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ABSTRACT: Surfactant present in the alveolar space exists in two major forms:
functional large aggregate forms (LA) and nonfunctional small aggregate forms (SA),
but there is no information about the changes of surfactant forms and the rate of
conversion of LA to SA in the aged lungs.

The purpose of the present study was to investigate the developmental aspects of
surfactant forms in newborn, young, middle-aged and aged rats, LA and SA were
recovered from alveolar lavages of rats. The rate of conversion from LA to SA was
then analysed using a surface-area cycling technique. Age-related changes of satur-
ated phosphatidylcholine (Sat-PC) and surfactant protein A (SP-A) pool sizes were
also evaluated in alveolar lavages.

The alveolar lavages recovered from aged rats contained a significantly higher
proportion of LA than did those obtained from young or newborn rats. There was also
an age-related decrease in the rate of conversion from LA to SA in vitro. The Sat-PC
pool sizes in the alveolar lavages decreased with age, but the SP-A contents were
similar between young and aged rats.

These results suggested that decreased form conversion may contribute to main-
taining functional surfactant pool sizes in the lungs of aged rats.
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There are simultaneous changes in surfactant quantity
and composition with lung maturation in infants and pre-
term animals. Phosphatidylcholine (PC) content of the
surfactant increases, and an increasing proportion of the
PC becomes saturated (Sat) [1]. Developmental increases
in the surfactant protein messenger ribonucleic acid
(mRNA) levels for surfactant protein (SP)-A, SP-B, and
SP-C have also been described [2]. After birth, total Sat-
PC and SP-A contents decrease during the first week after
birth [3]. The general understanding could be that surfac-
tant pool sizes in alveolar washes and lung tissues are
larger at birth than at any other time in an animal's life.
Although developmental changes in surfactant have been
studied extensively during gestation, the available infor-
mation on the changes in surfactant contents and char-
acteristics in aged animals and humans is limited. As the
lung ages, it loses its alveolar complexity and surface area
[4], and changes in surfactant pools or function could
occur [5]. CLEREX et al. [5] investigated the effects of age
on the phospholipid composition of canine surfactant and
they reported a significant increase in the proportions of
PC and a decrease of phosphatidylserine and sphingo-
myelin with age. Recently, REBELLO et al. [6] reported that
Sat-PC pool sizes in alveolar lavage or lung tissue, and
SP-A pool sizes in alveolar washes did not vary signi-
ficantly with age.

Multiple forms of surfactant exists in the alveolar space,
which can be separated into two major forms by differ-
ential centrifugation: functional large aggregate forms
(LA), composed of lamellar bodies, tubular myelin, and
loose lipid arrays, that are active biophysically and in vivo;
and nonfunctional small aggregate forms (SA), composed
of small vesicles, that are nonfunctional and in a metabolic

sequence [7±10]. Using a surface-area cycling technique,
GROSS and NARINE [9] have demonstrated that the se-
quence of form changes can be reproduced in vitro. LEWIS

et al. [11] previously found increased amounts of SA to
LA in N-nitroso-N-methylurethane-injured adult rabbits
[11] due to the accelerated form conversion from LA to
SA [12]. Surfactant isolated from the preterm lung is also
converted from active to inactive forms more rapidly than
is surfactant from the adult when tested in vitro [13]. To
date, no studies have been reported on surfactant forms in
developing rats. The aim of the present study was to
investigate the developmental aspects of surfactant forms
from alveolar lavages of rats aged 1 day, 3, 16, and 29
months. The mean life span of these rats is only 24±25
months even when raised under a maximum barrier, viral-
antibody-free environment [14].

Materials and methods

Animals

Specific pathogen-free female Sprague-Dawley (SD)
rats 2 months of age (Japan SLC Inc., Shizuoka, Japan)
were maintained under a maximum barrier, viral-antibody-
free environment until use. One-day-old rats were also pur-
chased (Japan SLC Inc.) and killed on the day of delivery
for analysis of surfactant.

