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ABSTRACX. Terminal gas-exchange units in the lung of 
many species are, a t  birth, relatively large structures 
termed saccules. Saccules septate postnatally forming 
smaller units that constitute the final alveoli. In the rat, 
septation occurs intensively during the first 2 postnatal wk 
after which it has been considered to stop. Treatment with 
desamethasone or esposure to hyperosia during the first 
2 postnatal wk markedly inhibits septation a s  evidenced 
by the formation of fewer and bigger alveoli than in nor- 
mally developed rats. Deferosamine, an iron chelator, has 
been reported to protect the lung from the effects of 
exposure to hyperosia in early postnatal life. In this study, 
we investigated the effects of these treatments during the 
3rd and 4th postnatal wk, that is, after the early period of 
rapid alveolarization. Our results show that treatment with 
dexamethasone no longer had any inhibitory effect on 
alveoli formation; that esposure to hyperosia continued to 
inhibit the formation of new alveoli, resulting in bigger and 
less numerous alveoli; that treatment of animals esposed 
to hyperosia with deferosamine still protected their lungs 
against hyperosic inhibition; and that elastin fiber length 
density in the lung was significantly reduced in hyperosic- 
esposed animals. These results suggest that septation con- 
tinues beyond the 2nd postnatal wk and does not stop 
abruptly at  age 14 d in air-breathing rats and that hyper- 
osic inhibition of alveolarization during the 3rd and 4th 
postnatal wk is due to the inhibition of septation of existing 
or newly generated gas-exchange units during that period 
of lung development. (Pediatr Res 34: 334-330, 1993) 
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tally forming smaller units that after a process of wall thinning 
constitute the final alveoli (2. 3). In rats, septation starts about 
the 3rd or  4th postnatal d and has generally been considered 
completed by the end of the 2nd postnatal wk (4), although there 
is inconclusive evidence about the end point, and it has been 
postulated that septation might indeed continue up to adulthood 
(5-6). In humans, it is now generally believed that alveoli for- 
mation is largely completed by around age 2 y, rather than 
extending to age 8 y as previously believed (7). 

Surface area of any structure can be altered by four distinct 
means: expansion (change in volume), subdivision (septation), 
replication, or change of shape (without change in volume). In 
principle, the growing lung could use all these mechanisms to 
provide the necessary enlargement of the gas-exchange surface 
area, and each one of them could be expected to be regulated in 
a different way. Septation of the saccules present at birth has 
been considered the mechanism primarily responsible for the 
rapid several-fold increase in surface area of the gas-exchange 
region during the first 2 postnatal wk. Daily treatment of rats 
with DEX during early postnatal life (3 to 13 d) has bcen shown 
to inhibit the formation of alveoli during this period of rapid 
alveoli formation (8, 9). Exposure to HYP during the first 2 
postnatal wk also has been shown to produce similar inhibitory 
effects (10). In both cases, the inhibition seems to occur by 
blocking septation of the immature large saccules present at, or 
formed after, birth. Inhibition of septation produces larger and 
fewer alveoli than in normally developed untreated rats (9). 
During the first 2 postnatal wk, HYP has been shown to also 
decrease elastin fiber length density (1 1). The effect of DEX 
treatment o r  hyperoxic exposure during this early postnatal 
period of normal alveolarization seems to be a permanent one, 
with larger and fewer alveoli persisting into adulthood (8-12). 
DFX, an iron chelator, has bcen reported to  protect the lung 
against the hyperoxic inhibition of alveolarization during the 
first 2 postnatal wk (12). 

After the 2nd postnatal wk as the animal continues to grow. 
the surface area of the gas-exchange region of the lung continues 
to  grow. matching the metabolic needs of the animal. T o  explain - - 

To provide oxygenation according to the increasing this later increment in gas-exchange surface area, many investi- 

metabolic needs of the animal as it grows, the lung requires a gators have postulated the expansion of the existing alveoli at 
mechanism or  mechanisms to increase the surface area of  its gas- the end of  the 2nd postnatal wk ( 1, 13). Others have assumed 
exchange region. In humans and rats, as in many other species, the formation of new alveoli by yet unidentified means (8) or. 
this enlargement of the gas-exchange surface area is achieved recently, by the continued formation of new saccules and their 
primarily by the postnatal formation of alveoli, the basic gas- subsequent septatiOn u p  (5). 
exchange unit in the mature lung. At birth, the terminal air units In this study, we investigated the effect of HYP, DEX, and 
are relatively large and relatively thick walled and at this stage DFX aficr tile cQr1.v period of rapid /lrtzl: alveo/arization. w e  
are termed saccules (1, 2). Saccules septate (subdivide) postna- treated, and/or exposed animals to  these agents from postnatal 

d 18 to d 28 in an effort to  elucidate the mechanisms of later 
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alveoli formation and also to  determine whether the more mature 
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33101. common therapeutic agents. 
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MATERIALS A N D  M E T H O D S  duct, were considered part of the alveolus itself and not an 

