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Abstract

induced reductions in peri-alveolar tissue volumes.

patterns.

0.03, respectively).

Background: Prenatal glucocorticoid treatment decreases alveolar tissue volumes and facilitates fetal lung
maturation, however the mechanisms responsible are largely unknown. This study examines whether changes in
versican levels or sulphation patterns of chondroitin sulphate (CS) side chains, are associated with glucocorticoid-

Methods: Lung tissue was collected from 1) fetal sheep at 131 + 0.1 days gestational age (GA) infused with cortisol
(122-131d GA) to prematurely induce a pre-parturient-like rise in circulating cortisol, 2) fetal sheep at 143d GA
bilaterally adrenalectomised (ADX) at 112d GA to remove endogenous cortisol and 3) fetal sheep at 124d GA in
which bolus doses (2 x 11.4 mg) of betamethasone were administered to the pregnant ewe. The level and
distribution of versican and CS glycosaminoglycans (GAG) were determined using immunohistochemistry (IHC).
Fluorophore assisted carbohydrate electrophoresis (FACE) was used to determine changes in CS sulphation

Results: Cortisol infusion significantly decreased chondrotin-6-sulphate levels (C-6-S) to 164 + 0.7 AU, compared
with saline-infused fetuses (18.9 + 0.7 AU: p = 0.04) but did not significantly alter the level of versican or
chondroitin-4-sulphate (C-4-S). ADX significantly increased the level of C-4-S (28.2 + 2.2 AU), compared with sham-
operated fetuses (17.8 + 2.0 AU; p = 0.006) without altering versican or C-6-S levels. Betamethasone significantly
decreased versican, C-4-S and C-6-S in the fetal sheep lung (19.2 +09 AU, 249+ 14 AU and 23.2+ 1.0 AU,
respectively), compared with saline-exposed fetuses (24.3 + 0.4 AU, p =0.0004; 33.3+0.6 AU, p =0.0003; 29.8+1.3 AU,

Conclusions: These results indicate that glucocorticoids alter versican levels and CS side chain microstructure in
alveolar lung tissue. Betamethasone appears to have a greater impact on versican and CS side chains than cortisol.
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Background

Antenatal synthetic corticosteroids greatly improve postna-
tal lung function and markedly reduce the risk of respira-
tory distress syndrome in preterm infants [1] by facilitating
maturation of the distal lung parenchyma and increasing
lung tissue compliance [2—4]. The maturational changes in-
clude increased surfactant synthesis [5], reduced alveolar

* Correspondence: annie.mcdougall@hudson.org.au

The Ritchie Centre, The Hudson Institute of Medical Research, 27-31 Wright
Street, Clayton, VIC 3168, Australia

Full list of author information is available at the end of the article

B BMC

wall thickness [6—9] and reduced interstitial tissue volumes
[9] that replicate the developmental changes in lung struc-
ture that occur during late gestation. As these reductions in
lung tissue volumes are also closely associated with a reduc-
tion in versican levels, an extracellular proteoglycan in-
volved in tissue volume regulation, it has been suggested
that reduced versican levels mediate the age-related reduc-
tion in lung tissue volumes [10]. More recently, studies in
mice lacking the glucocorticoid receptor demonstrate that
the reduction in peri-alveolar tissue volumes induced by
glucocorticoids involves alterations in cell proliferation
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[11, 12] and remodelling of the extracellular matrix
(ECM) [13]. While, the mechanisms and specific ECM
components involved remain largely unknown we have re-
cently shown that versican is a target of glucocorticoid sig-
nalling in the developing lung [11]. Furthermore, it is now
clear that versican can regulate cell adhesion, survival,
proliferation, migration and ECM assembly [14], making
it an ideal candidate for mediating some of the corticoster-
oid induced effects on fetal lung structure.

Versican is the most abundant chondroitin sulphate (CS)
proteoglycan in the lung. CS proteoglycans consist of a pro-
tein core with one or more covalently bound glycosamino-
glycans (GAGs) (reviewed in [15]). CS GAGs are linear
polymers composed of repeating disaccharide units of glu-
curonic acid (GlcUA) and N-acetylgalactosamine (GalNAc).
The CS disaccharides, [~ 4)GlcA(B1-3)GalNAc(p1-] may be
sulphated at C, and/or Cg of GalNAc and at C, of GIcUA.
Variations in the position and degree of sulphation within
GAGs create substantial structural and functional diversity
for CS proteoglycans. In addition, some CS proteoglycans
(such as versican) are alternatively spliced to form up to four
versican isoforms, creating variants with differing glycosami-
noglycan attachment domains, further contributing to the
functional diversity. The high anionic charge density of large
proteoglycans, such as versican attracts mobile counter ions
to maintain electroneutrality and, in turn, generates the os-
motic swelling pressure that regulates interstitial tissue hy-
dration and solute permeability, as well as influencing the
viscoelastic properties of tissue. Thus, alterations in the
structural properties of versican, leading to changes in its
anionic charge density, may regulate tissue volumes and
viscoelastic properties of the distal airways in the developing
lung. Indeed, in addition to showing that versican levels are
closely associated with changes in lung tissue volumes dur-
ing development, we have also shown marked changes in
the microstructure of CS side chains in lung tissue during
development [10]. The mechanisms responsible for these
changes in versican levels are unknown, although it is pos-
sible that endogenous cortisol, which is known to mature
the fetal lung in late gestation, may be involved [11].

