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Abstract

Objective

Surfactant-specific proteins (SP) are responsible for the functional and structural integrity as

well as for the stabilization of the intra-alveolar surfactant. Morphological lung maturation

starts in rat lungs after birth. The aim of this study was to investigate whether the expression

of the hydrophilic SP-A and the hydrophobic SP-B is associated with characteristic postnatal

changes characterizing morphological lung maturation.

Methods

Stereological methods were performed on the light microscope. Using immunohistochemi-

cal and molecular biological methods (Western Blot, RT-qPCR), the SP-A and SP-B of adult

rat lungs and of those with different postnatal developmental stages (3, 7, 14 and 21 days

after birth) were characterized.

Results

As signs of alveolarization the total septal surface and volume increased and the septal

thickness decreased. The significantly highest relative surface fraction of SP-A labeled alve-

olar epithelial cells type II (AEII) was found together with the highest relative SP-A gene

expression before the alveolarization (3th postnatal day). With the downregulation of SP-A

gene expression during and after alveolarization (between postnatal days 7 and 14), the sur-

face fraction of the SP-A labeled AEII also decreased, so they are lowest in adult animals.

The surface fraction of SP-B labeled AEII and the SP-B gene expression showed the signifi-

cantly highest levels in adults, the protein expression increased also significantly at the end

of morphological lung maturation. There were no alterations in the SP-B expression before

and during alveolarization until postnatal day 14. The protein expression as well as the gene

expression of SP-A and SP-B correlated very well with the total surface of alveolar septa

independent of the postnatal age.
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Conclusion

The expression of SP-A and SP-B is differentially associated with morphological lung matu-

ration and correlates with increased septation of alveoli as indirect clue for alveolarization.

Introduction

The precondition for perfect breathing after birth is a morphologically mature lung with a suf-

ficiently large gas exchange surface and an intact surfactant system for reducing the surface

tension at the gas-liquid boundary of the distal airways [1,2]. The development of the lung can

be divided into a prenatal and postnatal section. The prenatal section comprises the embryonic

phase and the fetal phase. The fetal phase starts with the pseudoglandular stage, in which the

epithelial sprouts continue to branch out and make the lungs appear like a tubulo-alveolar

gland [3,4]. Further branching and distal widening of tubuli, epithelial differentiation of the

distal ends of the widened distal ducts into alveolar epithelial cells type I and type II and

increased capillarization displace more and more the mesenchyme in the canalicular stage

[3,4]. The saccular stage is characterized by formation of sacculi with thick primary septa lined

by alveolar epithelium. The primary septa are characterized by a lot of connective tissue and a

double layered capillary bed [3,4]. In the alveolar stage, secondary septa are formed leading to

an increase of the gas exchange region. The septa get thinner and a single layer capillary bed is

formed. The duration of each developmental phase and the state of differentiation of the lungs

at birth depends on the species and the postnatal behavior of the young. The sequence and

morphology of the lung development stages is congruent in all mammals [3]. Therefore, most

knowledge about lung development results from animal models, predominantly in mice.

Because alveolarization in altricial species takes place after birth, rodents are also suitable for

investigation of human diseases with delayed lung development such as bronchopulmonary

dysplasia [5–8].

The alveolarization in human starts prenatally and continues after birth until adulthood

[9]. Unlike humans, rats are born with morphologically immature lungs [9,10], that are still in

the saccular phase [11]. Bulk alveolarization starts at postnatal day 4 and continues until the

end of the third week. During alveolarization airspaces get smaller and septation of the distal

airspaces increase by forming new secondary septa [9]. At the end of the third week the vascu-

lar maturation leads to a single layered capillary bed [12]. Bulk alveolarization within the first

3 weeks results in a very strong increase of the alveolar surface [13–16]. However, some alveo-

larization continues until postnatal day 60 (continued alveolarization) [10]. Although rat pups

contain a morphologically immature lung, the surfactant system has to be mature enough to

facilitate breathing and to prevent alveolar collapse by reducing the surface tension of the ter-

minal airspaces [17,18]. Surfactant proteins and lipids are synthesized, secreted and recycled

by alveolar epithelial cells type II (AEII) [19,20]. The differentiation of AEII and the occur-

rence of surfactant in lungs were verified already during prenatal development [19–24]. It is

already known that in the late gestation period increased synthesis of surfactant lipids and pro-

teins occurred [19]. So mRNAs for SP-A, B and C are already prenatally present in the distal