Anirnals. We used adult Sprague-Dawley albino rats as breed- 
ers (Charles River Laboratories, Portage, MI). Pups and mother 
rats were from our  own long-term rat breeding program. They 
were housed in the Animal Care Facilities of the University of 
Miami School of Medicine under veterinary supervision, main- 
tained on regular laboratory food and water ad libitltm, and kept 
on a 12-h lightldark cycle. National Institutes of Health guide- 
lines for humane animal treatment were followed in all experi- 
mental procedures, and the protocol was preapproved by the 
University Animal Care Committee. 

E,~perimenta/ Conditiotts. Pups were maintained with their 
dams in room air until postnatal d 18. O n  this day for each 
experiment, pups from six litters were pooled and randomly 
divided among the dams ( I 0  to  12 per litter). A 10-d treatment 
and exposure period began by injecting the pups S.C. with either 
DEX (2 pg/kg/d), DFX (250 mg/kg/d), o r  equal volume of  
saline, using an injection volume of 5 FL/g of body mass. One 
half of the treated animals were exposed continuously to >95% 
oxygen, and one half were maintained in room air. Dams were 
switched between oxygen and air litters every 24 h to  prevent 
oxygen toxicity in the dams and resulting poor nurturing. Oxygen 
exposures were conducted as previously described (12, 14) in 3.5- 
ft3 plastic isolettes with regular monitoring of oxygen (>95%) 
and carbon dioxide ( ~ 0 . 4 0 % ) .  temperature (23 to 25°C) and 
humidity (40 to 60%). Exposures were continuous except for a 
daily 20-min to 30-min interval t o  allow for cage changing, dam 
switching, and pup weighing and injection. Rats were killed at  
postnatal d 28 just a t  the end of the 10-d experimental period 
(five rats per treatment, for a total of 25 rats). In another set of 
experiments, normal untreated rat pups in room air were killed 
at  postnatal d 13 (three rats). 

Alveolar Alorpllomr~r~~. Lung3.~atiorr. Rats were anesthetized 
with a n  overdose of pentobarbital sodium (60 mg/kg, intraperi- 
toneally), and when unresponsive to  toe pinch, their tracheas 
were rapidly cannulated through a midline cervical incision while 
they were still breathing. A bilateral pneumothorax was produced 
by puncturing the diaphragm from its abdominal surface, and 
cold 2.5% glutaraldehyde in 0. I M sodium cacodylate buffer (pH 
7.4) was infused into the trachea at a gauge pressure equivalent 
to  20 cm H 2 0  (approximately 1960 Pa). When flow ceased, the 
trachea was ligated and the lungs were removed from the thorax 
and immersed in fixative of the same composition as had been 
used to inflate the lung. Fixation was continued for 2 h at  4°C 
and lung vol was determined by volume displacement (1 5). 

Sampling andprc~paration of tissttc. Tissue blocks were selected 
using a n  area-weighted sampling technique (16). Each lung was 
cut into approximately 0.3-cm2 slices that were placed randomly 
over a grid containing circles 3.5 m m  in diameter a t  a spacing of 
1 cm. A minimum of 10 blocks (approximately 1 mm3) per lung 
were cut from sites where the slices overlaid the circles. The  
selected blocks were fixed, dehydrated, and embedded in Poly/ 
Bed 8 12 as previously described (9). 

Siereolog~~. Approximately 120 to 150 serial sections per block 
were obtained with a diamond knife at  approximately 1.0-pm 
thickness on a Sorvall MT-2 ultramicrotome. Each group of 
serial sections covered a depth of about 150 pm. The sections 
were mounted on glass slides in the proper sequence, stained 
with toluidine blue, and photographed with a Zeiss microscope 
on  35-mm Ektachrome film. The photographic slides were then 
transilluminated on a light box for analysis, and those chosen 
for measurements were projected on  a suitable test system (see 
below) at a final magnification of x 1000. 

Serial sections allowed unambiguous identification of alveoli 
and alveolar ducts by a three-dimensional analysis of the struc- 
tures. An alveolus was defined as a gas-exchange structure with 
a mouth in communication with a common air space identified 
as a n  alveolar duct. Small structures opening into a n  alveolus 
and, therefore, not in direct communication with an alveolar 

independent structure. The mouth of each structure was defined 
by an imaginary straight line closing the opening of the structure 
into the alveolar duct. 