Our aim was to investigate the effect of endogenous and
synthetic corticosteroids on versican deposition and mRNA
levels as well as sulphation patterns of CS side chains,
and other CS-proteoglycans in the fetal lung. In view of
the direct relationship between reductions in
peri-alveolar lung tissue volumes and reductions in the
level of versican and CS GAGs [10], we hypothesised that
corticosteroid-induced reductions in peri-alveolar tissue
volumes result from either a decrease in versican content
(due to changes in mRNA levels or protein deposition), or
changes in the degree or pattern of sulphation on CS GAG
chains, leading to a reduction in charge density and osmotic
activity. To test these hypotheses, we examined versican ex-
pression and content as well as CS sulphation patterns in
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fetal sheep lung tissue exposed to three different gluco-
corticoid treatments; 1) fetuses infused over 9 days with in-
creasing concentrations of cortisol, designed to mimic the
pre-parturient increase in fetal plasma cortisol concentra-
tions, 2) bi-lateral adrenalectomised fetuses, that lack an
endogenous source of fetal cortisol, and 3) fetuses
exposed to antenatal betamethasone treatment, admin-
istered to the ewes.

Methods

Animals

Cortisol-treated fetuses

Fetal lung tissues from cortisol-infused fetuses were ob-
tained from previously published studies [16]. Cortisol in-
fused fetuses (n =5) received increasing doses of cortisol
(hydrocortisone sodium succinate, Solu Cortef; Upjohn)
for a period of 9 days; cortisol was dissolved in heparinised
saline and infused (1.2 ml/h) into the jugular vein at
1.5 mg/day on 122-123d GA, 2.5 mg/day on 124-125d
GA, 3.0 mg/day on 126-127d GA, 3.5 mg/day on
128-129d GA and 4.0 mg/day on 130-131d GA. This dose
induced a precocious preparturient-like rise in circulating
cortisol levels [16]. Saline-infused control fetuses (n =5)
received an infusion of heparinised saline (1.2 ml/h) from
122-131d GA. Fetal blood samples (~2 mL) were col-
lected every 2—3 days to measure plasma cortisol concen-
trations. All ewes and fetuses were humanely killed at
131d GA (early alveolar stage; alveolar stage begins
36 weeks GA in humans) and fetal lung tissue collected.

Adrenalectomised fetuses

Aseptic surgery was carried out on pregnant Border
Leicester x Merino ewes at 112 + 3d GA for implantation
of fetal and maternal vascular catheters. Fetuses were
then either bi-laterally adrenalectomised (ADX; n = 6) as
described previously [17] or sham-operated (controls; n
=6) to expose but not remove both adrenal glands. Fetal
well-being was assessed every second day via measure-
ments of fetal arterial blood pH, partial pressure of CO,,
partial pressure of O,, and percent saturation of O,.
Fetal blood samples were collected every 5 days from
120d GA to measure plasma cortisol concentrations and
ensure that the pre-parturient increase in fetal plasma
cortisol concentrations did not occur. Ewes and fetuses
were humanely killed at 143 +1d GA (alveolar stage;
equivalent to ~ 39 weeks GA in humans) and fetal lung
tissue collected.

Betamethasone exposed fetuses

Unoperated ewes (1 = 6) were administered a bolus intra-
muscular dose of betamethasone (114 mg: 57 mg/ml:
Celestone Chronodose, Schering-Plough, Australia) at 36 h
and 24 h prior to post-mortem at 124 d GA. Ewes bearing
control fetuses (1 =6) were administered the equivalent
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volume of saline at the same gestational ages and at
the same time interval as per betamethasone-treated
ewes. All ewes and fetuses were humanely killed at
124d  GA (late canalicular/early alveolar stage;
canalicular stage last until 26 weeks GA in humans)
and fetal lung tissue collected.

Tissue collection

Ewes and fetuses were humanely killed using an over-
dose of pentobarbitone sodium (6.5 g iv.) adminis-
tered to the ewe. Fetuses were removed and the fetal
body and organ weights recorded. The ADX fetuses
were examined for adrenal tissue regrowth. The left
main bronchus of the fetal lung was ligated and small
portions of the parenchymal tissue distal to this
ligature were collected, frozen in liquid nitrogen and
stored at —70°C for biochemical analyses. The right
lung was pressure fixed at 20 cmH,O and then
processed for histological analyses.

Tissue analysis

Tissue/airspace volume

Following fixation, the right lung was separated into the
upper, middle and lower lobes. Each lobe was cut into
5 mm slices before a minimum of 9 tissue slices (at least
3 slices per lobe) were randomly chosen from each lung.
A small portion (approximately 2cm* x 5 mm thick) was
randomly selected from each slice and embedded into
paraffin blocks. At least 5 blocks per animal were se-
lected at random and 5 pm tissue sections were cut,
stained with Haematoxylin and Eosin and viewed under
the light microscope. Using a minimum of 2 fields of
view per block (10 fields of view per animal), the per-
centage of airspace and tissue space volumes were calcu-
lated using a point counting technique as previously
described [18].

Immunohistochemistry

Versican protein was localised as previously described
[10]. The primary antibody used to detect the versican
core protein was a rabbit polyclonal antibody (gift from
Professor Dick Heinegard, Lund, Sweden). The primary
antibodies used to detect chondroitin-4 sulphate (C-4-S)
and chondroitin-6-sulphate (C-6-S) were the mouse
monoclonal antibodies 2030 and 2035, respectively
(Chemicon International). Briefly, 10um sections cut
from randomly selected frozen fetal lung tissue were
mounted on glass slides and fixed for 20 min in 4%
paraformaldehyde. The slides were digested with
0.02 U chondroitinase ABC (in 0.1 M Tris-HCI,
pH 8, 30 m Na Acetate, 1 mM EDTA; containing
E64, AEBSF & pepstatin protease inhibitors;
Seikagaku, Japan) for 60 min at 37°C. Sections were
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then , incubated in blocking/permeabilization buffer
(3% normal goat serum; 0.1% TritonX-100 in PBS) in
a humidity chamber for 30 min at 37 °C. Sections
were incubated with the primary antibody overnight
at 4 °C, followed by incubation with secondary anti-
body (2% normal goat serum; 1:700 dilution of goat
anti-rabbit serum or 1:800 goat anti-mouse serum in
PBS, depending on the primary antibody) for 1 h at
room temperature. The process was repeated with a
second primary antibody and a second (different from
the first) secondary antibody and slides were mounted
with Vectashield (Vector laboratories).

