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Abstract
It is well established that glucocorticoids elevate the production of fibroblast-pneumocyte
factor (FPF), which induces type II cells to synthesize surfactant phospholipids. FPF,
however, has not been identified and it is not clear whether it is a single factor or a complex
mixture of factors. In this study it has been shown that, when lung fibroblasts are exposed to
dexamethasone, the concentration of neuregulin-1β (NRG1β) in conditioned medium is
elevated 2-fold (p < 0.05), even though NRG1β gene expression is unaffected. This, together
with the finding that exposure of type II cells to NRG1β directly stimulates by 3-fold the rate
of phospholipid synthesis (p < 0.05), suggests that NRG1β is a component of FPF that
promotes lung development.
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Introduction
The fetal lung undergoes extensive physiological and biochemical maturation prior to birth in
preparation for its postnatal function as an organ for gas exchange. Pulmonary surfactant, a
substance that reduces surface tension and prevents alveolar collapse, is produced by type II
pneumocytes in the developing lung [1,2]. Any reduction in the ability of type II cells to
produce surfactant leads to neonatal respiratory distress syndrome (NRDS) [1]. Synthesis of
the major phospholipid component of surfactant, phosphatidylcholine, was shown to be
stimulated by glucocorticoids [3] even though they have no effect when directly applied to
type II cells. However, when lung fibroblasts were cultured in the presence of glucocorticoids,
the resultant fibroblast-conditioned media (FCM) is known to stimulate surfactant production
in cultured type II cells [4]. This indirect effect of glucocorticoids upon surfactant
phospholipid synthesis was attributed to a fibroblast-derived peptide, termed fibroblastpneumocyte factor (FPF) [5]. It was subsequently reported that purified FPF was able to
directly stimulate the synthesis of surfactant-associated phospholipids [6]. Even though
several peptides have been shown to have properties similar to FPF [7-9], the chemical nature
of FPF is still not certain.
Torday et al. [7] have shown that leptin, a 16 kDa peptide expressed by fetal lung fibroblasts,
stimulates de novo synthesis of surfactant phospholipids in type II cells. Coupled with the
observation that dexamethasone, which is known to stimulate production of FPF, also
stimulated expression of leptin mRNA, they concluded that leptin might be FPF [7].
However, neuregulin-1β (NRG1β) has also been shown to play a major role in the
development and maturation of the fetal lung. Dammann et al. [8] provided evidence that the
stimulation of surfactant synthesis in type II cells by media previously conditioned by
fibroblasts in the presence of dexamethasone can be mimicked by NRG1β and inhibited by
antibodies raised against this peptide.
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Neuregulins are part of the epidermal growth factor (EGF) family [10], and interact with
several members of the ErbB family of receptors [11]. NRG1β is known to have a role in the
early stages of lung development [12], and ErbB receptors are distributed throughout the
developing lung [12,13]. Dammann et al. showed that dexamethasone, a steroid used to
stimulate production of FPF by fibroblasts, also regulated levels of ErbB receptors in the fetal
lung [14]. Zscheppang et al. used small interfering RNA to show that ErbB4 regulates
surfactant phospholipid synthesis in the fetal rat type II cells [15].
Surfactant production is also induced by keratinocyte growth factor (KGF) [16-18], otherwise
known as fibroblast growth factor 7. This peptide is a product of lung mesenchymal cells and
stimulates both the synthesis of the major component of surfactant, disaturated
phosphatidylcholine, as well as the expression of the SP-A, -B and –C genes in a dosedependent manner [17]. However, although KGF has many of the properties of FPF, its size
(28 kDa) [19] is much larger than the 5-15 kDa ascribed to FPF [20]. Thus, in this study the
focus was on the specific effects of leptin and neuregulin-1β on surfactant phospholipid
synthesis and secretion in cultured fetal type II pneumocytes.
From the above it is clear that NRG1β performs an important role in this system, although the
exact details of the mechanism have not been elucidated. In this study we have examined the
effect of NRG1β on surfactant phospholipid synthesis over a range of concentrations and
exposure times, and have also compared the effects of NRG1β and leptin on this synthesis. In
addition, the effect of dexamethasone on NRG1β production by fibroblast cells, including
mRNA expression and direct quantification using liquid chromatography-mass spectrometry
(LC-MS), was examined.
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Materials and Methods
Animals
Nineteen-day pregnant rats of the Wistar strain of Rattus norvegicus (22-day gestation period)
were supplied by the Animal Resource Centre (Murdoch, Australia). The presence of sperm