Lung volume was divided into four compartments: alveolar 
air, alveolar duct air, gas-exchange tissue (alveolar walls), and 
conducting structures (airways and blood vessels). Volume den- 
sity of alveolar air, alveolar duct air, gas-exchange tissue, and 
conducting structures, taking the whole lung as reference volume. 
were determined by point counting (17). Arbitrarily selected 
sections from the group of serial sections not too close to the 
beginning or end of the series of sections so as to  be able to 
identify all structures were projected on  a test system containing 
150 points 1.9 cm apart. Points falling on each class of structure 
being determined were counted and divided by the total number 
of points representing the reference space. According to the 
procedure outlined in Reference 17, we count enough points and 
sections aiming at a relative standard error of 10% or less. 

Point and intersection counting (I 7) was used to estimate total 
gas-exchange surface area and total area of alveolar mouths. 
Using the same test system described above and projecting on it 
the previously selected sections for the above mentioned meas- 
urements, we counted intersections (I) of the lines of the test 
system with either gas-exchange tissue (tissue-air profile bound- 
ary) to  estimate total gas-exchange surface area, or with a straight 
line drawn to close the mouth of each structure identified as an 
alveolus to  estimate total mouth surface area. In each case, the 
surface area (S) was calculated from the expression: 

where VL represents lung volume, P is the total number of points 
corresponding to the reference space, and d is the distance 
between points on the test system (17). 

T o  estimate the volume of the average alveolus and alveolar 
number, alveoli were first selected using the selector (disector of 
unknown thickness) method (18), which allows the structures to  
be chosen with equal probability irrespective of their size, shape, 
o r  orientation. 

Each stack of sections was roughly divided into three parts. In 
the top third, a look-up plane was selected on a section as close 
as possible to the first one. A reference plane with a defined 
counting frame was then chosen on a section at a distance 
approximately equal to one third of the stack height (somewhat 
less than the maximum mean caliper diameter of the structures). 
This set of plane and the space between them identified one 
selector. A second selector was then defined in a similar manner 
using the bottom third of the stack with the look-up plane chosen 
close to  the last section of the stack. The idea was to  maximize 
the number of particles selected in each stack while at the same 
time avoid as much as possible a given particle being sampled 
by both reference planes simultaneously. The position of the 
look-up and reference sections was established with independ- 
ence of the position of the alveoli. Once the position of the 
sections was established, the three-dimensional analysis of the 
stack was begun to identify alveoli and alveolar duct air spaces. 
Alveoli that appear on a reference plane within the defined 
counting frame but did not appear on the look-up plane were 
selected for volume determination. Alveoli found completely 
contained between the reference plane and the look-up plane 
and with their projection on the reference plane within the 
counting frame were also selected. The volume of each selected 
structure (using the selector) was then estimated by means of  the 
point-sampled intercepts method (when applied to  structures 
previously selected with equal probability, this method allows 
the estimation of the number-weighted mean alveolar volume 
rather than volume-weighted mean volume that is obtained when 
the method is applied on random sections) (18, 19). For this 
purpose, each section (slide) comprising the selector and contain- 
ing the relevant transects of the selected alveoli was projected on 
a test system consisting of parallel lines with test points. The 
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position and orientation of the test system were determined calculated for each coded slide. It is to  be noted that elastin fibers 
following two sets of random numbers. Each transection corre- d o  not exhibit any anisotrophy in the lung tissue. 
sponding to the same alveolus hit by a test point was classified Stutistics. Groups were statistically compared by one-way 
with an arithmetic ruler, the corresponding segment cubed, and analysis of variance, Duncan's multiple range test (21). and 
their average used to estimate the individual volume of the Kramer's extension of Duncan's test (22). with p < 0.05 consid- 
selected alveolus. The volume of the average alveolus was ob- ered a significant difference between group mean values. 
tained from the arithmetic means of the individual estimated 
volumes. Because the method to estimate the volume was amlied RESULTS 
to structures previously selected irrespective of their v d ~ i m e ,  
shape, o r  orientation, the method allows the estimation of the 
number-weighted, rather than volume-weighted. mean alveolar 
volume. The total number of alveoli per lung (N) was calculated 
using the following equation: 

where VL is the lung volume, Vv,, is the volume density of 
alveoli, and V, is the number-weighted mean alveolar volume. 