Isolation of large aggregate forms

The rats were killed by intraperitoneal injection of pen-
tobarbital (100 mg.kg body weight-1) followed by tran-
section of the abdominal aorta. After opening the thorax, a
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short, blunt needle (ranging 14±22 gauge, depending on
age) was inserted into the trachea. Five aliquots of saline at
48C were used to visibly fill the lungs as reported pre-
viously [10, 15, 16]. Each aliquot was flushed into and out
of the airways three times. The recovered volumes, which
were ~90% in all four study groups, were saved as the
pooled alveolar wash. The authors were interested to see
whether surfactant could be recovered similarly by alveolar
washes in both newborn rats and adult rats. The recovery
curves for eight sequential washes were quite similar in the
1 day, 3, and 16 months old groups (data not shown) in-
dicating that alveolar wash procedure was similarly ef-
fective in these three groups. Washout curves were not
constructed in the 29 months old groups owing to the
limited supply of alveolar washes. Because of the small
surfactant pool sizes, alveolar lavages were pooled from 5
newborn rats or from 2 young adult rats and used for
further measurements. After lavage, the lung tissue was
removed from the chest, weighed, and homogenized in two
volumes of saline to lung weight with ULTRA-TUR-
RAX1 (Yamato Inc., Tokyo, Japan). LA were then
isolated from the pooled alveolar lavages by centrifu-
gation, as reported previously [10, 13]. Briefly, the pooled
alveolar lavages were first centrifuged at 1406g for 10
min at 48C to remove cell debris. The supernatant was
then centrifuged at 40,000 6g for 15 min at 48C. The
resulting pellet was suspended in saline and layered over
0.8 M sucrose in saline. After centrifugation at 40,0006g
for 15 min, the pellicle floating on the sucrose solution
was aspirated and recentrifuged at the same g-force for 15
min. The LA were recovered as the pellet and suspended
in 0.1±0.2 mL of saline.

Surfactant form conversion in vitro

Surface-area cycling was performed as described pre-
viously [10, 12, 13, 17]. Briefly, an aliquot of LA isolated
from the pooled alveolar lavages was resuspended in Tris
buffer (0.15 M NaCl, 0.01 M tris-hydroxymethyl-amino
methane (Tris) HCl, 1 mM CaCl2, 1 mM MgSO4, and 0.1
mM ethylene diamine tetra-acetic acid (EDTA) at pH 7.4) .
Each sample of LA (0.5 mg as total lipids) was mixed with
2 mL of Tris buffer in a capped polystyrene tube (Becton
Dickinson, Lincoln Park, NJ, USA). The polystyrene tubes
were attached to the disk of a Rototorque rotator (TAITEC,
Koshigaya, Japan). The tubes were then rotated for 3 h at
40 rotations.min-1 at 378C to change the surface area from
1.1 to 9.0 cm2 twice in each cycle. The contents of the
tubes were centrifuged at 40,0006g for 15 min at 48C.
The quantities of LA in the pellet and of residual SA in the
supernatants converted from the LA were measured by
phosphorus assay of lipid extracts [18, 19].

Biochemical analysis

To determine the Sat-PC pool size, aliquots of alveolar
washes and lung homogenates were extracted with organic
solvent [18] and treated with osmium tetroxide [20], the
quantity of Sat-PC recovered from alumina columns was
then measured by phosphorus assay [19]. The lung homo-
genate was centrifuged for 5 min at 5006g, and the sup-
ernatant was used to measure SP-A content. The amount
of SP-A was measured by a double-sandwich enzyme-
linked immunoadsorbent assay with a rabbit anti-rat SP-A
polyclonal antibody as reported previously [21]. The

phospholipid compositions of lipid-extracted samples of
LA were determined by two dimensional thin-layer chro-
matography [22].

Data analysis

All values are expressed as mean and 95% confidence
interval (95% CIs). The significance of differences be-
tween means of the groups were tested by analysis of
variance with Bonferroni correction. A p-value of <0.05
was considered to indicate statistical significance.

Results

Description of animals

In this study, 12/25 rats died by 29 months. In total, 40
newborn rats (1 day old, mean body weights; 7.0�0.2 g),
20 young adult rats (3 months of age, 219�3 g),10 middle-
aged rats (16 months, 442�21 g), and 13 aged rats (29
months, 445�20 g).

