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ABSTRACT. Rabbit fetuses were delivered by hyster- 
otomy on day 27 or 28 of gestation. Immediately after 
birth, the animals were tracheotomized and received by 
intravenous injection 0.2 pCi radiolabeled albumin and 11 
mg iron dextran in 0.2 ml saline. The newborn rabbits then 
were ventilated artificially with a tidal vol of 12 ml/kg for 
5-20 min. One group of nonventilated animals served as 
controls. At the end of the experiment, one lung was 
lavaged via the airways and the other was fixed for histo- 
logic examination. The recovery of labeled albumin and 
iron dextran in the lavage fluid was quantified. Iron dextran 
complexes were easily identified in the lung sections by 
staining with Prussian blue. Iron dextran accumulated in 
the airspaces of animals delivered on day 27 (about 4% of 
the injected dose during 10-20 min of ventilation). The 
albumin leakage was slightly higher than that of the dex- 
tran, a result consistent with different mol wt of the mark- 
ers. The vol density of leaking alveoli in histologic sections 
increased with time, from 0 at birth to a mean value of 
0.36 after 20 min of ventilation. The leakage starts as a 
focal event, gradually involving more and more terminal 
airspaces. In the histologic sections, there was no indication 
of a significant leakage at the bronchiolar level, although 
the epithelium of terminal and preterminal airways was 
clearly injured in all ventilated animals. (Pediatr Res 
25:130-135,1989) 

we studied by morphometric techniques the lung leakage of 120- 
kD iron dextran and correlated the iron dextran leak with the 
albumin leak. The permeation of iron dextran into the airspaces 
could easily be demonstrated by histologic techniques previously 
not applied for this particular purpose. 

MATERIALS AND METHODS 

Reagents. Iron dextran (Sigma Chemical Co., St. Louis, MO) 
was dialyzed in a 10-kD molecular exclusion dialysis tubing 
against 0.9% NaCl. The iron dextran had an apparent M, of 120 
kD as determined by high performance liquid chromatography, 
using a Sepharose 6 sizing column (Pharmacia Fine Chemicals, 
Piscataway, NJ) and dextran mol wt standards. Bovine monomer 
standard albumin (Miles Biochemicals, Elkhart, IN) was iodi- 
nated using chloramine T and extensively dialyzed before use 
(3). . . 

General design of experiments. Immature newborn rabbits 
were delivered by hysterotomy either on day 27 or 28 of gestation 
(term = 31 days) after the pregnant doe was anesthetized with 
intravenous pentobarbital and ketamine (approximate doses 20 
and 10 mg/kg, respectively). During the operation, the doe 
received 100% oxygen by face mask. The abdominal wall was 
anesthetized with 1 % lidocaine, and the uterus was exposed. The 
fetuses were delivered sequentially, anesthetized with 10 mg/kg 
ketamine and 1 mg/kg acepromazine given by intraperitoneal 
injection, weighed, and immediately tracheotomized. The new- 
born rabbits then were injected. via an external iugular vein. with 

Permeation of fluid and protein into the alveoli is an important 0.2 ml of a 0.9% ~ a ~ i  solution that contakeh 1 1  m i  iron 

factor in the pathogenesis of the neonatal respiratory distress dextran and 0.2 pCi of 1251-albumin. The tracheal tube was 
connected to a 0.5-liter anesthesia bag, delivering 100% oxygen, as the pulmonary edema fluid and the neonate was ventilated manually until the chest move- inhibitors of pulmonary surfactant function (1, 2). Lung leakage ments indicated adequate expansion of the lungs; this usually has been quantified in required five slow ventilatory cycles to peak insumation pressures distress syndrome, such as prematurely delivered lambs (3, 4) or of 30 to 35 cm H20. rabbits (5). The leakage of was to One group of animals was killed immediately after the intra- gestational age (4). In immature lungs, it can be reduced signif;- vascular injection and initial ventilation. The endotracheal tubes cantly by antenatal administration of corticosteroids (6) ,  thyro- 