All determinations were done on postfixed, dehydrated, and 
embedded tissue with the exception of total lung volume, which 
was obtained by fluid displacement in fixed but not dehydrated 
and embedded material. Because of this disparity, we determined 
the shrinkage factor of the tissue from immediately before post- 
fixation to the completion of tissue embedding and found a 
linear shrinkage factor of 4.25 k 0.35%. However, our values 
have not been corrected for shrinkage because this factor was 
considered not to have any essential influence on the differences 
of the relevant parameters we have found and also to facilitate 
comparison with previous studies. 

Our sampling design allowed us to  obtain SD smaller than the 
absolute differences we tried to  detect between groups (25 to 30% 
or more) and coefficients of error of 10% or  less. 

Elastin fiber length density has been shown to be altered by 
HYP exposure during the first 2 postnatal wk (1 1). Estimation 
of elastin fiber length density was not included in the original 
protocol of this study. It was decided to include it here at a later 
stage when it was realized that septation seems present after the 
2nd postnatal wk and possibly inhibited by H Y P  in an effort to  
investigate the effect of H Y P  on elastin fibers after the 2nd 
postnatal wk. For this reason, we used a different sampling 
procedure for this determination. 

After killing the rats with an intraperitoneal overdose of pen- 
tobarbital, another group of 28-d-old experimental rats (five per 
group) had their lungs fixed in sit11 with 10% buffered formalin. 
pH 7.4, via a tracheal cannula and at  20 cm HzO (approximately 
1960 Pa) (fixative) pressure. After 24 h fixation, lung sections 
randomly obtained from similarly oriented areas of the left, right 
middle, and right lower lobes were embedded in parafin and 
processed for orcein staining. T o  estimate the relative length 
density of elastin fibers in lung parenchyma, a technique for 
length density measurements was used (1 7, 20). 

Coded sections were observed under the microscope at  ~ 4 0 0 ,  
magnification using an ocular test system consisting of seven 
parallel lines equally spaced. The test system was much smaller 
than the total section area. allowine the observation of 30 random 

.2 

fields per section. Each line of the test system represented a plane 
perpendicular to  the plane of the section. The section was 
screened parallel to  each of the seven lines, and the number of 
intersections of the lines with the projected images of black 
elastin fibers (<I pm diameter) was recorded. Each of these 
intersections corresponds to  a fiber transected by the test plane. 
Length density (L) can be estimated by the expression L = 
2 PA, where PA is number of transection per unit area of test 
plane. However, no attempt was made to quantitatively estimate 
the dimension of the test plane perpendicular to  the plane of the 
section (approximately 5 pm), but because this was constant for 
all sections scanned, the number of transections yielded relative 
values rather than absolute values of length density. Thirty 
random fields per lung were counted (omitting fields in which 
large vessels o r  airways with circumferential elastin fibers were 
present), and the mean number of transections per lung field was 

Table 1 shows the volume densities of alveolar air, alveolar 
duct air, and gas-exchange tissue. At 28 d, alveolar air normally 
amounts to  approximately 50% of the total lung volume, alveolar 
duct air to  about 25 to 30% and gas-exchange tissue to approxi- 
matelv 20%. Conductine structures (not shown) remesent the u , . 
remaining approximately 5% of the lung volume. There were no 
significant differences between treatments or ages for any of these 
lung fractions. 

Volumes (mL) for whole lung, alveolar air, alveolar duct air, 
and gas-exchange tissue are shown in Table 2. At age 28 d, these 
volumes are about 2.2- to  three-fold the values found at age 13 
d. There were significant differences, as expected, for all these 
categories between the ages of 13 d and 28 d (at p < 0.01 level) 
except for gas-exchange tissue of animals 13 d of age rclrslrs Air- 
DEX 28 d of age (not significant) and vclr.srr.T Air-Saline 28 d of 
age (17 < 0.05). At age 28 d. the only significant differences found 
were for whole lung volume, alveolar air. and gas-exchange tissue 
( p  < 0.05) between Air-DEX and HYP-DEX, with values about 
25 to 30% higher in HYP-DEX compared with Air-DEX. 

Table 3 contains the values found for total gas-exchange 
surface area and total mouth surface area. A significant difference 
(17 < 0.0 I) was found only between the ages of 13 d and 28 d for 
both categories, with values about 2.2- to 2.5-fold higher at  28 
d. 