portions of the ductal system in lung tissue of rats at 13 days gestation during the pseudogland-

ular period [24]. The synthesis of surfactant starts in the canalicular phase and therefore at a

time when 80% of the wearing time has already passed [25]. Although rats are born in the sac-

cular phase of lung development, which correspond to preterm human in the 23th gestation

week, the surfactant has to be mature enough to prevent collapse of airspaces during deflation
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and expansion of distal airways during inflation. The surfactant proteins play an important

role for formation, spreading and stabilization of the surfactant film as well as for inflamma-

tion silencing [26]. Particularly SP-A is involved in modifying surfactant homeostasis and is a

part of the innate host response to environmental challenges and protect the lung from oxida-

tive stress [27,28]. SP-B is crucial for the formation and the maintenance of the continuous

spread of the surfactant film [29].

Up to now, there is no systematic evaluation of the relationship between morphological

(alveolarization) and functional lung maturation including the surfactant system. Therefore,

the aim of this study was to verify alveolarization using stereological methods and to examine

whether the postnatal morphological maturation of the rat lung is associated with characteris-

tic changes in surfactant protein synthesis, especially of SP-A and SP-B.

Material and methods

F344 rats of either sex were kept under specific pathogen- and germ-free conditions. Further-

more, they had ad libitum access to food and water. Experiments had been approved by the

Nds. State Office for Consumer Protection and Food Safety (2015/87) and met the NIH Guide-

lines for the Care and Use of Laboratory Animals [NIH Publication No. 85. reprint 2002].

Processing of lungs

We investigated lungs of rats with different postnatal ages (3, 7, 14 and 21 days old) and adult

rats (90 days).

The animals were anesthetized with isoflurane under a glass bell. Under deep anesthesia,

the animal’s abdominal cavity was immediately opened and the animal was drained of blood

through a huge incision in the abdominal aorta, leading to the animal´s death. Following tho-

racotomy, the heart and the lungs were visible and the right ventricle was cannulated. The

lungs were then flushed with NaCl solution via the pulmonary artery. The left atrial appendage

was cut to relieve the volume pressure [30]. After flushing, the heart was clamped to prevent

blood from flowing back into the lungs. For histological studies, a cannula was inserted via the

larynx, advanced into the trachea and tied. The heart lung block was carefully removed for fur-

ther processing.

Molecular biology

For protein and RNA isolation, the rinsed lungs were cut into pieces using a razor blade. From

each area of the lungs approximately 3 mm blocks were taken, shock-frozen in liquid nitrogen

and stored at -80˚C until further protein and RNA isolation.

Western blotting of surfactant proteins. Approximately 20 mg of lung tissue per sample

together with 300 ml of RIPA Lysis buffer (EMD Millipore) and one tablet of protease inhibi-

tor (cOmplete Tablets Mini EASYpack, Roche, Switzerland) were lysed in the cell lysator for 2

minutes to isolate proteins. After cooling in an ice bath and holding in an ultrasonic bath five

times for 2 seconds each, probes were centrifuged for 10 minutes at 25,000 g at 4˚C. The super-

natant was used for the following protein quantification, which was carried out using the BCA

test [31]. Subsequently, proteins were separated using 10% and 16% SDS-polyacrylamide gel

electrophoresis. 20 μg of each sample were denatured together with 5μl application buffer at

70˚C for 10 minutes before applying it to the gel. After pipetting into the pockets of the stack-

ing gel, the gel run at 110 V for 1.5 hours. The separated proteins were blotted to PVDF (poly-

vinylfluorid) membranes (Bio-Rad, Feldkirchen, Germany). The blots were blocked in 3%

bovine serum albumin (BSA) or milk powder for 1 h. Incubation with the specific primary

antibody, Anti-Surfactant Protein B (Cat # 48604, Seven hills, Cincinnati, USA, 1:1000) diluted
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in 3% BSA and Anti-Surfactant Protein A (Cat # 31-1221-00, RevMab Bioscience, Burlingame,

USA, 1:1000), diluted in milk powder overnight at 4˚C followed. After several times of washing

in Tris-buffered saline with 0.1 Tween-20 (TBST), the membranes were incubated with the

secondary antibody (goat anti-rabbit- IgG, Cat # 111-036-144, Dianova, Hamburg, Germany,

1:20 000) for 1h. The protein-antibody complex was detected with enhanced chemilumines-

cence (ECL 500 solution A, Amersham Bioscience, Freiburg, Germany). For each SP two west-

ern blots were carried out and analyzed. Each electrophorese gel contained 15 gel bags.