Large aggregate forms recovered from the different age
groups

The alveolar lavages recovered from 16 and 29 months
old rats contained a significantly higher proportion of LA
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Fig. 1. ± a) Percentage of large aggregate forms (LA) of surfactant in
rats (n=8 for day 1 (1 day old), n=10 for 3M (3 months old), n=10 for
16M (16 months old), and n=13 for 29M (29 months old)) and b) effects
of age on rate of form conversion after 180 min of cycling (n=4 for day
1, n=5 for 3M, n=5 for 16M, and n=6 for 29M). Alveolar lavages
recovered from 16M, 29M rats contained significantly more LA than did
surfactant from 3M and day 1 rats (***: p<0.001). The percentage of LA
was also significantly higher in 29M rats than in 16M rats (#: p<0.05).
About 20% of LA was converted to small aggregate forms (SA) in day 1
rats, whereas only 13±14% of LA was converted to SA in 16M and 29M
rats. Values are expressed as means and 95% confidence intervals.
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(66 (56.8±75.2)% at 29 months, 54 (48.3±59.7)% at 16
months; fig. 1) than did those obtained from the 3 months
and 1 day old rats (41 (30.7±52.3)% and 40 (38.5±
41.5)%, p<0.001; fig. 1). The 29 months old rats also had
a significantly higher proportion of LA than did the 16
months old rats (p<0.05).

Surfactant form conversion in vitro

Cycling for 180 min resulted in about ~20 (18.9±21.1)%
conversion of the LA to SA from 1 day and 3 months old
rats, whereas only 13 (11.4±14.6)% to 14 (12.8±15.2)% of
the surfactant from 16 and 29 months old rats converted to
SA (fig. 1). Although these differences were not signi-
ficant, the mean value for the 16 and 29 months old
groups combined was significantly lower than that for the
1 day and 3 months old groups (p<0.01).

Saturated phosphatidylcholine and surfactant protein-A
pool sizes

Sat-PC per body weight in the alveolar washes de-
creased with age, from 1 day to 3 months (1 day more than
3 months, p<0.001; fig. 2a). The Sat-PC content further
decreased from 3 months to 29 months, although the
differences were not statistically significant (p=0.08). Sat-
PC per body weight in the total lung (alveolar washes and
lung tissues) also decreased from 1 day to 3 months, but it

did not change significantly from 3 months to 29 months
(1 day more than 3, 16, 29 months, p<0.001; fig. 2b). SP-
A per body weight in both alveolar lavages and total lung
was higher at 1 day old than at any other age (p<0.001;
fig. 2c, 2d). The SP-A contents were similar for 3 and 29
month rats. SP-A to Sat-PC ratios increased with age (1
day more than 3, 16, 29 months, p<0.001; fig 3).

Phospholipid composition

The phospholipids recovered by alveolar wash from 1
day old rats contained a lower proportion of PC and higher
proportions of phosphatidylinositol, phosphatidylethano-
lamine, and lysophosphatidylcholine than did those ob-
tained from the 3, 16, and 29 months old rats (table 1). The
compositions of the phospholipids were very similar for
the 3, 16, and 29 months old rats.

Discussion

It has been demonstrated in this study that aging is
associated with intrinsic changes in surfactant in the rat
lung. Aging was accompanied by increase in the propor-
tion of LA and by a decrease in the conversion rate from
LA to SA in vitro. To the best of the author's knowledge,
this is the first study to evaluate the metabolic changes of
surfactant in aged lungs.

40

30

20

10

  0

a)

Sa
t-P

C
/B

W
  µ

g·
m

L-
1

#

SP
-A

/B
W

  µ
g·

m
L-

1

  0

b)

  500

  400

  300

  200

  100

SP
-A

/B
W

  µ
g·

m
L-

1

  0

d)

Day 1 3 M 16 M 29 M

1000

  800

  600

  400

  200

1200

Sa
t-P

C
/B

W
  µ

g·
m

L-
1

80

60

20

  0

c)