in a vaginal smear after overnight mating indicated conception had occurred and was
designated day zero. Experiments complied with National Health and Medical Research
Council guidelines, and were approved by the university’s Animal Ethics Committee.
Materials
Eagle’s minimal essential medium (MEM) and newborn bovine serum (NBCS) were obtained
from Thermo Fisher Scientific (Waltham, USA). Radiolabelled compounds were supplied by
GE Healthcare (Little Chalfont, UK). HPLC grade acetonitrile was obtained from Burdick
and Jackson (Muskegon, USA) and water was obtained from a Milli-Q system (Millipore
Corp., Billerica, USA). Lyophilized recombinant human neuregulin-1β (heregulin-1β,
7.5 kDa) (PeproTech, Rocky Hill, USA) was reconstituted in Milli-Q water. The SV total
RNA isolation and OneStep RT-PCR kits used for RT-PCR reactions were purchased from
Promega Corporation (Madison, WI, USA) and Qiagen Sciences (Germantown, MD, USA),
respectively. All other reagents were supplied by Sigma Aldrich (St. Louis, USA).
Preparation of media
Eagle’s minimal essential medium was reconstituted according to the manufacturer’s
specifications, supplemented with 0.2% NaHCO3 and adjusted to pH 7.4. To this was added
L-glutamine, penicillin G and streptomycin sulfate to final concentrations of 2.6 mM,
100 IU/mL and 135 μM, respectively. The medium was then sterilized by filtration through a
0.22 μm filter and amphotericin was added to a final concentration of 3.2-3.6 μg/mL. The
medium was then supplemented to include 10% charcoal-treated NBCS.
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Isolation of fibroblasts and type II pneumocytes
Pregnant rats (19 days gestation) were asphyxiated with CO2 and fetuses delivered by
Caesarean section. The fetal lungs were removed, minced and incubated with collagenase
(0.05 IU.mL-1) for 20 minutes in a 37°C shaking water bath, as previously described [21,22].
After filtration through two layers of sterile French voile, the cells were centrifuged at 20 g
for 2 min and the pellet resuspended in serum-free medium. This suspension was plated
(6 lungs per plate) onto 6 cm diameter culture plates (Corning Life Sciences, Lowell, USA)
and incubated for 30 minutes at 37°C in a humidified CO2 incubator to allow adhesion of
fibroblasts. Non-adhering cells were removed by gentle swirling and the medium replaced
with serum-containing media. The non-adhering cells were used to isolate type II
pneumocytes, according to the method of Dobbs et al.[23]. The type II cell medium was
changed after 24 and 72 h. When the cells had been cultured for 3 days the cultures were
nearly confluent and consisted predominantly of differentiated type II cells, each containing
numerous lamellar bodies and being capable of both synthesis [21] and secretion [22,24] of
surfactant phosphatidylcholine.
Preparation of fibroblast-conditioned medium
Confluent fibroblast cultures were considered free of contamination from type II cells as
judged by microscopy. Media was removed from the plates and replaced with serum-free
medium supplemented with either dexamethasone in propylene glycol or vehicle (control).
Plates were returned to the incubator for a further 24 hours, after which FCM was collected
and stored at -80°C. Prior to assay, each FCM was thawed and heat-treated at 65°C for 60
minutes to remove known inhibitory factors [5]. After cooling to room temperature, they were
filtered through 0.22 μm filters and diluted 1:4 with serum-free medium.
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Assay of synthesis of surfactant phospholipids
The medium from confluent type II pneumocyte cultures was removed and replaced with
3.0 mL of either diluted FCM supplemented with the corresponding additives or serum-free
media supplemented with the indicated concentrations of heregulin-1β or leptin. After 21 h of
culture, serum-free medium containing [methyl-3H]-choline chloride (final concentration
1.0 μCi/mL) was added and the plates further incubated for the indicated times. After this
final incubation, incorporation of [3H]-choline into cellular surfactant phospholipid (expressed
as dpm/µg DNA) was determined as described by Sen and Cake [21]. The radiolabelled
material produced using this method was previously validated using TLC and shown to
consist predominantly (> 85%) of phosphatidylcholine (PC), of which disaturated PC was the
major component [22].
RT-PCR quantification
The RT-PCR primers for the GAPDH and NRG1β mRNA assays were designed to include a
splice junction between the forward and reverse primers thereby providing the means of
distinguishing between the products of mRNA and genomic DNA based on the size of the
products. Each of the primers were checked for melting temperature (TM) and cross reactivity
with other sequences using Primer3 and BLAST software, respectively. Agarose
electrophoresis of the RT-PCR products demonstrated that neither primer dimer formation nor
interference with GAPDH primers were evident. The forward and reverse primer sequences
chosen for the GAPDH and NRG1β RT-PCR assays are shown below:
Primer Size (bp)
207
GAPDH
196
NRG1β