Therefore, it was possible to load one gel with 15 different protein samples. Each gel contained

one loading control, 3 different lung samples per age group with exception of samples of adult

lungs, here 2 samples were loaded. Doing so, SP were proofed in 6 different lung samples of 3,

7, 14 and 21 days old rats and 4 different lung samples of adult rats.

Distinct gel bands were detected using the ChemiDoc Touch System (BioRad Laboratories,

Feldkirchen, Germany) and quantified by densitometric determination with the Image

QuantTM (Amersham Biosciences). Data were normalized to α-actin using a normalization

factor, the loading control for homogenates (α-Aktin, Cat # cs-32251, Santa Cruz, Dallas USA,

1:1000).

Real time quantitative (RT-q)-PCR analysis. RNA isolation from frozen lung samples

was carried out using the NucleoSpin KIT system from Marchery Nagel (Fisher scientific

GmbH Schwerte, Germany) following the manufacturers guidelines. Within the KIT there is

one step including the treatment with DNAse, so that there cannot be a contamination with

gDNA. For reverse transcription of RNA into cDNA, 1μg of the RNA of all samples was incu-

bated with 15μl water, 4μl of 5xiScript Mix and 1μl of iScript reverse transcriptase (BioRad

Laboratories, Feldkirchen, Germany) in the thermal cycler for 5 minutes at 25˚C, 20 minutes

at 46˚C and 1 minute at 95˚C. After the run, the samples were cooled down to 4˚C until they

were removed from the device and the cDNA was then stored at -20˚C. For the RT-q-PCR,

samples were evaluated in triplicate. ß-actin was used as housekeeping gene. The primers used

for the SP-A and SP-B gene are listed in Table 1. The primers were diluted to 300 nM by add-

ing 5 μL of reverse and forward to 190 μL of water for the primer mix. 0.8 μL of cDNA and

9.2 μL of master mix (iTaq Universal SYBR Green Supermix, Cat # 1725120, BioRad Laborato-

ries, Feldkirchen, Germany) were added per well. Subsequently, the plate was briefly centri-

fuged and then analyzed in the ThermoCycler (Bio-Rad, Feldkirchen, Germany). After a

2-minute start at 95˚C, the program includes 39 cycles of 5 seconds 95˚C and 20 seconds 60˚C.

Finally, the temperature was increased from 65˚C to 95˚C in 0.5˚C increments. Results were

expressed as mean ΔCq values normalized to β-Actin or as ΔΔCq values related to adults

regarded then as controls.

Immunohistochemistry

Lungs were instilled with a mixture of cryo-gel Tissue Tec (OCT, Torrance, CA, USA) and

PBS (1:3) using a special instillation device as described earlier [15]. After full inflation, the

lungs were slowly frozen on dry ice and stored in aluminum foil at -80˚ C for further

Table 1. Primer for Rtq PCR.

Sequenzen

ß-Actin forward

reverse

SP-A forward

reverse

SP-B forward

reverse

ATCCTCTTCCTCCCTGGAGA
AGGATTCCATACCCAAGAAGGA
CCTGCAGGCTCTGTATGTGG
TGCACTTGATACCAGCGACA
ACACAGGACCTCTCTGAGCA
CCAGCACACCCTTGGGAATC

https://doi.org/10.1371/journal.pone.0297889.t001
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processing. Using a cryostat (Leica CM 30505, München, Germany), 6 μm thick sections of

the lung were cut based on an age-appropriate section protocol. For evaluation, sections of dif-

ferent section planes were chosen randomly. The immunohistochemistry was performed with

a substrate staining method. The sections were first blocked with 3% peroxidase for 5 minutes

in the dark and after brief washing with distilled water incubated with 10% normal serum/goat

(Dako, Glostrup, Denmark) for 20 minutes. The sections were then blocked with avidin and

biotin (Vector Labratories, Newark, USA) for 15 minutes each. Afterwards, the primary anti-

body rabbit anti SP-A (Revmab Bioscience, Cat # 31-1221-00, Burlingame, USA, 1:100) and

rabbit anti SP-B (Merck, Cat # ABS21Dasmstadt, Germany, 1:100) was added to the sample in

Tris buffered saline and incubated overnight at 4˚C. The next morning, the samples were

rinsed again and incubated for one hour with the secondary antibody (goat anti rabbit biotiny-

lated, Cat # E0432, Dako, Glostrup, Denmark, 1:1000) at room temperature. After rinsing

again, an incubation with the ABC Kit Peroxidase (Vector Labratories, Newark, USA) fol-

lowed. The staining was performed with the DAB peroxidase substrate (Vector Labratories,

Newark, USA) for 10 minutes. Subsequently, for nuclear staining, the sections were stained

with hematoxilin for 45 seconds before the analysis followed.