100

40

Day 1 3 M 16 M 29 M

**
120

Fig. 2. ± Ratios of alveolar wash and total lung saturated phosphatidylcholine (Sat-PC) to body weight (BW) and of surfactant protein-A (SP-A) to BW
in rats. a) Sat-PC in alveolar washes, b) Sat-PC in total lung, c) SP-A in alveolar washes, and d) SP-A in total lung. All ratios on day 1 (1 day old) were
higher than at any other age (**: p<0.01). Sat-PC content per BW in alveolar washes decreased with age from 34 (24.5±43.5) mmol.kg-1 at day 1 to 2.0
(1.4±2.6) to 2.1 (0.9±3.3) mmol.kg-1 at 16M (16 months old) and 29M (29 months old) (day 1>3M (3 months old), #: p<0.001; 3M versus 16M, 29M,
p=0.06). In alveolar washes, SP-A content was similar in young adult and aged rats. Sat-PC content to BW and SP-A to BW in total lungs were similar in
adult 3M, 16M, and 29M rats. n=8 for day 1, n=10 for 3M, n=10 for 16M, and n=13 for 29M. Values are expressed as means and 95% confidence
intervals.
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Several studies have shown that changes in the relative
amounts of the surfactant aggregates within the airspace
occur in acute lung injury [23±25]. Whereas under normal
conditions the ratio of LA to SA obtained from lung
lavages was constant, this ratio was decreased in several
animal models of acute lung injury and patients with
acute respiratory distress syndrome (ARDS). On the other
hand, an increased LA to SA ratio was observed in some
other models of lung injury such as radiation pneumonitis
in mice [23] and ozone exposure in rats [24]. In the nor-
mal lung, LA of surfactant are thought to be the source of
the surface films at the air-liquid interface [26]. This film
is then refined to increase the concentration of Sat-PC
through changes in surface area with breathing, and then
small vesicles, primarily containing lipids, re-enter the
hypophase for recycling or catabolism. The conversion of
surfactant from LA to SA can also be reproduced in vitro
by using surface area cycling techniques [9, 17]. The
converted SA in vitro does not function as surfactant in
vivo and in vitro [10]. UEDA et al. [13] have previously
reported that the alveolar washes recovered from imma-
ture preterm lambs contained a significantly lower pro-
portion of LA than did the mature full-term lambs at 2 h
of age, due to the increased rate of conversion for the
surfactant from preterm lambs compared to that of mature
full-term lambs. Thus, the rate of form conversion is one
of the factors governing the size of functional surfactant
pools in the lungs. The current study found that alveolar
lavages recovered from aged rats contained a significantly
higher proportion of LA than did those obtained from the

young adult or newborn rats, which might reflect the
slower in vitro rate of form conversion in aged rats than in
young rats. The decreased form conversion could help to
maintain functional surfactant pool sizes in aged lungs.

The rate of in vitro conversion of LA to SA is regulated
by multiple factors. Conversion is more rapid for LA from
humans and animals with lung injury [14, 25]. Ventilation
style has also been suggested to affect the form con-
version in preterm lambs, as well as in a rabbit model of
acute lung injury [27, 28]. The conversion is thought to be
mediated by a serine protease, referred to as "surfactant
convertase" [17]. Recently, KRISHNASAMY et al. [29] pro-
posed that the surfactant convertase is a carboxylesterase.
The conversion of LA to SA is inhibited by SP-A [12,
30]. VELDHUIZEN et al. [31] found that SP-B was degraded
during the conversion from LA to SA, suggesting that SP-
B may be the substrate for "surfactant convertase". The
precise mechanism for the decreased conversion rate for
the surfactant from the aged rats is not known, but one
possible explanation may be the altered SP-A to Sat-PC
ratios with age. However, the possibility that surfactant
from aged animals has lower "convertase" activity or
higher SP-B content than that from younger animals
should not be excluded.

In the present study, no significant differences in Sat-PC
or SP-A content were found between 3 months old young
adult rats and 16 or 29 months old rats. However, the Sat-
PC content per body weight in the alveolar washes tended
to decrease from 3 to 29 months, while the SP-A content
surprisingly did not change during this period. The ratio of
SP-A to Sat-PC, therefore, increased with age. These find-
ings are also consistent with those in humans [6]. Because
Sat-PC and SP-A pool sizes in the total lung were similar
in young adult and aged rats, the altered SP-A to Sat-PC
ratios in alveolar washes could mainly be due to metabol-
icchangesbyagein these twomajorsurfactantcomponents.