Immunofluorescent markers were visualised and digital
images captured using a Nikon Eclipse 80i laser scanning
microscope system. Fluorophores were excited specifically
using 488 or 561 nm lasers and fluorescence detected
using 515/30 nm and 605/75 nm filters respectively. At
least 2 sections (from different regions of the lungs) were
viewed from each animal and multiple fields of view (> 3)
were analysed per section; care was taken to avoid fields
of view that included major airways and blood vessels.
Digital images were captured using the x 40 objective and
the mean intensity of staining (measured in arbitrary units
(AU), to provide a relative change between samples from
individual experiments) was quantified using Image Pro
Plus image analysis software (Media Cybernetics, USA).
To correct for the reduction in tissue volume between
treatment and experimental groups, the mean intensity of
versican staining for each individual fetus was adjusted for
the tissue fraction calculated for that animal (Fig. 1), to
give the relative versican level per unit volume of lung tis-
sue. Imaging and analysis of immunoreactivity was per-
formed in a single day using identical parameters (laser
strength, exposure time) to maintain consistency and
eliminate error, for each antibody.

Versican gene expression

The mRNA levels of versican in fetal lung tissue were mea-
sured using realtime qPCR as previously described [19].
Briefly, total RNA was isolated from fetal lungs using the
RNeasy midi RNA extraction kit (Qiagen, Australia). Total
RNA (1 pg) was then reverse transcribed using Superscript®
III Reverse Transcriptase (Invitrogen, Australia). Relative
levels of Vean mRNA (the gene for versican; forward primer
5-TGTTTGTGAATCGTGTGGGC-3"; reverse primer
5-GCTGTCTGGTTGGTTTGGTC-3'; primers designed
to detect all splice variants of Vcan) was quantified by
real-time qPCR with the housekeeping gene ribosomal pro-
tein 29 (Rps29; forward primer 5-CAGGGTTCTCGCTC
TTGC-3’; reverse primer 5-ACTGGCGGCACATA
TTGAG-3') using the ACt method of analysis and
expressed as a fold change relative to the mean level in the
relative control group.
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CS analysis by FACE

CS and hyaluronan (HA) levels in lung tissue were analyzed
by FACE, as previously described [18, 20], with a modifica-
tion to remove genomic DNA. Briefly, fetal lung tissue (~
1 g) was micro-dissected to remove all visible blood vessels
and airways using a dissecting microscope [21] and then
GAGs were extracted as previously described [10]. Follow-
ing extraction, the GAGs were resuspended in 100 mM
ammonium acetate, pH 7.0, and the concentration of
sulphated GAGs was measured by the 1,9-dimethylmethy-
lene blue assay [22] using CS C as a standard (shark cartil-
age, Sigma-Aldrich). Aliquots containing 5 pg sulphated
GAG were digested in ammonium acetate buffer (pH 7.0)
with 10 mU of chondroitinase ABC (Seikagaku, Japan) for
16 h at 37 °C. The cooled samples were then centrifuged

through MicroCon YM-3 filter devices, and the disaccha-
rides recovered in the filtrate and freeze-dried. Freshly pre-
pared 2-aminoacridone (5 ul; Bioscientificc 25 mg/ml
dissolved in dimethylsulfoxide-acetic acid 85:15 vol/vol)
was added to the dried disaccharides, vortexed, and incu-
bated for 15 min at room temperature. Sodium cyanoboro-
hydride (1 M, 5 pl) was then added to each tube, and
fluorotagging occured at 37 °C for 18-20 h. The samples
were cooled to room temperature and mixed with 10 pl of
37.5% glycerol, and 3-5 pl aliquots were analyzed immedi-
ately by electrophoresis on Mono Composite gels (Glyko or
Epitope Technologies) or stored at —70 °C. To enable
quantification, monosaccharide standards of known pico-
molar amounts were fluorotagged for each experiment and
analyzed on the same gels. Fluorescently tagged samples
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and standards were imaged and quantitated using Quantity
One software (BioRad).

Data analysis

All data are presented as a mean + standard deviation
(SD). Statistical analysis of data was performed using
the Student’s unpaired t-test or one-way analysis of
variance (ANOVA), as appropriate. Significant differ-
ences detected by the ANOVA, were subjected to the
Fisher Least Significant Difference (LSD) post-hoc
test to determine differences between individual
group means. Statistical significance was taken at the
p <0.05 level.

Results

Fetal plasma cortisol concentrations

In cortisol-infused fetuses, plasma cortisol concentrations
increased gradually over the infusion period from 7.6 +
3.3 ng/mL before the start of the infusion to 34.3 +
11.6 ng/mL on the last day of infusion (131d GA). Fetal
plasma concentrations in saline-infused fetuses (2.3 £
1.1 ng/mL) did not change during the experimental period
[16]. Bilateral fetal ADX successfully abolished the
pre-parturient increase in fetal plasma cortisol con-
centrations, resulting in a mean circulating concentra-
tion of ~2.0 ng/mL throughout the experimental
period. In sham-operated control fetuses, circulating plasma
cortisol concentrations remained unchanged from 120d
GA (1.7£0.1 ng/mL) until 135d GA (3.1 +0.7 ng/mL) but
significantly increased to 11.4 + 2.1 ng/mL at 140d GA and
increased further to 19.6 + 4.1 ng/mL at 143d GA; labour is
expected at ~ 147 days of gestation in this breed of sheep.

Fractional tissue volume

At 131d of GA (when the tissue was collected) the per-
centage of space occupied by peri-alveolar tissue was sig-
nificantly lower in cortisol-infused fetuses (29.4 +0.9%)
compared with saline-infused fetuses (33.0 £ 0.5%; p =
0.008, Fig. 1la). Similarly, fractional peri-alveolar tissue
volumes were significantly reduced in 124d GA fetuses
exposed to betamethasone (28.5 + 0.2%) when compared
to fetuses from saline-treated ewes (39.2+0.7%; p <
0.0001, Fig. 1b). In contrast, the percentage of space oc-
cupied by lung tissue in bilateral ADX fetuses (33.8 +
2.3%) at 143d GA tended to be greater than in
sham-operated fetuses (28.3+1.7%; Fig. 1c), however
this failed to reach statistical significance (p = 0.08).