Perfusion fixation

For determining the lung maturation stereologically, a cannula was connected with a hydro-

static pressure column. Both lungs were flushed with NaCl/heparin solution for 10 min via the

right ventricle, through incision of the left atrium. At the end of perfusion, the lungs were

inflated up to 30 cm H2O, deflated to 10 cm H2O and then fixed by vascular perfusion with

1.5% paraformaldehyde and 1.5% glutaraldehyde in 0.15M HEPES buffer. Afterward the

heart-lung block was removed and fixed by immersion for at least 24h. Before sampling and

further processing the lung volume was determined by the Archimedes principle [32]. After-

wards lungs were embedded in 2% aqueous agar, and each organ was cut from apical to caudal

into 2 mm slices using a tissue slicer as described in more detail earlier [33]. Tissue slices were

taken starting alternately with a random number. Embedding followed completely in glycol

methacrylate (Technovit 8100) or in epoxy resin, after further subsampling, into small tissue

blocks as already described [16]. 1.5 μm methylacrylate and 1 μm epon sections were cut and

stained with toluidine blue.

Stereology

The stereological evaluation was carried out using the point and intersection counting accord-

ing to the guidelines for quantitative assessment of lung structure [34]. Therefore, the software

visiopharm (Visiopharm, Hoersholm, Denmark) was used. Test fields were sampled all over

the section by the software according to the systematic random sampling to guarantee that

each area of the section has the same chance to be evaluated. Doing so, 20% or 30% of one sec-

tion were evaluated.

After immunohistochemical staining of cryosections, the surface fraction of SP-labelled

AEII was evaluated as described earlier [14,15,35,36]. Briefly, the number of intersections with

labelled AEII and with the alveolar surface were counted and were given as percentage of the

septal surface. The relative surface fraction of SP-labelled AEII (Intersections AEII / AEII

+ AEI; %) is a suitable tool for quantifying the amount of AEII showing sufficient labelling.

Per animal at least 3 samples of different regions of the lungs were evaluated, so that between

100 and 200 counting events per parameter (e.g. intersections with positive cells) could be

counted so that more than 100 positive labeled cells per animal were counted.
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To get information about morphological lung maturation, the surface (SV(septa/par)) and

volume densities (VV(septa/par) of alveolar septa related to parenchyma, the volume densities

of distal airways (VV(airsp/par)) related to parenchyma, as well as the mean barrier thickness

(τ), were determined as described elsewhere [15,16,37]. To get values independent of the refer-

ence space surface and volume densities were multiplied with VV(par/par + nonpar) and lung

volume [37].

Statistics

All values are given in mean ± SD. Significant differences were evaluated using the One-Way-

ANOVA test for normally distributed values and the nonparametric Kruskal-Wallis test for

not normally distributed values. Multiple comparisons were corrected with the Dunnett´s

multiple comparison test. Correlation analyses were carried out using the non-parametric

Speaman correlation test. A level of two tailed p< 0.05 was considered to be significant. The

Graph Pad Prism 6.07 (Statcom, Witzenhausen, Germany) was used.

Results

Histology of lung parenchyma

3 days (d) old pups showed no signs of alveolarization. More or less wide sacculi are visible.

The so called primary alveolar septa equipped with double capillary beds look remarkable

thick (Fig 1A). Lungs of 1 week old rats showed signs of alveolarization. Sprouts of secondary

septa from the primary septa are visible (Fig 1B). The septa are moderately thick, partly some

remarkable thick septa are visible. They still contain a double capillary bed. The terminal air-

spaces seem to get smaller. Ductus alveolares and sacculi could not be clearly differentiated. In

lungs of 14 days old rats alveolarization has proceeded and partly numerous alveoli lined with

secondary septa are visible. Ductus alveolares and alveoli can be differentiated (Fig 1C). The

alveolar septa containing primarily two capillaries are much smaller than in 7 days old lungs.