tropin-releasing hormone (7), or treatment with exogenous sur- of the other animals were connected to a multiple ventilator- 
plethysmograph system that permitted the regulation of the peak factant before the onset of ventilation (3. 5). Postnatal leakage of inspiratory pressure used to ventilate each animal (6), Body macromolecules other than albumin has not been quantified in temperature was controlled at 37°C with a circulating water bath. immature neonatal lungs, nor has the site of leakage been iden- The initial ventilator settings for each animal were: peak inspir- tified. In the present experiments in preterm newborn rabbits, atory pressure, 35 cm H20; end-expiratory pressure, 0 cm H20;  
rate, 40 breathslmin; inspiratory time, 0.7 sj and oxygen, 100%. 
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spiratory pressures only were adjusted to yield an approximate 
tidal vol of about 12 ml/kg body wt. Lung-thorax compliance 
was defined as the quotient between tidal vol and peak inspira- 
tory pressure. 

Groups of 27-day gestation rabbits were killed before mechan- 
ical ventilation (0 time) and after 5, 10, and 20 min of ventilation 
with an intracerebral injection of 2% lidocaine which caused 
immediate cardiac arrest. The chest was opened, and blood 
samples were drawn from the heart into heparinized syringes. 
The blood was used for Hb analysis (8) and measurements of 
the '251-albumin and iron dextran contents. 

The 28-day gestation rabbits were studied as were the other 
rabbits, except groups were killed only at 0 or 10 min. We 
anticipated that the lungs of these animals would leak less than 
those of animals delivered on day 27. However, we wanted to 
combine data from day 27 and day 28 animals ventilated for the 
same period of time (10 min) to evaluate whether variations of 
dextran leak would correlate with lung compliance. 

Processing of lungs. After opening of the chest and obtaining 
blood samples, the left main bronchus was tied with silk sutures. 
The right lung was then washed in situ with normal saline via 
the tracheal tube. The right lung was filled to total capacity by 
visual inspection; saline was flushed in and out of the airways 
three times. This procedure was performed altogether five times, 
and the five washes were pooled for quantification of labeled 
albumin and iron dextran. The washed right lung was then 
removed, weighed, and homogenized in distilled water. Aliquots 
of the homogenate were assayed for iron dextran and 1251-albu- 
min. Part of the homogenate was centrifuged at 27,000 X g, and 
the resulting supernatant was used for analysis of Hb. The Hb 
associated with the lung homogenate was assumed to be derived 
from intravascular blood, and the blood-associated radioactivity 
was subtracted from that measured for each lung (3, 5). Recov- 
eries of labeled albumin were expressed as a percentage of 
injected dose. 

Qzlantification of iron dextran. Samples were assayed for iron 
dextran with Ferene S (Sigma Chemical Co.) in an assay adapted 
from the clinical measurement for serum iron (9). To a diluted 
aliquot of each sample were added 2 ml of an acetate/ascorbic 
acid reagent (1 M acetate buffer at pH 4.5 containing 0.13 M 
thiourea, 0.06 M ascorbic acid, and 0.5% Triton-loo), which 
was then allowed to stand for 20 min. Then 0.1 ml of a solution 
of 180 mg Ferene S in 10 ml water was added; the mixture was 
boiled for 10 min, and the OD was read at 595 nm. Standard 
curves were prepared using the iron dextran solutions used for 
the injections of the rabbits. For samples containing blood, the 
Hb content was measured with Drabkin's solution, and the small 
effect of blood on the assay for iron dextran was subtracted. 

Morphologic examination. The whole left lung was fixed by 
immersion in Carnoy's fixative (ethanol:chloroform:acetic acid, 
60:30: 10). Paraffin sections (3 Fm thick) from the lower lobes 
were stained with hematoxylin and eosin or with Prussian blue, 
and examined microscopically with particular reference to the 
extent of bronchiolar epithelial lesions induced by the period of 
artificial ventilation (lo), and to the presence of iron dextran in 
the intravascular, interstitial, alveolar, bronchiolar, and lym- 
phatic spaces. To quantify morphologically the leak of dextran 
into the airspaces, we used conventional point-counting, and 
determined the vol density of alveoli showing the iron-label in 
the lumen, using the total parenchyma as reference vol. To avoid 
bias, the histologic sections were coded before microscopic ex- 
amination. 