Versican mRNA levels in fetal lung tissue

There was no differences in Vcan mRNA levels between
cortisol-infused fetuses (2.0 + 0.5) and saline-infused
control fetuses (1.0 = 0.2), between betamethasone
treated fetuses (0.75 + 0.17) and controls (1.0 + 0.1), or
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between ADX fetuses (1.4 +
controls (1.0 £0.1; Fig. 2).

0.3) and sham operated

Versican deposition

Per unit volume of lung tissue, versican levels were similar
in cortisol-infused (11.6 + 0.6 AU) and saline-infused fetuses
(12.0 £ 0.5 AU; Fig. 3a) and were similar in adrenalecto-
mised (11.0 £ 1.1 AU) and sham-operated control fetuses
(10.8 £ 0.8 AU; Fig. 3c). In contrast, versican levels were sig-
nificantly decreased in fetuses from betamethasone-treated
ewes (to 19.2 + 0.9 AU) when compared with fetuses from
saline-treated ewes (24.3 + 0.4 AU; p = 0.0004; Fig. 3b).

Chondrotin-4-sulphate (C-4-S) and Chondroitin-6-sulphate
(C-6-S) deposition

C-4-S levels

Per unit lung tissue volume, the level of C-4-S within
the lung tended to be reduced in cortisol-infused fetuses
(16.3 + 0.8 AU) compared with saline-infused control fe-
tuses (18.2 + 0.3 AU; p =0.06; Fig. 4a), however this
failed to reach statistical significance. Bilateral ADX sig-
nificantly increased C-4-S levels to 28.2+2.2 AU com-
pared with sham-operated control fetuses (17.8 %
2.0 AU; p =0.006; Fig. 4a) whereas betamethasone sig-
nificantly decreased the level of C-4-S in lung tissue to
24.9 + 1.4 AU compared with saline-treated control fe-
tuses (33.3+ 0.6 AU; p = 0.0003; Fig. 4a).

C-6-S levels
Per unit lung tissue volume, the level of C-6-S within lung
tissue of cortisol-infused fetuses was decreased to 16.4 +
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Fig. 2 Mean + SD Vcan mRNA levels (VO plus V1 isoforms) in
lung tissue collected from the left lung of control fetuses (131d
saline-infused, n=5; 124d antenatal saline-treatment, n =6; 143d
sham operated, n=6) and fetuses exposed to cortisol-infusion,
(131d n =6), antenatal betamethasone treatment (Beta, 124d, n=6) or
bilaterally adrenalectomised (ADX, 143d, n = 6)
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0.7 AU compared to saline-infused control fetuses (18.9 +
0.7 AU; p =0.04, Fig. 4b). C-6-S levels in lung tissue was
not different between ADX fetuses (23.3 + 1.8 AU) com-
pared to sham-operated control fetuses (19.3 + 1.3 AU;
Fig. 4b). In contrast, following betamethasone treatment,
the level of C-6-S in lung tissue was reduced to 23.2 +
1.0 AU compared to values in saline-treated control fe-
tuses (29.8 + 1.3 AU; p = 0.03; Fig. 4b).

Sulphation profile of CS disaccharides

The relative proportions of mono-sulphated (A-di-4S
and A-di-6S) and non-sulphated (A-di-0S) disaccharides
that comprised the chondroitin sulphate (CS) glycosami-
noglycans isolated from fetal lung tissue were detected

by FACE analysis; non-sulphated hyaluronan disacchar-
ide units (A-di-HA) were also detected. The percentage
of non-sulphated A-di-0S was significantly increased to
30.0+ 1% in cortisol treated fetuses compared with
saline-infused fetuses (26.6 + 1.0%; p = 0.04) whereas the
percentage of mono-sulphated A-di-4S was significantly
lower (35.5+ 1.1%) in cortisol-treated fetuses compared
to saline-treated fetuses (38.6 + 0.5%; p = 0.03); the level
of mono-sulphated A-di-6S remained unchanged (saline:
34.8 £ 0.8% vs. cortisol: 34.4 + 1.2%; Fig. 5a,b).

The percentage of A-di-4S was decreased to 35.6 +
0.6% in betamethasone-exposed fetuses compared to
control fetuses (39.2+1.2%; p =0.02), whereas no
changes could be detected in the percentage of A-di-0S
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Immunolocalisation of C-4-S and C-6-S in the perialveolar region of lungs from (c) saline and cortisol-treated sheep, (d) saline and
betamethasone-treated sheep, and (e) sham and ADX-operated sheep. *p < 0.05 compared to controls. Scale = 25um

(saline: 25.5+1.0% vs. betamethasone: 26.9 +1.0%) or
A-di-6S (saline: 35.3 +1.1% vs. betamethasone: 37.6 +
1.1%; Fig. 5c¢,d).

The percentage of A-di-0S was lower in ADX fetuses
(23.8+£0.8%) compared to sham-operated fetuses (27.8 +
1.8%; p = 0.04) whereas, the percentage of mono-sulphated
CS disaccharides, A-di-4S (40.3 + 0.9%) and A-di-6S (35.9 +
0.8%) in ADX fetuses were unchanged in comparison to
sham-operated controls (38.5+2.6% and 33.7 +2.4%, re-
spectively; Fig. 5e,f).

Hyaluronan levels
Hyaluronan (HA) levels in the lung were similar in
cortisol-infused fetuses (150.5 + 18.4 pmol/ug GAG) and

saline-infused fetuses (190.3 + 22.8 pmol/pg GAG; Fig. 6,
p <0.05), and between betamethasone exposed fetuses
(228.8+35.2 pmol/mg) and saline-treated controls
(130.7 + 17.9 pmol/ug GAG). HA levels in the lung were
significantly decreased in ADX fetuses (to 134.1+
6.8 pmol/pg GAG) compared to sham-operated control
fetuses (177.8 + 24.7 pmol/pg GAG; p = 0.02; Fig. 6).