After 21 postnatal days, secondary septa with mainly single layered capillary beds are seen

(Fig 1D). In adults, lung parenchyma consists of many alveoli and ductus alveolares (Fig 1E).

Stereological parameters characterizing alveolarization

During alveolarization the volume fraction as well as the total volume of parenchymal air-

spaces did not differ (Fig 2A and 2B). Compared to 3 d old rats there was a significant increase

of parenchymal airspace volume at the end of morphological maturation (Fig 2B). The septal

volume fraction did not change significantly during bulk alveolarization (Fig 2C). In adults,

the septal volume fraction was significantly lower compared to 3 and 7 d old rats (Fig 2C).

However, the septal volume was already at the end of morphological lung maturation signifi-

cantly higher compared to 3 d old rats (Fig 2D).

The surface density of the septa as well as the total septal surface differed on postnatal day

21 significantly compared to postnatal day 3 (Fig 3A and 3B). The significant increase of septal

surface can be regarded as indirect hint for alveolarization. 21 days after birth the septal thick-

ness was significantly lower compared to postnatal day 3 (Fig 3C). Between the end of mor-

phological maturation and the adult age no differences in septal thickness were visible.

Thus, the end of morphological maturation on postnatal day 21 was characterized by signif-

icantly increase in volume of parenchymal airspaces, alveolar septa as well as in surface of

septa and decrease in septal thickness. After the end of morphological maturation on day 21,

parameters characterizing morphological lung maturation showed no differences compared to

adult lungs (Figs 2 and 3).
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SP-A labeling

Lung parenchyma of newborn 3 days old pups showed numerous SP-A labeled AEII distrib-

uted more or less in corners of thick alveolar septa with a double-layered capillary bed

(Fig 4A). After 14 days during the so-called bulk alveolarization, the alveolar septa were

smaller, the capillary bed remained mostly double layered and the SP-A labeling of AEII

seemed less numerous (Fig 4B). At the end of morphological lung maturation (21 d old rats)

the capillary bed was single layered, the septal thickness was comparable with adults and the

SP-A labeling showed no clearly visible alterations compared to adult lungs (Fig 4C and 4D).

Determining the relative surface fraction of SP-A labeled AEII, a significant decrease during

alveolarization and at the end of morphological lung maturation was evaluated (Fig 5A). However,

the protein expression of SP-A on postnatal day 3 was comparable with values during and after

alveolarization (Fig 5B). The protein expression values based on densitometric determination of 2

western blots (Fig 5C). The relative expression of the SP-A gene showed the significant highest lev-

els before alveolarization. At the end of morphological lung maturation, the gene expression was

significantly reduced. The significant lowest values were seen in lungs of adults (Fig 5D). If the

Fig 1. Histology of lung parenchyma. a) 3 days old rats: more or less pronounced saccules surrounded by thick primary septa containing a double layered

capillary bed are visible (scale bar; 200μm). b) 7 days old rats: alveolarization has started. Protrusions of secondary septa are seen sporadically (arrows). The

septa appear still thick (scale bar; 200μm). c) 14 days old rats. Alveolarization is almost completed. Ductus alveolares (DA) are visible. Protrusions of secondary

septa are seen frequently. The size of air spaces has been decreased (scale bar; 200μm). d) 21 days old rats: numerous alveoli with more or less small alveolar

septa are seen. The capillary bed is single layered. The size of airspaces is smaller than in the younger developmental stages (scale bar; 200μm). e) Adult rats with

thin alveolar septa and numerous small alveoli (scale bar; 200μm).

https://doi.org/10.1371/journal.pone.0297889.g001
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expressions were related to the adult animals as a comparison group and the expressions of the

adult animals are set as 100% (ΔΔct values), the AEII of the 3 and 7 days old lungs showed signifi-

cantly higher values with 7 to 8 times the expression compared to the 21 days old animals (Fig 5E).

SP-B labeling

Before alveolarization, the thick septa surrounding saccular airspaces contain some SP-B

labeled AE II (Fig 6A). Qualitatively no differences of SP-B labeling were found during mor-

phological lung maturation. Labeling was comparable with that of 3 days old lungs after 14

and 21 days (Fig 6B and 6C). In the alveolar space SP-B labeled alveolar macrophages were vis-

ible (Fig 6B and 6C, arrows). The SP-B labeling of AEII in the corners or within the thin septa

in lungs of adult rats did qualitatively not differ from the other groups (Fig 6D). However,

determining the relative surface fraction of labeled SP-B, a significant increase of SP-B labeled

AEII in adult lungs compared to newborn was observed (Fig 7A).