Forward primer sequence
5’-agacagccgcatcttcttgt-3’
5’-acgactgggaccagccatc-3’

Reverse primer sequence
5’-cttgccgtgggtagagtcat-3’
5’-tctggtagagttcctccgctttg-3’

GAPDH and NRG1β TaqMan probes, which had melting temperatures approximately 10ºC
higher than either of the forward and reverse primers, were designed with an Iowa Black®
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quencher at the 3’ end and FAM (green) or Cy5 (red) covalently attached at the 5’ end,
respectively. The sequence of these probes is shown below:
Probe
GAPDH
NRG1β

Dye
FAM
Cy5

TaqMan probe sequnce
5’(FAM)-ccgtgtgaacggatttggccgtatc-(IABkFQ) 3’
5’(Cy5)-tggcaacgatcaccagtaaactcatttgg-(IAbRQSp) 3’

Total cellular RNA was extracted using a SV Total RNA Isolation System (Promega
Corporation, Madison, WI, USA). All pipette tips and microcentrifuge tubes used were
certified nuclease-free. Following extraction, RNA extracts were stored at -70°C until
quantification. RNA quantification of each extract was made using an Agilent 2100
Bioanalyzer with an Agilent RNA 6000 Pico kit (Agilent Technologies Inc., Santa Clara, CA,
USA). The extracts were diluted such that an aliquot containing 5 ng of mRNA was added to
each RT-PCR.
To measure relative gene expression, QIAGEN OneStep RT-PCR was undertaken using a
QIAGEN Rotor-Gene Q6000 (QIAGEN, Hilden, Germany). For each RNA extract, a PCR
reaction was set-up in a UV-sterilised, RNase-free PCR tube (Axygen - Fisher Biotec, Perth,
Western Australia), containing forward and reverse primers as well as the TaqMan probes for
GAPDH and NRG1β. It was established that an annealing temperature of 57ºC provided the
best specificity and the highest yield of product. Thus, the reaction mixtures were incubated at
50°C for 30 minutes followed by denaturation at 95ºC for 15 minutes. This was followed by
40 cycles using the following parameters; 94°C for 30 sec; 57°C for 30 sec and 72°C for
60 sec. The reactions were then held at 72°C for 10 minutes. The RT-PCR products were then
analysed for the expression of NRG1β relative to GAPDH using the method of Pfaffl [25].
Liquid chromatography-mass spectrometry (LC-MS)
Mass spectrometry was undertaken using an Agilent Classic series ion trap mass
spectrometer. The MS was operated in positive ionization mode using electrospray ionization.
6

Nebulizer pressure was set at 35 psi and drying gas was set at 10 L/min of N2 and 325°C.
Standards and samples were infused directly into the MS at 5 μL/min using a KD Scientific
100 syringe pump (KD Scientific, Holliston, USA). Two identifier ions were selected:
m/z 1068.5 ([M+7H]7+), and 1246.7 ([M+6H]6+). MS/MS was performed on m/z 1068.5, and
this generated fragment ions, of which m/z 958.3 (a263+), 1028.7 (y26+) and 1047.3 were
selected.
To allow quantification, an Agilent 1100 capillary HPLC (Agilent Technologies) was coupled
to the ion trap MS. The analytical column used was an Agilent Zorbax 300SB-C18 capillary
column with dimensions of 100 mm x 0.3 mm with 3.5 μm particle size. Mobile phase
solvents consisted of (A) water + 0.1% formic acid and (B) acetonitrile + 0.1% formic acid.
Flow rate was set at 5 μL/min with a gradient as follows (A:B): 0 min – 90:10,
10 min - 90:10, 25 min – 0:100, 35 min – 0:100. Standard NRG1β eluted at a retention time of
12.5 minutes, and a standard curve for NRG1β was prepared in triplicate over the range of
0.01 to 1.33 nM. This curve showed a very strong correlation (R = 0.998).
Data analysis
Statistical analyses were performed using SPSS Statistics for Windows 21.0.