Cell proliferation levels

The percentage of proliferating lung cells following
fetal ADX (1.69 +0.39%) was significantly higher than
in sham-operated controls (0.64 + 0.22%; p = 0.04; data
not shown). There was no difference in the percent-
age of proliferating lung cells between maternal
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betamethasone-treated fetuses (0.86+0.17%) and
saline-treated controls (1.14 +0.12%; data not shown).
We have previously reported that proliferation rates
(measured via DNA synthesis rates) are not different
following a 9-day fetal cortisol infusion compared to
controls [23].

Discussion

During fetal development, exogenous glucocorticoids have a
potent stimulatory effect on fetal lung maturation, greatly
reducing the incidence of respiratory distress in very pre-
term infants [24]. Although the precise underlying mecha-
nisms are unknown, exogenous glucocorticoids are known
to markedly reduce peri-alveolar tissue volumes, which in-
volves changes in cell proliferation and remodelling of the
ECM [13]. Versican is one of the most abundant CS-rich
proteoglycans in the peri-alveolar region of the fetal lung
[10]. Its high anionic charge density promotes water reten-
tion which contributes to tissue volumes and the viscoelastic

properties of lung tissue. Versican levels in the lung decrease
in the lead up to birth in mice [25] and sheep [10] and are
closely associated with the normal developmental reduction
in peri-alveolar tissue volumes [10]. Consequently, in this
study we hypothesised that glucocorticoid-induced remodel-
ling of the peri-alveolar interstitial tissue is mediated by
changes in versican levels and/or to changes in the micro-
structure of CS GAGs. We found that cortisol administra-
tion to the fetus, which prematurely increased circulating
cortisol concentrations in a manner similar to the normal
pre-parturient increase in cortisol, induced changes in the
sulphation level and microstructure of CS chains without
changing versican levels. Antenatal betamethasone treat-
ment, similar to that used clinically, induced much larger
changes in the sulphation level and microstructure of CS
chains and reduced versican levels within the peri-alveolar
region of the lung.

Versican is widely distributed throughout the interstitial
tissue compartment of the terminal airways, however, the
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Fig. 6 Mean + SD HA levels (presented as pmol/ug GAG + SD) in
the peri-alveolar region of the fetal lung in control fetuses (131d
saline-infused, n=5; 124d antenatal saline-treatment, n =6; 143d
sham operated, n=6) and fetuses exposed to cortisol-infusion, (131d
n=6), antenatal betamethasone treatment (Beta, 124d, n=6) or
bilaterally adrenalectomised (ADX, 143d, n =6). All values were
measured by FACE analysis and asterisks denote a significant
difference between each treatment group (cortisol, ADX or
betamethasone) and its relevant control group

finding that versican levels are not altered in response to
increases and reductions in circulating cortisol levels (cor-
tisol and ADX experiments) is consistent with our previ-
ous findings [10]. We have previously shown that versican
levels markedly decrease between 90 and 126 days GA,
but do not change between 126d and 138d GA, despite
the increase in endogenous cortisol concentrations at this
time [10]. Removal of the endogenous source of fetal cor-
tisol (via ADX) failed to affect fetal lung Vcan mRNA
levels and versican protein levels. Fetal cortisol infusion
and maternal-betamethasone treatment also failed to alter
Vcan mRNA levels, although betamethasone significantly
reduced versican levels in parallel with the reduction with
lung tissue volume. These results indicate that endogen-
ous glucocorticoids are not a major regulator of fetal lung
versican levels in sheep. This is in contrast to our previous
studies, where we observed increased Vcan expression in
mice that have the glucocorticoid receptor deleted from
mesenchymal cells [11]. This suggests that loss of GR sig-
nalling prevents the normal decrease in versican in late
gestation. It's possible that the differences in the timing
and duration of the removal of endogenous glucocorticoid
signalling between the mouse and sheep experiments ex-
plains the contradictory results. Alternatively, cortisol may
not be a major regulator of the normal developmental de-
crease in peri-alveolar tissue volumes, at least in fetal
sheep despite the finding that adrenalectomy partially at-
tenuated the reduction in lung tissue volumes observed at
143d GA. Indeed, the normal gestational-age related
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decrease in peri-alveolar tissue volumes and versican
levels occurs much earlier than the pre-parturient increase
in circulating cortisol levels [10].

In contrast to the cortisol and ADX treatments, which
alter the levels of endogenous glucocorticoids, the levels
of versican protein detected by immunofluorescence
were reduced in the fetal lungs following maternal
betamethasone-treatment. The differential response
could be due to a dose-related effect, as the bioactivity
of betamethasone is ~ 25 times greater than cortisol
[26]. This suggests that glucocorticoid-induced changes
in versican levels require a threshold of stimulation to
be reached in the fetal sheep lung. Synthetic glucocorti-
coids induce greater tissue thinning than endogenous
glucocorticoids in neonatal rat lungs [27], which could
be due in part to differential regulation of versican
levels. As many very preterm infants receive antenatal
glucocorticoids, it is important to understand the precise
mechanisms by which glucocorticoids affect lung devel-
opment, as the developmental response might not be
normal. Synthetic glucocorticoids are known to induce
deleterious changes in the developing rat lung, such as re-
duced alveolarisation [28, 29] in addition to the known
beneficial outcomes. Although the betamethasone-induced
reduction in versican levels might lead to reduced air/
blood gas barriers, thereby increasing the efficiency of gas
transfer, alterations to the visco-elastic properties of lung
tissue might make it more susceptible to volutrauma and
shear stress injury, increasing the risk of bronchopulmon-
ary dysplasia [24].