Looking at the protein expression, no differences of the labeling intensity were found before and

after alveolarization. The significant highest protein expression was determined at the end of

Fig 2. Stereological parameters: Volume density and total volume of parenchymal airspace and alveolar septa during postnatal

development. P values: *p<0.05, **p<0.01, ****p<0.0001. a) VV (airspace/parenchyma). b) Total volume of parenchymal airspace related

to right lung (airspace, lung). c) VV (septa/parenchyma). d) Total volume of alveolar septa related to right lung (septa, lung).

https://doi.org/10.1371/journal.pone.0297889.g002
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morphological lung maturation compared to values obtained before alveolarization occurred

(Fig 7B). The protein expression values based on densitometric determination of 2 western blots

(Fig 7C).

The relative gene expression of SP-B showed comparable values during alveolarization. The

highest values were seen in lungs of adult rats. Significant differences were determined

between 7, respectively 14 days old lungs compared to adults (Fig 7D).

The SP-B expression values normalized to the housekeeping gene and to the control group

do not show any alterations before and during alveolarization but significantly higher values at

the end of morphological maturation at postnatal day 21 (Fig 7E).

Fig 3. Stereological parameters: Surface density and total surface of alveolar septa as well as septal thickness during postnatal

development. P values: *p<0.05, **p<0.01, ****p<0.0001. a) SV (septa/parenchyma). b) Total surface of alveolar septa related to right lung

(septa, lung). c) Thickness of septa presented as mean barrier thickness.

https://doi.org/10.1371/journal.pone.0297889.g003
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Correlation between SP-A expression and septal surface

To get more information about a possible relationship between morphological lung matura-

tion and surfactant maturation during postnatal lung development in rats, we carried out

some correlation analyses between the expression of the investigated surfactant proteins and

the surface of alveolar septa. The increase of septal surface is caused by formation of new alveo-

lar septa and is therefore an indirect hint for alveolarization.

Regarding the SP-A expression, no relation was found between the percentage of SP-A

labeled AE II and the increase of alveolar septal surface (Fig 8A and 8B). The SP-A protein

content exhibited no relation with total surface of alveolar septa (Fig 9B). A significant negative

correlation was found between SP-A gene expression and the formation of alveolar septa

(Fig 10A and 10B). Looking at the expression of SP-B, we ascertained a positive correlation

between increase of the percentage of SP-B labeled AE II and total septal surface (Fig 8D). A

positive correlation was also determined between the SP-B protein content and the septal sur-

face density as well as the septal surface (Fig 9C and 9D). SP-B gene expression values corre-

lated positively with the total septal surface (Fig 10D).

Discussion

This study examined the expression of the SP-A and SP-B during postnatal morphological

lung development in rats. On the one hand, our results showed clearly that on day 21 stereo-

logical parameters characterizing morphological lung maturation, are comparable to those of

Fig 4. SP-A labeling of alveolar epithelial cells type II (AEII). Immunolabeling of cryostat sections from 3-day-old

(a), 14-day-old (b), 21-day-old (c), and adult (d) rats. Lung parenchyma exhibits SP-A positive AE II.

https://doi.org/10.1371/journal.pone.0297889.g004
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adults, but significantly differ compared to values of newborn lungs before alveolarization.

The increase of total septal surface combined with the decrease of septal thickness is regarded

as an indirect hint for the increase of the number of terminal gas-exchange units by secondary

septation out from the walls of saccules and therefore an indirect hint for alveolarization.

Fig 5. Expression of surfactant protein A (SP-A): Immunohistochemical level, protein expression level, gene expression level. P values:

*p<0.05, **p<0.01, ***p<0.001. a) Relative surface fraction of SP-A labeled alveolar epithelial cells type II (AEII). b) SP-A protein expression

(western blotting). c) Western blots used for densitometry. d) Relative SP-A gene expression (mRNA content). e) SP-A gene expression related to

controls.

https://doi.org/10.1371/journal.pone.0297889.g005
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These results are in accordance with other publications, but differ with regard of time points,

species and question of the study [10,11,14,16,38–41]. An increase of the number of alveoli

within this time period was additionally shown by others in rat and mouse lungs [16,41]. On

the other hand, the investigated surfactant proteins exhibit partly different patterns of expres-

sion independent of the stages of morphological lung maturation. In detail, the relative surface

fraction of SP-A labeled AEII and the gene expression of SP-A showed the highest values in

the first days after birth, before alveolarization started and decreased significantly until the end

of morphological lung maturation. Our results are in accordance with those of other studies.