Repeated

measures ANOVA [26] was used to analyze the time-course experiment and for ascertaining
differences between 3 or more experimental conditions. If significance was determined in the
later case, the ANOVA was followed by Dunnett pairwise comparisons of the various groups.
LC-MS analysis was undertaken using Agilent ChemStation for LC 3D (Rev. B.09.03) and
Bruker-Daltonik MSD Trap Control software (v. 5.1) (Bruker-Daltonik, Bremen, Germany).
Results and Discussion
Effect of fibroblast-conditioned medium on surfactant phospholipid synthesis
Six pairs of control and dexamethasone-treated FCM were assayed for their effect on
surfactant phospholipid synthesis in cultured type II pneumocytes. FCM generated in the
7

presence of 100 nM dexamethasone enhanced by 24% the rate of surfactant phospholipid
synthesis by type II cells when compared to that measured in control cultures (Figure 1A;
p < 0.05). Previously, this increase has been ascribed to the generation of FPF, which is
produced by lung fibroblasts and acts on type II pneumocytes to enhance surfactant
phospholipid synthesis [6,27]. Dammann et al. [8] observed that 1 and 10 nM NRG1β were
able to mimic the effect of FPF, suggesting that it may be involved in the FPF response.
In order to quantify the amount of NRG1 present, the same six pairs of control and
dexamethasone-treated FCM that were used above were also analysed by LC-MS. The mean
NRG1β concentration in the control FCM was 2.65  0.23 nM, while in the test FCM it was
5.55  0.19 nM (Figure 1B). These findings indicate that fibroblast cells produce and secrete
NRG1β in the absence of dexamethasone stimulation, but that its concentration was more
than two-fold higher when the fibroblasts were exposed to dexamethasone (p < 0.001). This
observation may account for the finding of Dammann et al. [8] that NRG1β antibody is able
to block the enhanced rate of surfactant synthesis in type II cells that had been exposed to
FCM.
It is important to note that the effects of dexamethasone on expression and activation of ErbB
receptors in fetal mouse type II cells were distinct from those induced by mature (d18) FCM
[14]. Thus, in order to ascertain whether the glucocorticoid-induced increase in NRG1β
mimics natural maturation processes, additional experiments should be conducted to
determine the NRG1β concentration in media conditioned by lung fibroblasts isolated from
fetal rats of different gestation ages.
Effect of NRG1β on surfactant phospholipid synthesis
When type II cells were incubated with NRG1β in the range 0 - 26.67 nM for 21 hours, the
quantity of labelled surfactant phospholipid synthesised after 6 hours was higher in those cells
exposed to the peptide. Synthesis was highest when cells were exposed to 2.67 nM NRG1β, at
8