We have previously demonstrated a strong positive cor-
relation between versican and HA levels during gestation
[10]. However, in betamethasone-exposed fetuses, the de-
crease in versican was accompanied by a tendency for HA
levels to increase. HA functions as an anchor for hyalecta-
can proteoglycans (such as versican) in interstitial tissue
and binds versican to form HA-versican aggregates. Thus,
an increase in HA towards term and following betametha-
sone exposure increases the potential to retain proteogly-
cans within the extracellular lung tissue compartment.
However, the formation of stable HA-versican aggregates is
dependent upon the presence of link proteins which are
highly homologous to the G1 domain of proteoglycans such
as versican [30]. Link proteins stabilise the interaction be-
tween proteoglycans and HA by locking proteoglycans into
the HA chains, thereby anchoring them within the extracel-
lular matrix [30]. Thus, the rapid decrease in versican levels
and accompanying decrease in peri-alveolar tissue volumes
in betamethasone-exposed fetuses might be associated with
a reduction in link proteins. This would account for the ap-
parent disconnection between versican and HA levels in
lung tissue of these fetuses.

We have shown that endogenous and synthetic gluco-
corticoids affect the degree and pattern of sulphation on



McDougall et al. Respiratory Research (2018) 19:155

versican CS chains. Reduced sulphation of PGs reduces
the CS charge density, thereby reducing the capacity to
retain water within the lung tissue and maintain tissue
volume. We found that both chondroitin-4-sulphate
(C-4-S) and chondroitin-6-sulphate (C-6-S) levels are in-
fluenced by glucocorticoids, with betamethasone redu-
cing both C-4-S and C-6-S. As versican is the primary
CS PG in the lung and we have shown that C-4-S and
C-6-S predominantly co-localise with versican [10], it is
likely that the reduction in C-4-S and C-6-S levels in
betamethasone treated sheep is due to the reduction in
versican levels. However, cortisol infusion also decreased
the level of C-6-S without altering versican levels, sug-
gesting that glucocorticoids can reduce sulphation of
versican in the fetal sheep lung. Conversely, ADX re-
sulted in an increase in C-4-S density per unit tissue area
without altering versican levels. Although the increase in
C-4-S could be interpreted as an increase in sulphation,
it is more likely that ADX (at ~112d GA) prevented the
normal decrease in C-4-S that occurs late in gestation
[10]. Furthermore, ADX may impede the normal struc-
tural maturation of the lung by maintaining sulphation
levels of CS chains on versican and possibly other CS
proteoglycans. Our data suggest that glucocorticoids re-
duce the sulphation of versican in the fetal sheep lung,
which would result in reduced charge density and a re-
duced ability to maintain tissue volume in the lung, pro-
viding a possible mechanism for glucocorticoid-induced
tissue thinning.

This mechanism is supported by our further analysis of
the amount and proportion of non-sulphated and
mono-sulphated CS disaccharides in peri-saccular/alveolar
lung tissue (as assessed by FACE). Although this data indi-
cated only minor changes in C-4-S and C-6-S, it is import-
ant to recognise that this analysis does not measure total
content, but measures levels as a proportion of total sul-
fated GAG content (not including disulphated species),
thereby explaining the discrepancy with the immunohisto-
chemistry analysis. Unfortunately, this method did not
allow us to quantify disulphated disaccharides and so the
changes in the proportion of sulphated GAGs must be
interpreted cautiously. Cortisol administration to the fetus
increased the proportion of di-0S levels by 13% (expressed
as a % total of non-sulphated and mono-sulphated GAGs),
reduced the proportion of di-4S by 8% but did not affect
the proportion of di-6S. These data demonstrate a small
increase in non-sulphated CS disaccharides at the expense
of mono-sulphated CS disaccharides, which must lead to
an overall reduction in the net charge present on CS side
chains. In contrast, ADX tended to decreased the propor-
tion of di-0S (by ~ 14%) but did not alter the proportions
of di-4S and di-6S compared to controls. Combined these
data indicate that cortisol acts to decrease the net charge
present on CS disaccharides leading to a reduction in
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anionic charge density. This would be expected to reduce
the osmotic influence of PGs such as versican and may
contribute to the decreased peri-alveolar tissue volumes
associated with glucocorticoids.

It should be noted that in addition to maintaining tissue
volume, versican also plays a role in regulating cell prolifer-
ation. Versican expression is often correlated with high cell
proliferation rates, particularly in cancer [14] and has been
shown to bind to the cell-cycle regulator Midkine [31].
Mice studies suggest that one of the major roles of gluco-
corticoids in the lung is reducing proliferation of interstitial
cells late in development, leading to thinning of lung tissue
[11-13]. The changes in versican levels and sulfation in our
study do not reflect changes in proliferation in these models.
We found a significant increase in the percentage of prolifer-
ating lung cells in ADX-treated fetuses, with no change in
versican levels and a prevention of the normal decrease in
sulphation late is gestation. In contrast there is no change in
proliferation in the lungs of betamethasone-treated fetuses
or cortisol-infused fetuses [23], even though versican levels
and sulphation are altered in these treatment groups. The
specific mechanism by which versican promotes prolifera-
tion is not fully understood and may be secondary to its role
is promoting ECM remodelling. For example, in arterial
smooth muscle cells, platelet derived growth factor increases
Vcan expression, which increases the ECM expansion re-
quired for proliferation of these cells [32]. It is possible that
versican does not directly regulate cell proliferation in the
developing lungs and that the changes in Vcan expression in
glucocorticoid receptor knockout mice reflect changes in
ECM remodelling [11, 13]. Glucocorticoids may alter versi-
can levels and sulphation in the developing lung, thereby al-
tering ECM remodelling and then depending on the
developmental timing and length of exposure/removal of
glucocorticoids, the downstream effects of altered versican
activity may differ.

We have previously shown that fetal sheep lung only
expresses two isoforms of versican, VO and V1 [10]. The
V0 and V1 isoforms contain the largest domains for CS
glycosaminoglycan attachment and are likely to have the
greatest influence on tissue hydration. Fetal lung mRNA
levels for versican were not altered by a cortisol infusion
which is consistent with our previous finding that
mRNA levels for VO and V1 are constant over the latter
half of gestation, despite increasing cortisol levels over
this time [10]. Similarly, fetal lung versican mRNA levels
were not affected by maternal betamethasone adminis-
tration, suggesting that synthetic glucocorticoids do not
reduce versican content by reducing its gene expression.