Using the enzyme-linked immunosorbent Assay (ELISA), an increase in the SP-A content

with a maximum on the first postnatal day was determined [42–44]. Also the content of alveo-

lar and total lung SP-A relative to body weight and surface area was higher on the first postna-

tal day than in all other age groups [45]. The very high gene expression values of SP-A, and the

relative surface fraction of SP-A labeled AEII may be explained by its dual function [46]. SP-A

as well as SP-D have an immunomodulating effect [43,47]. SP-A and SP-D belong to a protein

family called collectins [48]. The lectin domain binds on the surface of pathogens to opsonize

them for uptake by phagocytes [48]. The collectins also have the ability to modulate the func-

tions of cells of the adaptive immune network such as dendritic cells and T lymphocytes

[48,49]. This immunological function is particularly important in the first few days after birth,

as the animals get in contact with many different pathogens. The SP´s support the innate

immune defense, since the adaptive immune defense in newborns is not yet developed and has

to develop first [50], which explains the higher surface proportion of the SP-A marked AEII.

Fig 6. SP-B labeling of alveolar epithelial cells type II (AEII). Immunolabeling of cryostat sections from 3-day-old (a),

14-day-old (b), 21-day-old (c), and adult (d) rats. Lung parenchyma exhibits SP-B positive AEII.

https://doi.org/10.1371/journal.pone.0297889.g006
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The expression rate of SP-A in newborn lungs is probably highest due to the first exposure to

various foreign substances in the inhaled air associated with birth. Some investigations support

this assumption. So lower concentrations of SP-A in prematurely born children with an imma-

ture surfactant system (< 32 weeks) [42] are associated with an increased risk of infection.

Studies on SP-A knockout mice also showed an increased susceptibility to infection [51,52].

Surprisingly, the measured SP-A protein expression showed no differences and great variation

Fig 7. Expression of surfactant protein B (SP-B): Immunohistochemical level, protein expression level, gene expression level. P values:

*p<0.05, **p<0.01. a) Relative surface fraction of SP-B labeled alveolar epithelial cells type II (AEII). b) SP-B protein expression (western

blotting). c) Western blots used for densitometry. d) Relative SP-B gene expression (mRNA content). e) SP-B gene expression related to

controls.

https://doi.org/10.1371/journal.pone.0297889.g007
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before, during and after morphological lung maturation. One explanation may be that lungs

were not lavaged. Therefore, the SP-A tissue content in the tissue blocks had different origin.

It comes not only from AEII, but also from club cells of the bronchiolar or bronchial epithe-

lium, which also synthesize SP-A [22,36,53–55]. The tissue also comprised intra-alveolar SP-A,

bound to tubular myelin or to the surface film [56,57]. Additionally SP-A was taken up by

Fig 8. Correlation analyses between a) relative surface fraction of SP-A labeled AEII and septal surface density. b) relative surface fraction of

SP-A labeled AEII and total septal surface. c) relative surface fraction of SP-B labeled AEII and septal surface density. d) relative surface fraction

of SP-B labeled AEII and total septal surface.

https://doi.org/10.1371/journal.pone.0297889.g008
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alveolar macrophages [54,58]. The superposition of SP-A synthesized in AEII or cube cells or

reabsorbed by macrophages and intra-alveolar SP-A bound to phospholipids in the tissue

blocks of the not lavaged lungs may be one reason for the constant protein levels independent

of the postnatal age. However, correlation analyses of SP-A expression and alveolarization

independent of the age, a not significant interrelation between alveolar septal surface and SP-A

expression was found. Our results indicate that the gene expression of SP-A and the alteration

of alveolar septal surface are linearly related to each other. SP-A expression decreased with

increased septal surface area.