3648 ± 239 dpm/μg DNA, compared to 1045 ± 137 dpm/μg DNA in control cells. Similar
NRG1β dose-response curves have been seen with other cell types [28,29]. The increased
level of surfactant phospholipid synthesis in cells exposed to either 2.67 or 6.67 nM NRG1β
(3269.6 ± 616.4 dpm/μg DNA) was significantly different from that in the controls (more than
3-fold higher; p < 0.05) (Figure 2A). It is important to note that the control cells in this
experiment were incubated with MEM+ whereas those in the experiment reported in Figure
1A were incubated with FCM, which contains approximately 0.66 nM NRG1β (after being
diluted 1:4) together with any other components of FPF (Figure 1B). It is thus not surprising
that the level of phospholipid synthesis is much lower in those cells maintained in MEM+ and
that the observed response to NRG1β is greater.
The response to NRG1 was reduced at higher concentrations of the ligand, and it is likely
that the ErbB receptor to which NRG1β binds was down-regulated at these concentrations.
Although the mechanism by which this down-regulation might occur in type II cells is
unknown, Cao et al. [30] have shown that neuregulin induces both ubiquitination and
degradation of the ErbB3 receptor in MCF-7 cells. If neuregulin-induced degradation of the
ErbB receptor also occurs in type II cells this could explain the decline in the response at
higher concentrations of NRG1β. In the current study, the commercially available form of
NRG1β (heregulin-1β) was used whereas the form used in the study by Dammann et al. [8] is
not known. Despite this, as well as the fact that the type II cells were derived from rats and
mice, respectively, elevated phospholipid synthesis by these cells was evident at similar
NRG1β concentrations.
The quantity of radiolabelled surfactant phospholipids synthesised by type II pneumocytes in
the 2, 4 and 6 hours following 21 hours incubation with 6.67 nM NRG1β was enhanced when
compared with that which occurred in cells grown in the absence of NRG1β (Figure 2B). The
control value increased from 795.6 ± 293.1 dpm/μg DNA at 2 hours to 1888.6 ± 195.6
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dpm/μg DNA at 6 hours, while NRG1β-treated cells increased from 1219.4 ± 208.8 dpm/μg
DNA at 2 hours to 2469.6 ± 184.1 dpm/μg DNA at 6 hours. The difference between control
cultures and NRG1β-treated cells was significant (p < 0.05) and, as expected, there was also
evidence of an increase in the rate of phospholipid synthesis with time (p < 0.01).
In order to understand the mechanism(s) by which NRG1β exerts its effect it needs to be
recognized that, in mice and rats, the response of lung cells to this peptide is mediated via
ErbB receptors [14,15,31]. Using a small interfering RNA (siRNA), which targeted the ErbB4
gene and silenced ErbB4 receptor activity in cultured 19-day fetal type II pneumocytes,
Zscheppang et al. [15] demonstrated that the resulting down-regulation of the ErbB4 receptor
caused a diminished rate of surfactant phospholipid synthesis. Their conclusion that the
response of these cells to NRG1β is mediated through ErbB4 receptor activation was
supported by the observation that exposure of both fetal and adult rat lung epithelial cells to
NRG1β resulted in increased phosphorylation of the ErbB4 receptor [13,32].
NRG1β mRNA expression
RT-PCR analysis of the level of expression of the NRG1β gene in cultured fetal lung
fibroblasts following exposure to dexamethasone showed no significant difference with either
20 or 50 nM dexamethasone (Table 1). The fold change in NRG1β mRNA levels, relative to
that of GAPDH, after exposure to 20 nM dexamethasone ranged from 0.93-fold at 4 hours to
0.73-fold at 24 hours, while with 50 nM dexamethasone, changes ranged from 0.95-fold at
4 hours to 1.10-fold at 24 hours. Preliminary experiments conducted after 2 and 6 h exposure
to the steroid also showed no significant elevation of NRG1β gene expression. The absence of
a significant increase in NRG1β gene expression following exposure to dexamethasone
suggests that the steroid does not mediate its effects via an elevated rate of transcription of the
NRG1β gene. It is well known that at least 15 different isoforms of NRG1β are produced
from a single gene, and that these forms can include transmembrane and secreted proteins
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[33]. Given that neuregulins are produced as transmembrane precursors, which are considered
to generate diffusible ligands when subjected to cleavage [34,35], it is possible that
dexamethasone stimulates the rate of cleavage of the neuregulin precursors. In this context it
is relevant that glucocorticoids enhance proteolytic activity in both muscle cells and
thymocytes [36,37]. Alternatively, dexamethasone may induce secretion of pre-formed
NRG1β followed by new NRG1β synthesis more than 24 h later. Thus, any transient increase
in NRG1β gene expression may occur 24 h or more after exposure to dexamethasone.
Comparison of NRG1β and leptin effects on surfactant phospholipid synthesis
Previous studies have shown that leptin, which is expressed by lipofibroblasts during rat lung
development, has many of the characteristics of FPF [7,38]. Leptin, at both
1.24 (5245.8 ± 906.1 dpm/μg DNA) and 3.09 nM (5691.0 ± 533.4 dpm/μg DNA), showed a
significant increase in surfactant phospholipid synthesis compared to the control
(3183.8 ± 349.9 dpm/μg DNA) (p < 0.05 and p < 0.01, respectively), but not at 6.17 nM
(4405.4 ± 174.4 dpm/μg DNA). Similar results were obtained by Torday et al. [7] although, in
their study, there was no decline in the response to the higher leptin concentration. When one
compares the response of these cells to leptin (Figure 3) with that of NRG1β (Figure 2A) it is
apparent that both peptides stimulate surfactant phospholipid synthesis by approximately the
same extent and at a similar peptide concentration (i.e. ~ 3 nM). On the basis of its size
(16 kDa) and it having many of the same characteristics as FPF, Torday et al. [7] suggested
that leptin may be FPF. However, as NRG1β has a molecular weight within the range given
for FPF (5-15 kDa [20]), and is produced by lung fibroblasts [8], particularly in response to
glucocorticoids as shown in this study, it too shares many of the attributes of FPF. Given the
strong evidence of a role for each of these in the pulmonary surfactant system, it is possible
that FPF consists of both agents.