Conclusion

In summary, we have shown that glucocorticoid regulation
of versican is a complex process, with multiple aspects of
versican synthesis, degradation and/or modification likely
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to be affected. Endogenous glucocorticoids, while not alter-
ing the level of versican itself, regulate the degree of sulpha-
tion of CS chains, which likely affects their ability to
maintain tissue volume within the fetal lung. In contrast,
the highly potent synthetic glucocorticoid, betamethasone,
markedly reduces versican content, as well as the degree of
sulphation of versican, within the fetal lung. These results
are consistent with the suggestion that alterations in versi-
can and the degree of sulphation of CS side chains play an
important role in regulating peri-alveolar tissue volumes.
Furthermore, these findings indicate that synthetic gluco-
corticoids do not simply mimic the effect of endogenous
cortisol and may act on the fetal lung via different
mechanisms.

Abbreviations

A-di-0S: Non-sulphated disaccharide; A-di-4S and A-di-6S: Mono-sulphated
disaccharides; AU: Arbitrary unit; BPD: Bronchopulmonary dysplasia;
C-4-S: Chondrotin-4-sulphate; C-6-S: Chondroitin-6-sulphate; CS: Chondroitin
sulphate; ECM: Extracellular matrix; FACE: Fluorophore assisted carbohydrate
electrophoresis; GAG: Glycosaminoglycan; GaINAc: N-acetylgalactosamine;
GlcUA: Glucuronic acid; HA: Hyaluronan; IHC: Immunohistochemistry

Acknowledgments
We are indebted to Alison Moxham, Angi Li and Valerie Zahra for expert
technical assistance.

Funding

This work was funded by the National Health and Medical Research Council
of Australia (Project grant #237103), the Murdoch Children’s Research
Institute and the Victorian Government's Operational Infrastructure Support
Program (Government of Victoria).

Availability of data and materials
Data sharing is not applicable to this article as no datasets were generated
or analysed during the current studies.

Authors’ contributions

AM, JF, SH, AF contributed to the design of all experiments. JF, MW, KC, SH
developed animal models and generated all animals used in this study. AM,
AF, JF performed all laboratory based analysis and statistical analysis of data.
AM, AF, JF, MW, TC, KC and SH contributed to interpretation of data analysis.
AM, SH, AF were significant contributors to the preparation of the
manuscript and all authors read and approved the final manuscript. Animal
experimentation, gene analysis and immunohistochemistry were performed
at The Ritchie Centre, The Hudson Institute of Medical Research and Monash
University, Australia, whereas FACE analysis was performed at the Murdoch
Children’s Research Institute, Australia.

Ethics approval

All experiments using pregnant Border Leicester x Merino ewes and their
fetuses (term ~147d gestational age; GA) were approved by the Monash
University Animal Ethics Committee.

Consent for publication
Not applicable.

Competing interests
None of the authors have any competing interests to declare.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 11 of 12

Author details

'"The Ritchie Centre, The Hudson Institute of Medical Research, 27-31 Wright
Street, Clayton, VIC 3168, Australia. *Arthritis Research Group, Department of
Pediatrics, University of Melbourne and Murdoch Children’s Research
Institute, Royal Children’s Hospital, Parkville, Victoria 3052, Australia.
Department of Obstetrics and Gynaecology, Monash University, Melbourne,
VIC 3800, Australia. “Department of Biochemistry and Molecular Biology,
Monash University, Melbourne, VIC 3800, Australia.

Received: 30 May 2018 Accepted: 1 August 2018
Published online: 20 August 2018

References

1. Crowley P, Chalmers |, Keirse MJ. The effects of corticosteroid administration
before preterm delivery: an overview of the evidence from controlled trials.
Br J Obstet Gynaecol. 1990,97:11-25.

2. Chen CM, lkegami M, Ueda T, Polk DH, Jobe AH. Exogenous surfactant
function in very preterm lambs with and without fetal corticosteroid
treatment. J Appl Physiol (1985). 1995;78:955-60.

3. Fiascone JM, Jacobs HC, Moya FR, Mercurio MR, Lima DM. Betamethasone
increases pulmonary compliance in part by surfactant-independent
mechanisms in preterm rabbits. Pediatr Res. 1987;22:730-5.

4. Kitterman JA, Liggins GC, Campos GA, Clements JA, Forster CS, Lee CH,
Creasy RK. Prepartum maturation of the lung in fetal sheep: relation to
cortisol. J Appl Physiol Respir Environ Exerc Physiol. 1981;51:384-90.

5. Mendelson CR, Snyder JM. Effect of cortisol on the synthesis of lamellar
body glycerophospholipids in fetal rabbit lung tissue in vitro. Biochim
Biophys Acta. 1985,834:85-94.

6. Kikkawa Y, Kaibara M, Motoyama EK, Orzalesi MM, Cook CD. Morphologic
development of fetal rabbit lung and its acceleration with cortisol. Am J
Pathol. 1971,64:423-42.

7. Losty PD, Suen HC, Manganaro TF, Donahoe PK, Schnitzer JJ. Prenatal
hormonal therapy improves pulmonary compliance in the nitrofen-induced
CDH rat model. J Pediatr Surg. 1995;30:420-6.

8. Tschanz SA, Damke BM, Burri PH. Influence of postnatally administered
glucocorticoids on rat lung growth. Biol Neonate. 1995,68:229-45.

9. Willet KE, Jobe AH, lkegami M, Newnham J, Brennan S, Sly PD. Antenatal
endotoxin and glucocorticoid effects on lung morphometry in preterm
lambs. Pediatr Res. 2000;48:782-8.