Statistical analysis. The data are given as mean + SD when 
distributed normally, otherwise as median and range. An AN- 
OVA was used to identify differences between groups, and the 
Student-Newman-Keuls multiple comparison procedure was 
used subsequently to assign significance. Differences in the mor- 
phometric measurements between groups were evaluated by the 
Wilcoxon two sample test (two tailed). Measurements of iron 

dextran recovery were linearly regressed against those for 1251- 
albumin recovery and against the mean peak inspiratory pres- 
sures applied to ventilate the animals, using the method of least 
squares. 

RESULTS 

Lung mechanics. The number of animals in each group, body 
wt, peak insuflation pressures, tidal vol, and lung-thorax com- 
pliance values are summarized in Table 1. In neonates studied 
on day 27 of gestation, body wt was lower, and the insuflation 
pressure needed to maintain a tidal vol of about 12 ml/kg body 
wt was significantly higher than in animals delivered on day 28 
(p < 0.001). 

Bronchiolar epithelial lesions. HE-stained lung sections from 
neonates delivered on day 27 and killed immediately after the 
initial manual ventilation showed no (n = 5) or focal (n = 2) 
necrosis and desquamation of the bronchiolar epithelium (Fig. 
IA). The incidence and severity of such epithelial lesions in- 
creased with the duration of artificial ventilation. All but one of 
the neonates ventilated for 5 min showed a moderate amount of 
necrotic epithelium in the airways; in the exceptional animal, 
the airway epithelium was intact. In animals ventilated for 10 or 
20 min, the bronchiolar epithelial lesions were consistently more 
abundant and severe (Fig. IB). In animals delivered on day 28 
and ventilated for 10 min, the epithelial lesions were much less 
prominent. 

Leakage of iron dextran. Iron-labeled particles were found in 
the lungs of all animals delivered on day 27, but the location of 
the material differed between the groups. In animals killed im- 
mediately after the intravenous injection, the iron particles were 
only in the blood vessels, usually in veins (Fig. 2A). Accumulation 
of iron particles in the interstitial space (especially around veins) 
and in the lymphatics was prominent only in animals killed after 
10 or 20 rnin of ventilation (Fig. 2B). In animals killed after 5 
min and at subsequent intervals, there was an increasing amount 
of iron particles in the peripheral airspaces (Fig. 3A and B). Areas 
with seemingly incipient leakage were scrutinized with particular 
reference to the alveolar and bronchiolar epithelium. There were 
clear indications that the leak occurred in alveoli with disrupting 
epithelium; nonleaking alveoli with little epithelial injury were 
frequently observed next to leaking alveoli with widely destroyed 
epithelium (Fig. 3A). No such pattern was present in bronchioles. 
Damaged mucosal surfaces were found without significant ac- 
cumulation of iron particles in the airway (Fig. 4A); conversely, 
comparatively large amounts of iron particles were present in 
some bronchioles with intact epithelium (Fig. 4B). The morpho- 
metric data, summarized in Table 2, indicated that the vol 
density of leaking alveoli increased with the period of artificial 
ventilation (r = 0.76; p < 0.00 1). Very few leaking alveoli could 
be identified in animals delivered on day 28, irrespective of 
whether they were killed immediately after the period of manual 
ventilation or after 10 min of artificial ventilation (data not 
shown). 

Leakage of dextran and albumin. In neonates delivered on 
day 27, the amount of iron dextran recovered in the wash 
increased with the duration of artificial ventilation, from a me- 
dian of 0.1 1% in animals ventilated only manually, to 2.63% 
after 20 min of artificial ventilation (r = 0.49; p < 0.02) (Table 
3). On day 28, the iron dextran leak into alveolar spaces was 
much less prominent, with a median value of 0.24% after 10 
min of ventilation (Table 3). The amount of labeled albumin 
recovered in the wash also increased with the duration of venti- 
lation on day 27 (r = 0.50; p < 0.02) and was significantly lower 
on day 28 (Table 4). There was a highly significant correlation 
between the magnitude of the leak measured with '251-albumin 
and iron dextran (Fig. 5A). The slope differed from 1.0 by about 
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20% indicating that somewhat more albumin than iron dextran 
was recovered by alveolar wash. 

