant or VFS were not met. 

Twelve hours later, six animals had died spontaneously and another five animals 

died during ventilation with 15/0. After this higher airway pressures were applied 

immediately after tracheotomy. P02 values, however, remained low; 101.8 ± 20.7 at 

20/0 (n=22) and 123.7 ± 34.1 at 25/4 (n=22). These animals were then randomly 

assigned to three groups. Before treatment there existed no significant differences in 

Pa02, PC02, arterial pH and arterial HC03- concentrations between these groups (table 

3) 

Within five minutes after surfactant instillation, Pa02 significantly increased and 

remained significantly higher during the entire observation period than in the saline 

treated and untreated groups (Fig. 1). 

600 # # 

# * * 
500 * 

0. 400 :r 
E 
.§ 300 
N 
0 
ctI 200 
Il. 

_-.l .. -. ___________ 1 
L----------- 1 

_-/-1 1 
100 

0 
20/025/4 5' 60' 120' 

Time after treatment 

Figure 1. Pa02 values (mean ± SD) 48 hours after infection with Sendai virus, during artificial ventilation 

and after treatment with surfactant (solid line, n = 9), saline (broken line, n = 7), respiratory support only 

(dotted line, n = 6). * P ~ 0.05, surfactant treated animals versus saline treated and untreated controls. 

# P s 0.05, surfactant versus pretreatment values at the same ventilator settings. Mann-Whitney U test. 

(Reprinted with permission from: Anesth Analg 1991;72:589). 
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As a result of the ventilation, Pa02 increased slightly, though not significantly, 

in the saline treated and untreated groups. 

In the surfactant treated group and in both control groups, PC02 decreased and pH 

concurrently increased during the 2 hour ventilation period with no significant 

difference between these three groups. Only in the surfactant group did, PC02 values 

reach physiological values (table 3). 

Table 3. PaC02 and pH values 

Before After treatment 

20/0 25/4 5 min 60 min 120 min 

PaC02 (mm 

HG) 

surfactant 105.S 95.1 61.9 46.9# 42.6# 

(57.0) (43.6) (14.9) (S.2) (S.3) 

VFS 74.5 76.7 6S.1 49.2# 54.6 

(21.0) (17.6) (21.2) (12.7) (15.9) 

untreated 122.9 97.6 SO.4 63.7# 55.9# 

(27.1 ) (23.2) (11.3) (5.3) (7.3) 

lili 

surfactant 7.13 7.12 7.22# 7.33# 7.33# 

(O.lS) (0.16) (0.09) (0.06) (0.11) 

VFS 7.22 7.19 7.22 7.32# 7.31# 

(0.11) (0.11) (0.14) (0.08) (0.09) 

untreated 7.03 7.09 7.13 7.23# 7.29# 

(0.05) (0.07) (0.04) (0.03) (0.03) 

Values are expressed as mean (SD) and were taken 48 hours after a lethal dose of Sendai virus, during 

artificial ventilation and after treatment with surfactant, VFS or respiratory support only. Animals were 

ventilated in a pressure controlled mode, at a rate of 35/min, I/E ratio 1:2 and 100% 02. Different settings 

were applied, treatment with surfactant or VFS was done at 25/4 ventilatory pressures and ventilatory 

pressures were kept unchanged during the entire observation period. 

# p < 0.05 compared with pretreatment valeus at the same ventilator settings (25/4). (Reprinted with 

permission from: Anesth. Analg.72:5S9(1991». 

Histologic examination 

Histologic examination of mouse lungs five days after infection with influenza 

A virus showed severe atelectasis and alveolar filling with leucocyte-rich exudate. 
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Histologic examination of rat lungs infected with Sendai virus showed swelling of the 

alveolar walls and alveolar edema containing inflammatory cells. Swelling of bronchial 

epithelial cells and atelectic areas were present. In both models, lungs treated with 

surfactant showed a clear improvement of lung aeration compared with VFS treated 

lungs or untreated lungs. 

DISCUSSION 

An intact surfactant system is indispensable for the maintenance of proper lung 

function and, therefore, any type of surfactant deficiency whether primary or secondary 

will contribute to the development of severe pulmonary pathology. Malfunction of the 

pulmonary surfactant system leads to decreased lung distensibility, collapse of alveoli 

and small airwaysl7,18. This results in atelectasis, enlargement of the right to left shunt, 

hypoxemia and acidosis19•20• Furthermore the surfactant system, through stabilization of 

the fluid balance in the lung, plays an important role in the prevention of pulmonary 

edema21•23• 

During the development of respiratory failure, we found in both models a loss 

of lung function. In the influenza A model pulmonary edema, in this study reflected by 

increased ratiow/ d, was associated with decreased pulmonary compliance, decreased V5, 

and decreased surfactant activity in BAL fluid. Studies on lung function with the Sendai 

model showed a decrease in ell during the course of infection12 and a severe 

impairment of gas exchange, as confirmed by the results of the present study. The 

necessity to use PEEP for restoring gas exchange at 36 h after infection and so 

preventing alveolar collapse indicates the presence of surfactant deficiency. 

From this study it cannot be concluded at which stage during the infection 

impairment of surfactant function significantly contributes to changes in pulmonary 

mechanics. Increased surface tension in BAL fluid on the fifth day after infection with 

influenza A virus, clearly indicates decreased surfactant function. This can be caused 

by loss or by inhibition of surfactant. The fact that on the third day, in vitro surface 

tensions of BAL fluid were not changed, despite changes in lung mechanics, does not 

necessarily mean that impairment of surfactant function was not present in vivo. 

The loss of pulmonary function and development of respiratory failure as 

observed in this study can be explained by an impairment of the surfactant system. 

Severe viral pneumonia may cause destruction of type I cells which results in the 

disruption of the integrity of the alveolar-capillary membrane causing the development 

of permeability edema24•26• Edema constituents like albumin, fibrinogen and other 

plasma components are potent inhibitors of the surfactant system27•31• A deficit of 

surfactant itself may result from destruction of the surfactant producing type II cells by 
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the inflammatory reaction to virus or by virus replication itself26• Because the surfactant 

system is essential for the prevention of pulmonary edema, a vicious circle may develop 

where inhibition of the surfactant function by edema components accelerates the 

formation of pulmonary edema and the development of respiratory failure. 

Surfactant substitution on the fifth day after lethal infection with influenza A 

virus restored CIt/kg of infected animals almost to normal, from 60% of noninfected 

control values before substitution to 91 % after surfactant substitution. Postmortem Vs 

of infected animals was also almost restored to normal after substitution of surfactant; 

postmortem VS/ kg of the surfactant treated group was 95% of volume-corrected 

noninfected control values, whereas VS/ kg in the VFS-treated group was only 29% of 

volume-corrected noninfected control values. Introduction of PEEP initially could 

restore gas exchange during a lethal infection with Sendai virus. In a later stage of the 

disease, however, a higher P peak with PEEP had no significant effect because the 

opening pressure of the lungs is increased. Intratracheal instillation of surfactant 

reduces the opening pressure, prevents alveolar collapse and combined with ventilatory 

support, restores gas exchange to almost normal. 

Findings in this study indicate that reduced arterial oxygenation, pulmonary 

compliance and Vs caused by loss of surfactant function during viral pneumonia can 

almost completely be restored by surfactant replacement therapy, which is an indirect 

proof for a shortage of surfactant during viral pneumonia. On the basis of earlier 

observations and these findings we conclude that surfactant replacement therapy seems 

a promising approach for the treatment of respiratory failure during severe viral 

pneumonia. 
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