10.  Faggian J, Fosang AJ, Zieba M, Wallace MJ, Hooper SB. Changes in versican
and chondroitin sulfate proteoglycans during structural development of the
lung. Am J Physiol Regul Integr Comp Physiol. 2007,293:R784-92.

11, Bird AD, Choo YL, Hooper SB, AR MD, Cole TJ. Mesenchymal glucocorticoid
receptor regulates development of multiple cell layers of the mouse lung.
Am J Respir Cell Mol Biol. 2013;

12. Bird AD, Tan KH, Olsson PF, Zieba M, Flecknoe SJ, Liddicoat DR, Mollard R,
Hooper SB, Cole TJ. Identification of glucocorticoid-regulated genes that
control cell proliferation during murine respiratory development. J Physiol.
2007;585:187-201.

13. Habermehl D, Parkitna JR, Kaden S, Brugger B, Wieland F, Grone HJ, Schutz G.
Glucocorticoid activity during lung maturation is essential in mesenchymal
and less in alveolar epithelial cells. Mol Endocrinol. 2011;25:1280-8.

14. Wight TN. Versican: a versatile extracellular matrix proteoglycan in cell
biology. Curr Opin Cell Biol. 2002;14:617-23.

15.  Hardingham TE, Fosang AJ. Proteoglycans: many forms and many functions.
FASEB J. 1992,6:361-70.

16.  Boland R, Joyce BJ, Wallace MJ, Stanton H, Fosang AJ, Pierce RA, Harding R,
Hooper SB. Cortisol enhances structural maturation of the hypoplastic fetal
lung in sheep. J Physiol. 2004;554:505-17.

17. Wallace MJ, Hooper SB, Harding R. Role of the adrenal glands in the
maturation of lung liquid secretory mechanisms in fetal sheep. Am J Phys.
1996;270:R33-40.

18. Nardo L, Maritz G, Harding R, Hooper SB. Changes in lung structure and
cellular division induced by tracheal obstruction in fetal sheep. Exp Lung
Res. 2000,26:105-19.

19.  McDougall AR, Hooper SB, Zahra VA, Cole TJ, Lo CY, Doran T, Wallace MJ.
Trop2 regulates motility and lamellipodia formation in cultured fetal lung
fibroblasts. Am J Physiol Lung Cell Mol Physiol. 2013;305:L.508-21.

20. Plaas AH, West L, Midura RJ, Hascall VC. Disaccharide composition of
hyaluronan and chondroitin/dermatan sulfate. Analysis with fluorophore-
assisted carbohydrate electrophoresis. Methods Mol Biol. 2001;171:117-28.



McDougall et al. Respiratory Research (2018) 19:155

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32,

Joyce BJ, Wallace MJ, Pierce RA, Harding R, Hooper SB. Sustained changes in
lung expansion alter tropoelastin mMRNA levels and elastin content in fetal
sheep lungs. Am J Physiol Lung Cell Mol Physiol. 2003;284:L643-9.

Farndale RW, Sayers CA, Barrett AJ. A direct spectrophotometric microassay
for sulfated glycosaminoglycans in cartilage cultures. Connect Tissue Res.
1982,9:247-8.

Wallace MJ, Hooper SB, Harding R. Effects of elevated fetal cortisol
concentrations on the volume, secretion, and reabsorption of lung liquid.
Am J Phys. 1995;269:R881-7.

Jobe AH. Antenatal factors and the development of bronchopulmonary
dysplasia. Semin Neonatol. 2003;8:9-17.

Snyder JM, Washington IM, Birkland T, Chang MY, Frevert CW. Correlation of
Versican expression, accumulation, and degradation during embryonic
development by quantitative immunohistochemistry. J Histochem
Cytochem. 2015,63:952-67.

Jobe AH, Soll RF. Choice and dose of corticosteroid for antenatal
treatments. Am J Obstet Gynecol. 2004;190:878-81.

Fayon M, Jouvencel P, Carles D, Choukroun ML, Marthan R. Differential
effect of dexamethasone and hydrocortisone on alveolar growth in rat
pups. Pediatr Pulmonol. 2002;33:443-8.

Massaro D, Teich N, Maxwell S, Massaro GD, Whitney P. Postnatal
development of alveoli. Regulation and evidence for a critical period in rats.
J Clin Invest. 1985,76:1297-305.

Massaro GD, Massaro D. Formation of alveoli in rats: postnatal effect of
prenatal dexamethasone. Am J Phys. 1992,263:L37-41.

Morgelin M, Paulsson M, Hardingham TE, Heinegard D, Engel J. Cartilage
proteoglycans. Assembly with hyaluronate and link protein as studied by
electron microscopy. Biochem J. 1988;253:175-85.

Zou K, Muramatsu H, lkematsu S, Sakuma S, Salama RH, Shinomura T,
Kimata K, Muramatsu T. A heparin-binding growth factor, midkine, binds to
a chondroitin sulfate proteoglycan, PG-M/versican. Eur J Biochem. 2000;267:
4046-53.

Evanko SP, Johnson PY, Braun KR, Underhill CB, Dudhia J, Wight TN. Platelet-
derived growth factor stimulates the formation of versican-hyaluronan
aggregates and pericellular matrix expansion in arterial smooth muscle cells.
Arch Biochem Biophys. 2001;394:29-38.

Page 12 of 12

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Animals
	Cortisol-treated fetuses
	Adrenalectomised fetuses
	Betamethasone exposed fetuses

	Tissue collection
	Tissue analysis
	Tissue/airspace volume
	Immunohistochemistry
	Versican gene expression
	CS analysis by FACE

	Data analysis

	Results
	Fetal plasma cortisol concentrations
	Fractional tissue volume
	Versican mRNA levels in fetal lung tissue
	Versican deposition
	Chondrotin-4-sulphate (C-4-S) and Chondroitin-6-sulphate (C-6-S) deposition
	C-4-S levels
	C-6-S levels

	Sulphation profile of CS disaccharides
	Hyaluronan levels
	Cell proliferation levels

	Discussion
	Conclusion
	Abbreviations
	Acknowledgments
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