11

Acknowledgments:
Garth Maker and George King are each grateful for the support of Australian Postgraduate
Awards. The research was funded by Murdoch University.
References
[1]

Hallman, M. and Gluck, L. (1976). Phosphatidylglycerol in lung surfactant: III.
possible modifier of surfactant function. J. Lipid Res. 17, 257-262.

[2]

Dobbs, L.G. and Mason, R.J. (1979). Pulmonary alveolar type II cells isolated from
rats: Release of phosphatidylcholine in response to β-adrenergic stimulation. J. Clin.
Invest. 63, 378-387.

[3]

Liggins, G.C. and Howie, R.N. (1972). A controlled trial of antepartum glucocorticoid
treatment for preventation of the respiratory distress syndrome in premature infants.
Pediatrics 50, 515-525.

[4]

Smith, B.T. (1978) Fibroblast-pneumonocyte factor: intercellular mediator of
glucocorticoid effect on fetal lung. In Intensive Care in the Newborn II (L. Stern,
W.O., and B. Friis-Hansen, ed.^eds), pp. 25-32. Masson, New York

[5]

Smith, B.T. (1979). Lung maturation in the fetal rat: accelaration by injection of
fibroblast-pneumocyte factor. Science 204, 1094-1095.

[6]

Post, M., Floros, J. and Smith, B.T. (1984). Inhibition of lung maturation by
monoclonal antibodies against fibroblast-pneumocyte factor. Nature 308, 284-286.

[7]

Torday, J.S., Sun, H., Wang, L., Torres, E., Sunday, M.E. and Rubin, L.P. (2002).
Leptin mediates the parathyroid hormone-related protein (PTHrP) paracrine
stimulation of fetal lung maturation. Am J Physiol Lung Cell Mol Physiol 282, L405L410.

[8]

Dammann, C.E.L., Nielsen, H.C. and Carraway III, K.L. (2003). Role of neuregulin1β in the developing lung. Am. J. Respir. Crit. Care Med. 167, 1711-1716.

[9]

Torday, J.S. and Kourembanas, S. (1990). Fetal rat lung fibroblasts produce a TGFβ
homolog that blocks alveolar type II cell maturation. Dev. Biol. 139, 35-41.

[10]

Prigent, S.A. and Lemoine, N.R. (1992). The type 1 (EGFR-related) family of growth
factor receptors and their ligands. Prog. Growth Factor Res. 4, 1-24.

[11]

Citri, A. and Yarden, Y. (2006). EGF-ErbB Signaling: towards the systems level.
Nature Reviews. Molecular Cell Biology 7, 505-516.

[12]

Liu, J., Nethery, D.E. and Kern, J.A. (2004). Neuregulin-1 induces branching
morphogenesis in the developing lung through a PI3K signal pathway. Exp. Lung Res.
30

[13]

Liu, W., Zscheppang, K., Murray, S., Nielsen, H.C. and Dammann, C.E.L. (2007).
The ErbB4 receptor in fetal rat lung fibroblasts and epithelial type II cells. Biochim.
Biophys. Acta 1772, 737-747.

12

[14]

Dammann, C.E.L., Nassimi, N., Liu, W. and Nielsen, H.C. (2006). ErbB receptor
regulation by dexamethasone in mouse type II epithelial cells. Eur. Respir. J. 28,
1117-1123.

[15]

Zscheppang, K., Liu, W., Volpe, M.V., Nielsen, H.C. and Dammann, C.E.L. (2007).
ErbB4 regulates fetal surfactant phospholipid synthesis in primary fetal rat type II
cells. Am J Physiol Lung Cell Mol Physiol 293, L429-L435.

[16]

Xu, X., McCormick-Shannon, K., Voelker, D.R. and Mason, R.J. (1998). KGF
increases SP-A and SP-D mRNA levels and secretion in cultured rat alveolar type II
cells Am. J. Respir. Cell Mol. Biol. 18, 168-178.

[17]

Chelly, N., Mouhieddine-Gueddiche, O.B., Barlier-Mur, A.M., Chailly-Heu, B. and
Bourbon, J.R. (1999). Keratinocyte growth factor enhances maturation of fetal rat lung
type II cells Am. J. Respir. Cell Mol. Biol. 20, 423-432.

[18]

Geshe, j., Fehrenbach, H., Koslowski, R., Ohler, F.M., Pynn, C.J., Griese, M., Poets,
C.F. and Bernhard, W. (2011). rhKGF stimulates lung surfactant production in
neonatal rats in vivo. Pediatr. Pulmonol. 46, 882-895.