CLEREX et al. [5] previously studied the effect of aging
on the phospholipid composition of canine surfactant.
They found an "improved" quality of surfactant (increas-
ed PC and phosphatidylglycerol contents and decreased
phosphatidylserine and sphingomyelin contents) in aged
dogs as compared with young dogs. Of note, they used
dogs aged 3±7 months as the young age group, before the
animals had the potential to reproduce. The current au-
thors found similar differences in phospholipid composi-
tion between surfactant from 1 day old rats and older rats.
It was also found that the phospholipid composition was
very similar among the "adult" groups. However, related
species and environmental factors must be studied before
firm conclusions can be made.

*** #,
SP

-A
/S

at
-P

C
  µ

g·
µm

ol
-1

  0

40
***

80

160

120

Day 1 3 M 16 M 29 M

*** #,

200

Fig. 3. ± Surfactant protein-A (SP-A) to saturated phosphatidylcholine
(Sat-PC) ratios in alveolar lavages from rats. SP-A to Sat-PC ratios in-
creased significantly with age (***:p<0.001, day 1 (1 day old) versus 3M
(3 months old), 16M (16 months old), 29M (29 months old); #: p<0.05, 3M
versus 16M, 29M). n=8 for day 1, n=10 for 3M, n=10 for 16M, and n=13
for 29M. Values are expressed as means and 95% confidence intervals.

Table 1. ± Phospholipid composition of pulmonary surfactant

Rat
Phospholipid type

age PC PG PE PI PS LPC SM

Day 1 78.9 (76.7±81.1)* 7.5 (5.6±9.4) 3.4 (2.9±3.9)* 3.4 (2.9±3.9)* 2.2 (1.4±3.0) 2.7 (1.9±3.5)* 1.9 (1.3±2.5)
3 months 83.4 (80.6±86.2) 8.6 (7.3±9.9) 1.5 (1.0±2.0) 2.3 (1.5±3.1) 1.1 (0.3±1.9) 1.6 (0.6±2.6) 1.6 (0.4±2.8)
16 months 83.3 (80.2±86.4) 8.7 (6.9±10.5) 1.8 (0.8±2.8) 2.1 (1.3±2.9) 1.3 (0.5±2.1) 1.5 (1.0±2.0) 1.6 (1.1±2.1)
29 months 82.6 (87.5±77.7) 8.8 (7.8±9.8) 2.0 (1.0±3.0) 2.1 (1.3±2.9) 1.5 (0.5±2.5) 1.4 (0.9±1.9) 1.8 (0.8±2.8)

Values are means with 95% confidence intervals in parentheses, (as a percentage of total phospholipid). n=4 for 1 day, n=5 for 3 months,
n=5 for 16 months and n=7 for 29 months old rats. *: p<0.05 (1 day versus 3, 16, 29 months old). PC: phosphatidylcholine; LPC: lyso-
phosphatidylcholine; PI: phosphatidylinositol; SM: sphingomyelin; PS: phosphatidylserine; PG: phosphatidylglycerol; PE:
phosphatidylethanolamine.
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A number of investigators have described the changes in
surfactant from gestation through the immediate newborn
period. OHASHI et al. [2] previously studied changes in SP-
A, Sat-PC pool sizes from 1 day to 100 day old rats, and
demonstrated that age-dependent changes in alveolar and
total lung SP-A and Sat-PC in rats continue during this
period. The current study showed that surfactant also al-
tered its properties and metabolism in the lung in old age.
Generally, rats weighing 150±400 g are used for studies
as "adult rats", but the current results are also suggestive
that investigators must be very careful to study surfactant
system in actual adult rats. The surfactant system in the
alveolar spaces may be changing continuously with age in
terms of metabolism.

In summary, this study demonstrated that aging is as-
sociated with intrinsic changes in surfactant in the rat lung.
Aging was accompanied by an increase in the proportion
of functional large aggregate forms and by a decrease in the
conversion rate from large to nonfunctional small ag-
gregate forms in vitro. Decreased form conversion could
help to maintain surfactant pool sizes in aged lungs. These
age-related changes may represent one of the mechanisms
compensating for deterioration of morphological and phy-
siological properties of the lung in aged animals.
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