The amount of iron dextran in total lung of animals delivered 
on day 27 increased from a median of 0.51% in neonates 
ventilated only manually to 5.26% after 20 min of artificial 
ventilation (r  = 0.62; p < 0.002) (Table 3). In animals delivered 
on day 28 the median level of iron dextran was 0.64% in 
manually ventilated animals and 0.72% after 10 min of artificial 
ventilation (Table 3). The albumin leak during corresponding 
periods increased from a median of 0.44 to 6.33% in day 27 

animals (r  = 0.68; p < 0.00 I), and from 0.13 to 0.6 1 % in animals 
delivered on day 28 (Table 4). There was a strong correlation 
between the inspiratory pressures needed to ventilate the lungs 
and the leakage of iron dextran (Fig. 5B). 

DISCUSSION 

In the surfactant-deficient neonatal lung, epithelial disruption 
occurs within a few min of ventilation. The presence of such 
lesions in the lung of a newborn infant may even have forensic 

Table 1. Duration of artificial ventilation and number of  experimental animals in each group* 
Duration 

of Peak insumation 
Gestational ventilation pressure VT C 
age (days) (min) n BW (g) (cm HzO) (mllkg) (ml/cm H 2 0 .  kg) 

* Body wt (BW), peak insumation pressure, tidal vol (VT), and lung-thorax compliance (C). Values are given as mean + SD. 

Fig. 1. Bronchiolar epithelial lesions induced by artificial ventilation Fig. 2. Iron dextran visible as dark granules in intravascular and 
in immature newborn rabbitsdelivered on day 27 ofgestation. A, necrosis interstitial spaces of immature newborn rabbits delivered on day 27 of 
and desquamation of isolated epithelial cells in animal killed immediately gestation. A, iron dextran in pulmonary vein; this animal was killed 
after the period of manual ventilation (HE, x 450). B, prominent immediately after the period of manual ventilation (Prvssian blue, x 
shedding of necrotic airway epithelium in animal ventilated for 20 rnin 340). B, iron dextran in lymphatics (*) and in the interstitial space around 
(HE, x 280). a muscular pulmonary artery (Prussian blue, x 230). 
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Fig. 3. Leakage of iron dextran in the airspaces of immature newborn rabbits, delivered on day 27 of gestation and subjected to mechanical 
ventilation. A, irregular leakage into the terminal airspaces of animal ventilated for 5 min. Leaking alveoli with disrupted epithelium (e.g. small 
arrows) are seen next to nonleaking alveoli with less epithelial injury (*) (Prussian blue, x 590). B, prominent leakage of iron dextran with flooding 
of some alveoli in animal ventilated for 20 min (Prussian blue, x 370). 



Table 3. Leakage of iron dextran into alveolar wash and total 
lung in immature newborn rabbits delivered on day 27 or 28 of 

gestation * 
Iron dextran leak (%) 

Alveolar wash Total lung 
Gestational Ventilation 
age (days) (min) Median Range Median Range 

27 0 0.1 1 0.06-0.3 1 0.5 1 0.35-0.6 1 
5 1.56 0.28-3.16 1.75 0.40-4.75 

10 4.17 0.58-8.93 5.97 1.40-1 1.0 
20 2.63 1.12-9.00 5.26 2.46-12.1 

28 0 0.25 0-0.56 0.64 0.54-1.1 1 
10 0.24 0.05-6. l o t  0.72 0.32-8.15f 

* The measurements were obtained after various periods of artificial 
ventilation. Animals at time 0 were ventilated manually until the lungs 
were opened up and then were immediately killed (values are given as 
percentage of injected dose, median, and range). 

t p vcrszrs 27 days, 10 rnin < 0.0 1. 
$ p  versus 27 days, 10 min < 0.05. 

Table 4. Leakage of labeled albumin into alveolar wash and 
total lung in artificially ventilated immature newborn rabbits 
delivered on day 27 or day 28 of gestation, and in manually 

ventilated controls* 
Labeled albumin leakage (%) 

Alveolar wash Total lung 
Gestational Ventilation 

age (day) (min) Median Range Median Range 

Fig. 4. Details of bronchioles from immature newborn rabbits, deliv- 
ered on day 27 of gestation and subjected to mechanical ventilation for 
10 min. A ,  bronchiole with epithelial disruption (small arrows) and * Same conditions as in Table 3 (values are given as percentage of 

injected dose, median, and range). 
shedding (arr.on,head.~), without significant concomitant leakage of iron 
dextran (Prussian blue, x 300). B, bronchiole with largely intact epithe- 
lium but prominent accumulation of iron dextran in the lumen. The t p  versus 5 rnin = 0.05. 