Fig 9. Correlation analyses between a) SP-A protein expression and septal surface density. b) SP-A protein expression and total septal surface. c)

SP-B protein expression and septal surface density. d) SP-B protein expression and total septal surface.

https://doi.org/10.1371/journal.pone.0297889.g009
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The expression rate of SP-B during postnatal development differs considerably in compari-

son to SP-A. Before and during the formation of secondary septa, the surface fraction of SP-B

labeled AE II, the SP-B protein expression as well as the m-RNA content exhibits no differ-

ences. At the end of remodeling and maturation of interalveolar septa as well as of the capillary

bed, the SP-B protein expression increases, whereas the surface fraction of SP-B labeled AEII

Fig 10. Correlation analyses between a) SP-A gene expression and septal surface density. b) SP-A gene expression and total septal surface. c) SP-B gene

expression and septal surface density. d) SP-B gene expression and total septal surface.

https://doi.org/10.1371/journal.pone.0297889.g010
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and the mRNA content reached significant higher values in adults. The data show also quite

well that before and in the alveolarization phase SP-B is continuously transcribed, translated

and, after post-translational modification, stored in multivesicular bodies, in lamellar bodies

and thus becomes immunohistochemically detectable without any significant differences. The

significant increase in tissue protein expression of SP-B after the end of morphological lung

development possibly indicates an overlay with SP-B synthesized in the club cells and/or taken

up by macrophages [54,59,60]. Moreover, in the not lavaged lungs intracellular SP-B as well as

intra-alveolar SP-B was determined. Because the significant increase of SP-B protein content

at day 21 is linked with the end of bulk alveolarization leading to a strong enlargement of the

septal surface. Thus, increased amounts of SP-B are necessary for the formation of the phos-

pholipid film in the alveolar hypophase of the numerous new formed alveoli may be also con-

ceivable. Looking at the mRNA content, differences are visible between adults, 7 and 14 days

old lungs. No differences are seen between 21 days old lungs and adult lungs. The SP-B label-

ing of AEII is firstly significant in adults. Summarizing this, it becomes clear, that the level of

SP-B expression and the maturity level e.g. alveolarization are related to each other, which is

also proofed by correlation analyses, showing a linear relationship between SP-B expression

and alveolarization. Thus, SP-B expression increases with the increase of septal surface to guar-

antee a continuous spreading of surfactant over the increasing inner alveolar surface, because

SP-B is responsible for the spreading of the surfactant film [29]. Therefore, in adults, which

finished the bulk and continued alveolarization phase, the significant highest septal surface is

combined with the significant highest mRNA content and surface fraction of SP-B labeled

AEII. At this point of time, the alveoli are fully developed, so that an increased production of

SP-B is necessary and accordingly an increased gene expression of SP-B is to be expected for

the stabilization of the alveoli. While the expression rates of SP-B are still comparable before,

during and after bulk alveolarization, significantly increased values are found in adult age

compared to the times when alveolar formation takes place more intensively. This suggests

that in adult animals the reduction in surface tension is accompanied by increased stabilization

of the phospholipids and that accordingly the gene expression rate of SP-B has to adapt to the

increased requirements.

Our results regarding the expression of SP-B genes partly correspond to results of Randell

et al., who detected an increased tissue content of SP-B mRNAs before birth, a decrease during

the first postnatal week, and then again an increase reaching the highest levels in adults [22].

Comparative studies of morphological and functional lung maturation are not yet available.

This is to our knowledge the first study, which determines the expression of the two crucial SP

on the histological, protein and RNA level at different times during postnatal lung develop-

ment in rats and its relation to stereologically determined parameters of lung development.

However, one limitation of our study is that we did not carry out a differential analysis with

respect on sex. There exist several studies indicating a critical role of sex hormones in fetal

lung development [61,62]. Female estrogen and progesteron receptor expression peaked pre-

natal and showed reduced levels at birth and in adult mice [62]. It was found that in fetal rat

and rabbit estrogens stimulate both the formation and secretion of surface-active phospholip-

ids and stimulate expression of surfactant protein A and B mRNAs as well as increase the num-

ber of AEII and the formation of lamellar bodies [61]. A comparison of prenatal lung

development of female and male mouse lungs based on interacting genes, surfactant related

genes and several genes of regulating lung development, showed a clearly delay in prenatal

lung maturation of male in the canalicular period [63]. The prenatal transition from the cana-

licular to the saccular period is characterized by a surge of surfactant production. Data about

remaining delay in lung development and maturation after birth are missing. However, a

study comparing female piglets and male piglets delivered one day before birth by caesarian
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section, showed lower SP-B and VEGF expressions in their lungs, but comparable alveolariza-

tion was measured by alveolar counts [64]. Further studies are necessary to proof whether the

described estrogen dependent prenatal acceleration of lung maturation primarily in the late

fetal lung development continues postnatally.
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