Total number of alveoli per lung and volume of the average 
alveolus for all experimental conditions are shown in Table 4. 
Significant differences were found ( p  < 0.0 1) between d 13 and 
d 28 Air-Saline, Air-DEX, and HYP-DFX for number of alveoli, 
with values ranging between 50 and 120% higher at d 28, and 
between d 13 and d 28 HYP-Saline and HYP-DEX for volume 
of the average alveolus, with values at d 28 ranging between 20 
and 100% higher than at  d 13. Between treatments at d 28, 
significant differences found for number of alveoli and volume 
of the average alveolar ( p  < 0.05) were for Air-Saline, Air-DEX, 
and HYP-DFX rcrslrs HYP-Saline and HYP-DEX. The HYP 
groups (HYP-Saline and HYP-DEX) had approximately 30% 
fewer alveoli than the normal (Air-Saline) animals at  age 28 d ( p  
< 0.05), and DFX prevented this reduction in alveoli number 
during hyperoxic exposure. Similarly, mean alveolar volume was 
increased approximately 50% in the hyperoxic animal lungs 
(HYP-Saline and HYP-DEX) ( p  < 0.05), and DFX treatment 
blocked the hyperoxic effect. DEX treatment of animals main- 
tained in room air had no effect on either alveoli number or 
volume of the average alveolus. 

As shown in Figure 1 ,  relative length density of elastin fiber 

Table 1.  l'olurnc dclt~.sit~-* 
Volume density 

Age Alveolar Alveolar Gas-exchange 
Condition (d) air duct air tissue 

Air (11 = 3) 13 0.42 + 0.04 0.26 + 0.06 0.18 + 0.02 
Air-Saline (11 = 5) 28 0.49 + 0.01 0.30 k 0.02 0.18 + 0.02 
Air-DEX (11 = 5) 28 0.48 + 0.02 0.30 f 0.03 0.17 + 0.02 
HYP-Saline (11 = 5) 28 0.46 + 0.01 0.29 f 0.02 0.22 + 0.01 
HYP-DEX (11 = 5) 28 0.46 + 0.02 0.30 + 0.02 0.2 1 + 0.03 
HYP-DFX (11 = 5) 28 0.44 + 0.03 0.34 k 0.03 0.20 + 0.01 

* Values are mean + standard error. DEX, treated with DEX (2 Ccg/ 
kg/d); 11YP. IIYP-exposed animals from d 18 to d 28; DFX, treated 
with DFX (250 mg/kg/d); saline animals received equivalent injections 
of diluent daily. 
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Table 2. I'olirt,l~~s* 
Volume (mL) 

Condition Age (4 Lung Alveolar air Alveolar duct air Gas-exchange tissue 

Air (,I = 3) 13 1.18 + 0.03t 0.50 + 0.04t 0.30 k 0.07t 0.22 + 0.024 
Air-Saline ( / I  = 5) 28 2.82 k 0.20 1.39 + 0.09 0.83 + 0.06 0.52 + 0.08 
Air-DEX ( n  = 5) 28 2.59 + 0.179 1.24 2 0.089 0.76 + 0.08 0.46 + 0.095 
HYP-Saline ( n  = 5) 28 3.08 + 0.2 1 1.42 + 0.09 0.90 + 0.09 0.68 + 0.05 
HYP-DEX (/ I  = 5) 28 3.38 + 0.21 1.53 + 0.05 1.02 + 0.10 0.73 + 0. l I 
HYP-DFX (11 = 5) 28 3.13 2 0.22 1.36 + 0.10 1.07 + 0.16 0.61 + 0.02 

* Values are mean + standard error. 
t p < 0.0 I vs all age 28 d group values. 
4 p < 0.01 vs HYP-Saline, HYP-DEX, and HYP-DFX: p < 0.05 vs Air-Saline. 
pj p < 0.05 vs HYP-DEX. 

Table 3. Gus-evchut~gc sirrjuce urcu und rnoiitlr s~rrJhcc orcw* 
Gas-exchange Mouth 

Age surface area surface area 
Condition (d) (cm') (cm') 

Air (n = 3) 13 675 + 74t 240 + 38t 
Air-Saline ()I  = 5) 2 8 171 1 k 69 664 + 51 
Air-DEX (,I = 5) 2 8 1596 + 89 597 + 19 
HYP-Saline (,I = 5) 28 1536 + 78 654 + 51 
HYP-DEX ( r l  = 5) 2 8 1659 + 53 633 + 20 
HYP-DFX ( T I  = 5) 28 1732 + 105 675 k 56 

* Values are mean r standard error. 
t p < 0.0 I vs all age 28 d group values. 