$ p versus 27 days, 10 rnin < 0.01. leakage probably occurred in more distal airspaces (Prussian blue, X 

310). 
alveoli are kept open by the application of an appropriate positive 
end-expiratory pressure (12). Scanning and transmission elec- 
tron microscopic studies have revealed widespread disruption of 
bronchiolar epithelium in immature newborn rabbits, delivered 
at a gestational age of 27 days, after only 5 rnin of conventional 
intermittent positive pressure ventilation (10, 13). The develop- 
ment of such epithelial lesions can be prevented by treatment 
with surfactant at birth, before the onset of ventilation (13, 14). 

The epithelial cells coating the alveoli and the conducting 
airways are linked by tight junctions. The pore equivalent radius 
of the lung epithelium may be transiently enlarged from about 
0.6 nm to 3.5 nm during vigorous efforts to ventilate the lungs 
at birth (15), but the epithelial border remains impermeable to 
albumin and larger molecules unless cell junctions become dis- 
rupted. We found a significant leakage of iron dextran in all 
animals delivered after 27 days gestation and subsequently sub- 
jected to artificial ventilation. The degree of dextran leakage 
clearly increased with the duration of ventilation, and correlated 
with the pressures required to ventilate the lungs, i.e. presumably 
with the degree of surfactant deficiency and the extent of epithe- 
lial injury. A good correlation was also found between the leakage 
of iron dextran and that of albumin, indicating that the two 
parameters yield comparable information. However, the leakage 
of albumin was somewhat larger, which is explained by the 
difference in molecular weight ( 1  20 versus 69 kD). 

The use of iron dextran as a marker faciliated the identification 

Table 2. Vol density of leaking alveoli in immature newborn 
rabbits delivered on dav 27 ofaestation 

Duration VV 

ventilation 
(min) Median Range 

* Values, obtained after various periods of artificial ventilation, are 
givcn as median and range. 

implications because it proves, in an obscure case of perinatal 
death, that the baby has indeed been breathing or has been 
ventilated (1 1). In the present study, we found focal necrosis and 
desquamation of bronchiolar epithelium in animals that had 
been killed immediately after the brief period of manual venti- 
lation. This rapidly developing lung injury is probably secondary 
to forces resulting from nonhomogeneous alveolar expansion, 
hyperexpansion of bronchioles during inspiration, and the pres- 
sures required to open the alveoli from the collapsed state. These 
opening forces occur during each ventilatory cycle unless the 
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mals ventilated for 20 min there was usually a large field to field 
variability, with flooded areas alternating with areas showing 
much less marker in the airspaces. Furthermore, in the latter 
areas, leaking alveoli with disrupted epithelium were observed 
next to nonleaking alveoli with seemingly intact epithelial lining. 
These observations are compatible with leakage due to epithelial 
lesions caused by irregular expansion patterns, reflecting regional 
variations in compliance, as explained above. Our "domino" 
concept of the process of leakage, starting as a focal event but 
involving a gradually increasing number of alveoli, is supported 
by the values for vol density of leaking alveoli shown in Table 2, 
especially as the morphometric data tallied with direct measure- 
ments of the amount of iron dextran entering the airspaces. 

The size of the iron dextran complex (120 kD) is close to that 
of the dimer form of the surfactant inhibitor protein ( 1  10 kD) 
identified by Ikegami and coworkers (1, 2). This latter protein 
enters the airspaces of the immature neonatal lung after the onset 
of ventilation (3) and may, together with other leaking proteins 
(16), interfere with surfactant function, thereby aggravating the 
effects of an underlying surfactant deficiency. The leakage of 
iron dextran can be used, in experimental models, as convenient 
morphometric marker for the increased permeability that may 
be a central factor in the pathogenesis of neonatal respiratory 
distress syndrome. 
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