[19]

Rubin, J.S., Osada, H., Finch, P.W., Taylor, W.G., Rudikoff, S. and Aaronson, S.A.
(1989). Purification and characterisation of a newly identified growth factor specific
for epithelial cells. Biochemistry (Mosc). 86, 802-806.

[20]

Smith, B.T. and Post, M. (1989). Fibroblast-pneumocyte factor. Am J Physiol Lung
Cell Mol Physiol 257, L174-L178.

[21]

Sen, N. and Cake, M.H. (1991). Enhancement of disaturated phosphatidylcholine
synthesis by epidermal growth factor in cultured fetal lung cells involves a fibroblastepithelial cell interaction. Am. J. Respir. Cell Mol. Biol. 5, 337-343.

[22]

Damas, J.E. and Cake, M.H. (2011). An albumin-associated PLA2-like activity
inactivates surfactant phosphatidylcholine secreted from fetal type II pneumocytes.
Am J Physiol Lung Cell Mol Physiol 301, L966-L974.

[23]

Dobbs, L.G., Gonzalez, R.F. and Williams, M.C. (1986). An improved method for
isolating type II cells in high yield and purity. Am. Rev. Respir. Dis. 134, 141-145.

[24]

Asokananthan, N. and Cake, M.H. (1996). Stimulation of surfactant lipid secretion
from fetal type II pneumocytes by gastrin-releasing peptide. Am J Physiol Lung Cell
Mol Physiol 270, L331-L337.

[25]

Pfaffl, M.W. (2001). A new mathematical model for relative quantification in realtime RT-PCR. Nucleic Acids Res. 29, 2002-2007.

[26]

von Ende, C.N. (2001) Repeated measures analysis: growth and other time-dependent
measures. In Design and analysis of ecological experiments, 2nd edition (Scheiner,
S.M. and Gurevitch, J., ed.^eds), pp. 134-157. Oxford University Press New York.

[27]

Post, M. and Smith, B.T. (1984). Effect of fibroblast-pneumocyte factor on the
synthesis of surfactant phospholipids in type II cells from fetal rat lung. Biochim.
Biophys. Acta 793, 297-299.

13

[28]

Holmes, W.E., Sliwkowksi, M.X., Akita, R.W., Henzel, W.J., Lee, J., Park, J.W.,
Yansura, D., Abadi, N., Raab, H., Lewis, G.D., Shepard, H.M., Kuang, W.J., Wood,
W.I., Goeddel, D.V. and Vandlen, R.L. (1992). Identification of heregulin: A specific
activator of p185 erbB2. Science 256, 1205-1210.

[29]

Wen, L., Lu, Y., Zhu, X., Li, X., Woo, R., Chen, Y., Yin, D., Lai, C., Terry, A.V.,
Vazdarjanova, A., Xiong, W. and Mei, L. (2009). Neuregulin 1 regulates pyramidal
neuron activity via ErbB4 in parvalbumin-positive interneurons. PNAS 107, 12111216.

[30]

Cao, Z., Wu, X., Yen, L., Sweeney, C. and Carraway III, K.L. (2007). Neuregulininduced ErbB3 downregulation is mediated by a protein stability cascade involving
the E3 ubiquitin ligase Nrdp1. Mol. Cell. Biochem. 27, 2180-2188.

[31]

Zscheppang, K., Korenbaum, E., Bueter, W., Ramadurai, S.M., Nielsen, H.C. and
Dammann, C.E.L. (2006). ErbB receptor dimerization, localization, and colocalization in mouse lung type II epithelial cells. Pediatr. Pulmonol. 41, 1205-1212.

[32]

Liu, W., Volpe, M.V., Zscheppang, K., Nielsen, H.C. and Dammann, C.E.L. (2009).
ErbB4 regulates surfactant synthesis and proliferation in adult rat pulmonary epithelial
cells. Exp. Lung Res. 35, 29-47.

[33]

Falls, D.L. (2003). Neuregulin: functions, forms, and signalling strategies. Exp. Cell
Res. 284, 14-30.

[34]

Crovello, C.S., Lai, C., Cantley, L.C. and Carraway III, K.L. (1998). Differential
signalling by the epidermal growth factor-like growth factors neuregulin-1 and
neuregulin-2. J. Biol. Chem. 273, 26954-26961.