Table 4. Nrrtrrhcr o/uhvcoli u t~d ~-olrrr?~c of'a~~cru,i.c uhvcolra* 
Age Number of Vol of average 

Condition (d) alveoli x alveolus x lo-' urn3 

Air (,I = 3) 13 20.5 + 4 t  2.56 + 0.44 
Air-Saline (!I = 5) 28 42.3 + 39 3.39 + 0.45 
Air-DEX 01 = 5) 28 42.2 + 45 3.1 1 + 0.55 
HYP-Saline (,I = 5) 28 30.2 + 2 5.03 + 0.5 
HYP-DEX ( n  = 5) 28 31.5 2 3 5.00 + 0.5 
HYP-DFX (!I = 5) 28 44.8 + 5s 3.22 + 0.59 

* Values are mean + standard error. 
t p < 0.01 vs Air-Saline, Air-DEX, and HYP-DFX. 
$ I' < 0.0 I vs HYP-Saline and HYP-DEX. 
3 p < 0.05 vs HYP-Saline and HYP-DEX. 
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Fig. 1 .  Relative lung elastin fiber length density in 28-d-old rat lungs. 
Orcein-stained elastin fibers were quantitated in lung sections from air- 
exposed and > 95% oxygen-exposed treated and untreated animal groups 
at 28 d. Values are mean (+ SD) number of transcctions per high-power 
field (x400) using superimposed seven-line grid test system and exam- 
ining coded sections from 30 random fields per slide (five lung slides/ 
group). DEX, daily treatment (2 fig/kg/d) from d 18 to d 28 while in air 
or HYP; DFX, daily treatment with 250 mg/kg/d. 

was significantly reduced by HYP in the oxygen-exposed control 
pup lungs (HYP-Saline) compared with the air control group 
(-3376, P < 0.01). DEX treatment, in contrast, had no effect on 
elastin fiber deposition in the developing lungs as assessed by 
transection counting, either in air vcrsrrs the air control, or in 
oxygcn r3cr.sii.s the oxygen control group. DFX treatment of the 
oxygen exposed rats partially reversed the marked inhibitory 
effect of HYP on normal lung elastin development (- 19% ~~rrsirs 
air controls; p < 0.01 vcrsirs oxygen control group value). In 
addition to  the significant decreases in the relative length density 
of elastin fibers in the HYP-exposed groups, many elastin fibers 
appeared qualitatively less dense and often had an abnormal 
frayed appearance. The light micrographs (Fig. 2) demonstrate 
these findings. 

DISCUSSION 

DEX administered postnatally from d 3 after birth to d 13 has 
been shown to markedly inhibit septation as evidenced by sig- 
nificantly larger and less numerous alveoli than those found in 
normal rats (8, 9). This effect seems to be irrevocable, as the lung 
does not recuperate (even by adulthood, age 60 d) by generating 
smaller and more numerous alveoli after the treatment is discon- 
tinued at the end of the 2nd postnatal wk (8, 9). In the present 
study. we showed evidence that if 10 d of treatment with DEX 
is initiated at  d 18 after birth, a few days after septation is 
normally thought to stop, DEX shows n o  effect either on the 
number of alveoli normally generated by d 28 or  on the normal 
volume of the average alveolus found at that age (Table 4). 
Moreover, the same number of alveoli found under both condi- 
tions (DEX and normal) is not simply due to a different combi- 
nation of values in alveolar volume density and lung volume 
because no significant differences were found for these parame- 
ters between DEX-treated and untreated animals (Tables 1 and 
2). 

It also has been shown repeatedly that exposure of rats to HYP 
(>95% oxygen) during the early postnatal period (age 4 to  14 d)  
results in fewer and larger alveoli than those found in rats exposed 
to normoxia (10, 14). As with DEX treatment. these early life 
inhibitory effects on normal lung development and restructuring 
are permanent (9-12). These findings, supported by lung mi- 
croscopy studies showing stunted secondary septa development. 
can be interpreted as an indication that high oxygcn exposure or 
DEX treatment inhibits the normal septation process in the 
developing lung. In the present study, we found that exposure to 
HYP after the so-called "normal period of septation" is over 
produces overtly similar inhibitory effects as it does during the 
first 2 postnatal wk. Hyperoxic exposure resulted in larger and 
less numerous alveoli than found in normally developed rats 
(Table 4). As previously discussed about DEX treatment, no 
significant differences were found in either lung volume or 
alveolar volume density between HYP and normoxia-exposed 
animals (Tables 1 and 2), indicating again that the difference 
found in alveolar number is a true difference and is not related 
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to different values for these two parameters, which could com- 
bine to generate the same estimated number of alveoli in both 
treatments. 