[35]

Patel, N.V., Acarregui, M.J., Snyder, J.M., Klein, J.M., Slikowski, M.X. and Kern,
J.A. (2000). Neuregulin-1 and human epidermal growth factor receptor 2 and 3 play a
role in human lung development in vitro Am. J. Respir. Cell Mol. Biol. 22, 432-440.

[36]

Hughes, F.M. and Cidlowski, J.A. (1998). Glucocorticoid-induced thymocyte
apoptosis: Protease-dependent activation of cell shrinkage and DNA degradation. J.
Steroid Biochem. Mol. Biol. 65, 207-217.

[37]

Wing, S.S. and Goldberg, A.L. (1993). Glucocorticoids activate the ATP-ubiquitindependent proteolytic systen in skeletal muscle during fasting Am J Physiol
Endocrinol Metab 264, E668-E676.

[38]

Kirwin, S.M., Bhandari, V., Dimatteo, D., Barone, C., Johnson, L., Saptarashi, P.,
Spitzer, A.R., Chander, A., Hassink, S.G. and Funanage, V.L. (2006). Leptin enhances
lung maturation in the fetal rat. Pediatr. Res. 60, 200-204.

14

Figure legends
Figure 1: Exposure of lung fibroblasts to dexamethasone enhances both surfactant
phospholipid synthesis in type II cells and the concentration of NRG1β in the
conditioned media.
Cultured fetal rat lung fibroblasts were exposed to 100 nM dexamethasone (
glycol (control,

) or propylene

) for 24 hours. The conditioned media was analysed (A) for its ability to

stimulate phosphatidylcholine synthesis in cultured fetal type II pneumocytes, or (B) for the
concentration of NRG1β (nM), calculated using ion trap mass spectrometry. The results are
depicted as the mean  SEM of six separate experiments. Any result that is significantly
different from that seen in cells exposed to FCM (without dexamethasone) are denoted with
asterisks (* p < 0.05; ** p < 0.01).
Figure 2: Effect of NRG1β on surfactant phospholipid synthesis.
After three days in culture, fetal rat type II pneumocytes were exposed to (A) the indicated
concentrations of NRG1β or vehicle and (B) 6.67 nM NRG1β () or vehicle (control,

).

After 21 h exposure to the peptide, the extent of incorporation of [3H-methyl]-choline chloride
into surfactant phospholipids was determined after a further incubation of (A) 6 h or (B) 2, 4
and 6 h. The results are depicted as the mean  SEM of four separate experiments. Any
significant differences from the controls (vehicle) are denoted with an asterisk (* p < 0.05).
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Figure 3: Effect of NRG1β and leptin on surfactant phospholipid synthesis.
Cultured fetal rat type II pneumocytes were exposed to MEM+ containing 1.24, 3.09 and
6.17 nM leptin (

) or an equivalent volume of vehicle (control,

). After a 21-hour

exposure, the cells were further exposed to 1.0 μCi/mL [3H-methyl]-choline chloride for
4 hours prior to determining the amount of cellular radiolabeled surfactant phospholipids. The
results are depicted as the mean  SEM of four separate experiments. Any significant
differences from the control (vehicle) are denoted with asterisks (* p < 0.05; ** p < 0.01).
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Table 1: Expression of the NRG1 gene in lung fibroblasts after exposure to
dexamethasone.
Cultured fetal rat lung fibroblasts were exposed to MEM+ containing 20 or 50 nM
dexamethasone or an equivalent volume of propylene glycol (vehicle). After the indicated
exposure time, the cells were subjected to RNA extraction and the mRNA concentration of
these extracts quantified. The level of NRG1 mRNA was determined using multiplex qPCR
and the data represent the mean  SEM of the indicated number of independent fibroblast
cultures.
NRG1 gene expression in lung fibroblasts after
exposure to dexamethasone
Exposure time

(relative to a control value of 1.00)
20 nM dexamethasone

50 nM dexamethasone

4 hours

0.93 ± 0.33 (5)

0.95 ± 0.41 (5)

8 hours

0.89 ± 0.15 (6)

1.01 ± 0.35 (7)

24 hours

0.73 ± 0.42 (3)

1.10 ± 0.80 (3)
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Dexamethasone elevates neuregulin-1β concentration in fibroblast-conditioned media.



This effect is not the result of increased neuregulin-1β gene expression.



Surfactant phospholipid synthesis in type II cells is stimulated by neuregulin-1β.



It is concluded that neuregulin-1β is a likely component of fibroblast-pneumocyte
factor.