Glucocorticosteroids are known to inhibit cell division in lung 
tissue (23), and because alveolar septa formation is the result of 
a process believed to require coordinated cell division, the ad- 
ministration of DEX during the first 2 postnatal wk was hypoth- 
esized by Massaro clf 01. (8) as a possible inhibitor of the formation 
of alveolar septa. Another reason that suggested the use of DEX 
to these investigators (8) was that the concentration of corticos- 
terone in rat serum is normally quite low in rats during the first 
2 postnatal wk (period of intense postnatal scptation). Serum 
corticosterone then rather rapidly increases after this period when 
scptation has been thought to normally be completed (24). Our 
finding of n o  inhibitory effect of DEX treatment [using similar 
doses as Massaro ct 01. (8)] when initiated at  postnatal d 18 may 
be explained by the higher endogenous glucocorticoid levels by 
this age in the rat. Also, it may be that the lung tissue receptors 
for glucocorticoids either decline after approximately 2 wk of age 
or  become progressively desensitized by the elevated circulating 
levels of glucocorticoids. 

The inhibitory effects on lung development by postnatal hy- 
peroxic exposure are believed to be caused by the increased 
intracellular formation of reactive oxygen metabolites such as 
superoxide anion, hydrogen peroxide, and the hydroxyl radical. 
The hydroxyl radical has been shown to be an especially impor- 
tant DNA-damaging element (25). Intracellular formation of the 
hydroxyl radical depends on the concentration of intracellular 
ionic iron (25, 26). and in it1 vitro experiments, iron-chelating 
agents have been shown to inhibit both the formation of this 
cytotoxic radical and its damaging interactions with DNA (25- 
27). Moreover, one of these iron-chelating agents, DFX, recently 
has been reported to substantially protect the lung of neonatal 
rats against the inhibitory effects of HYP on normal lung dcvel- 
opment (1 2). 

Our treatment of HYP-exposed rats from postnatal d 18 to d 
28 with DFX has shown that lung development is nearly nor- 
malized, compared with untreated HYP-exposed animals. DFX 
treatment during HYP resulted in a number of alveoli and a 
volume of the average alveolus that were not significantly differ- 
ent compared with air-exposed 28-d animal lungs (Table 4). 
Thus, DFX very effectively blocks the HYP inhibitory effect on 
lung alveoli formation both during the normal (age 3 to 13 d)  
period and during the later period tested in this study ( I 8  to 28 
d of age), presumably by its effectiveness as an iron chelator 
preventing hydroxyl radical cytotoxicity. 

Surface area of the gas-exchange region and surface area of the 
mouth opening of alveoli (Table 3) did not show any significant 
difference between conditions tested. These findings are in con- 
trast to  hyperoxic o r  DEX treatment during the early postnatal 

Fig. 7. Comparative light-level micrographs of representative lung 
sections from air- and HYP-exposed rat pups age 28 d (exposure period 
age 18 to 28 d). Orcein stain was used to emphasize elastin fibers. :I. Air. 
original magnification X160; B, oxygen ~ 1 6 0 ;  C, air ~ 1 0 0 .  and D. 
oxygen x 100. Note the smaller and more homogeneous alveoli size in 
the air (,.I) vs the oxygen-exposed rat lungs (B) and the more circumfer- 
ential arrangement of the dark-staining elastin fibers. After HYP (B). 
not only are the number of fibers reduced and the circumferential 
arrangement around the alveoli lacking. but the fibers themselves in the 
oxygen-exposed lungs appear either aggregated or frayed in areas (*). 
Note in the air lung at lower magnification (C) the rather homogeneous 
small alveoli and the ordered way the mouths of the alveolar sacs come 
off the terminal airway or alveolar duct, with dense elastin delineating 
the mouths of each alveolar sac (*). In the oxygen-exposed lung (D),  the 
alveoli are basically larger and more heterogeneous in diameter and the 
mouths of the alveolar sacs where they come off the alveolar duct are 
much less ordered, with some areas of stunted development and other 
areas with more haphazard elastin deposition than in the air-exposed 
normal 28 d rat lung (*). 
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period when each of these inhibitory agents substantially reduces 
the development of a normally much-expanded surface area of 
the gas-exchange region of the lung. The reason for this different 
behavior may be that although septation is an important factor 
in lung development during the first 2 postnatal wk, it may 
become less important as a primary mechanism for surface area 
enhancement after that age. Therefore, its inhibition during the 
earlier postnatal period has a more pronounced influence on 
surface area than at a later age. 

Volume density of alveolar air was practically unchanged 
between treatments o r  age groups. The same was true for alveolar 
duct air volume density (Table 1). Therefore, the volume density 
of the gas-exchange air compartment, i.c. alveolar air volume 
plus alveolar duct air volume per unit lung volume, seems to be 
regulated in a way that is not altered by any experimental 
condition we tested. 

The approximately 33% increase in the volume of the average 
alveolus and the doubling of the number of alveoli in normally 
developed rats between ages 13 d and 28 d (Table 4) suggests 
that lung gas-exchange surface area expansion in this later post- 
natal period occurs as a result of a combination of expansion of 
the volume of the average alveolus, replication of alveoli, and/ 
o r  septation. The greater volume of the average alveolus and 
lesser number of alveoli in the HYP-exposed animals can be 
explained by assuming that septation continues during the 3rd 
and 4th postnatal wk in normal animals and is blocked by HYP 
because total alveolar volume was not found to be significantly 
different between treatments at  28 d of age (Table 2). and 
septation pcr se does not have any bearing on alveolar volume. 
Therefore, inhibition of septation will not alter total alveolar 
volume but must result in a bigger average alveolus and lesser 
number of alveoli, as was found. It could be argued that it is also 
possible that the inhibition was acting on the replication ofalveoli 
rather than on septation, resulting in the same lesser number of 
alveoli. In this case, however, this would result in a smaller total 
alveolar volume (that was not found) unless an unlikely compen- 
satory expansion acting simultaneously could bring alveolar 
number and volume of the average alveolus exactly to the values 
found. 

Lung elastin development is believed to be an integral part of 
normal postnatal lung restructuring. The septa, which arise from 
the saccular walls and eventually merge to subdivide the larger 
saccules into smaller alveolar units, contain a conspicuous elastin 
component (28). Thus, any inhibitory influence that affects the 
normal septation process and normal alveolarization of the neo- 
natal lung might be expected to  also alter lung elastin develop- 
ment (and vice versa). It has bcen reported, for instance, that 
DEX treatment in the newborn rat inhibits normal elastin for- 
mation in the lung (29). Similarly, hyperoxic exposure has bcen 
reported to block lung elastin synthesis in the newborn (30). 
Thus, results of our morphometric quantitation of lung elastin 
in the 28-d-old rats exposed to HYP (Fig. I) would further 
support the idea that septation is still actively proceeding in the 
lung beyond 14 d of age (and was markedly inhibited by high 
oxygen exposure beyond this age). 

Although our  elastic fiber values are given as relative length 
density (length per unit volume) rather than absolute total values, 
the comparison between groups seems appropriate in view of 
other data independently obtained. For example, volume density 
of alveolar air volume, alveolar duct air volume, and gas-ex- 
change tissue volume as well as volume of total lung, alveolar 
air, alveolar duct air, and gas-exchange tissue (Tables 1 and 2) 
are not significantly different between groups. Also, previous 
application of the same technique to 14-d-old rats in air versw 
oxygen experiments compared with biochemical elastin deter- 
minations (elastin concentration in mg/g dry lung) showed a 
remarkable parallelism between the two determinations: a 25% 
decrease biochemically versw 33% decrease morphologically in 
air-control versus oxygen control groups and a 13% decrease 

biochemically vcrsus a 14% reduction morphologically in air- 
treated I9crslts oxygen-treated groups (3 1). 

Finally, it seems important to  note that a similar type of 
altered lung development (inhibited alveolarization and inhibited 
respiratory surface area expansion) found in neonatal animals 
exposed to HYP now has been reported in premature infants 
who developed bronchopulmonary dysplasia. Morphometric 
studies of the lungs of these infants who died of bronchopulmo- 
nary dysplasia after prolonged hyperoxic treatment have dem- 
onstrated a two-fold increase in mean linear intercept of alveoli. 
marked reductions in the number of alveoli (down to 25% or  
less of normal), and proportionate marked respiratory surface 
area reductions in comparison to age-matched infants (32, 33). 
Thus, in addition to  causing well-characterized oxygen toxicity 
changes in the premature infant lung (edema, hemorrhage, hya- 
line membranes, fibrosis), prolonged high oxygen exposurz could 
have important consequences on the development of respiratory 
reserve capacity in infants developing bronchopulmonary dys- 
plasia. Whether concomitant DEX treatment of these infants 
exposed to high fractions of inspired oxygen to try to hasten their 
weaning from mechanical ventilation has additional important 
inhibitory effects on normal lung growth and development (as 
the animal studies caution) is presently unknown. 

The main conclusions that can be derived from these studies 
would seem to be that septation does not stop abruptly at  age 14 
d in the rat; DEX treatment beyond age 14 d no longer has any 
demonstrable inhibitory effect on normal lung growth and de- 
velopment; exposure to  HYP continues to result in a very marked 
inhibition of lung septation and alvcolarization; and iron chelator 
treatment with DFX has a protective effect verslrs hyperoxic 
inhibition of normal lung development at  both postnatal periods 
tested. 

:1clinon~l~~Og1~1~~11l. The authors thank Martha Sanchez for her 
patience in preparing the manuscript. 
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