
SUMMARY

Lung branching morphogenesis is a result of
epithelial-mesenchymal interactions, which are in
turn dependent on extracellular matrix composi-
tion and cytokine regulation. Polyamines have
recently been demonstrated as able to modify
chick embryo skin differentiation. In this work we
have examined the effects of putrescine and sper-
midine during chick embryo lung morphogenesis
in organotypic cultures by morphological, histo-
chemical and biochemical examination. To verify
the role of polyamines, we used specific inhibitors,
such as bis-cyclohexylammonium sulphate and
alfa-difluoromethylornithine, and transforming
growth factor ß1, an ornithine decarboxylase and
polyamine stimulator. Our data show that lung
morphogenesis is significantly altered following
the induced mesenchymal glycosaminoglycan
changes. The increase of mesenchymal gly-
cosaminoglycans is correlated with a stimulation
of lung development in the presence of
polyamines, and with its inhibition when trans-
forming growth factor ß1 is added to the culture
medium. The morphometric data show a uniform
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increase of both the mesenchyme and epithelial
branching with spermidine and putrescine stimu-
lus, whereas the mesenchymal substance alone is
significantly increased in apical-median lung sec-
tions with transforming growth factor ß1 and trans-
forming growth factor ß1 + spermidine lung cul-
tures. Transforming growth factor ß1 and trans-
forming growth factor ß1 + spermidine confirm the
blocking of epithelial branching formations and
fibroblast activation, and show that polyamines
are unable to prevent the blocking of epithelial
cells due to the inhibitory effect of transforming
growth factor ß1.

INTRODUCTION 

Epithelial-mesenchymal interactions are required
for the development of many organs, including
those of the gastrointestinal, tegumental, renal and
respiratory systems (Peters et al., 1992; Stabellini
et al., 1998; Wallner et al., 1998; Hogan, 1999;
Quin et al., 1999). They are mediated by soluble
and /or membrane-bound mesenchymal factors,
which act as signalling molecules (Ohmichi et al.,
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1998). The activity of these factors is affected by
the specific composition of the mesenchyme,
which gives them easy access and masks associat-
ed receptors. 
Lung morphogenesis entails a complex branching

process with a specific spatial-temporal sequence
(ecto-para-entobronchi) (Romanoff, 1960) depen-
dent on epithelial-mesenchymal interactions. The
composition of mesenchymal of glycosaminogly-
cans (GAG) varies during the various phases of the
branch formation (Becchetti et al., 1988). Further-
more, in vitro (Carinci et al., 1986) and in vivo
studies have shown that both the branching and
differentiation of the lung epithelium are related to
mesenchymal changes (Becchetti et al., 1988;
Shannon, 1994). Experiments on mouse or trans-
genic mouse lung cultures have shown that factors
such as fibroblasts growth factor tipe b, plateled
growth factor, and epithelial growth factor play a
regulatory role in embryonic lung development
(Roberts et al., 1990; Souza et al., 1995; Bonström
et al., 1996; Miettinen et al., 1997; Ohmichi et al.,
1998). On the other hand, the addition of exoge-
nous transforming growth factor ß to embryonic
mouse lung cultures inhibits branching morpho-
genesis (Zhao et al., 1996, 1998). 
Polyamine (PA) stimulate cell proliferation and

differentiation. In particular, putrescine (PUT),
spermidine (SPD) and spermine (SPM) are neces-
sary for cell growth and differentiation (Pegg,
1986) and play a role in DNA, RNAand protein
synthesis (Tabor and Tabor, 1984). PA are involved
in the transduction of signals between the cellular
membranes, and especially in transforming growth
factor ß1 (TGFß1) signal transduction (Tabib and
Bachrach, 1994; Blachowski et al., 1994; Evange-
listi et al., 1997). A key enzyme in the PA biosyn-
thetic pathway is ornithine decarboxylase (ODC).
An important point is the PA-TGFß1 ratio because
it promotes or inhibits cell proliferation according
to the cell type and presence of different growth
factors (Frazer et al., 1994). The decrease in intra-
cellular PA due to long-term treatment with α-
difluoromethylornithine (DFMO), is associated
with increased expression of the TGFß1 gene in
normal small-intestinal epithelial crypt cells, and it
has been suggested that this gene can play an
important role in the process of growth inhibition
following PA depletion (Patel et al., 1998). In
chick embryo fibroblasts, TGFß1 stimulates prolif-
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eration, increasing PA levels and ODC activity
(Evangelisti et al., 1997) as well as extracellular
GAG synthesis (Locci et al., 1993). Therefore, a
crucial point to be clarified in embryonic lung
development regards the effects of different
growth factors on extracellular matrix (ECM)
modifications during bronchial branching. We
have recently shown that exogenous SPD modu-
lates the accumulation of sulphated GAG in chick
embryo skin, leading to an increase of feather for-
mation (Stabellini et al., 1998). The organotypic
culture system offers a suitable model to study the
interactions of growth factors, including PA, and
ECM, and hence the resulting effects on morpho-
genesis. The aim of the present work was to exam-
ine the morphogenesis of the chick embryo lung in
organotypic cultures in the presence of PUTand
SPD, together with the spermine synthase
inhibitor bis-cyclohexylammonium sulphate
(BCHS) (Fuerstein et al., 1985), and the an irre-
versible inhibitor ODC DFMO, as well as TGFß1.
Our results show that PA promotes morphogene-
sis, via a mesenchymal stimulus. However PA are
not able of overcoming the inhibitory effect of
TGFß1 on epithelial branching.

MATERIALS AND METHODS

Organ cultures 
Six-day-old Hubbard chick embryos, staged

according to the Hamilton tables (1952) provided
by the Selice Incubator Company (Bubano, Imola,
Italy), were removed under sterile conditions,
placed in Petri dishes and decapitated. Lungs were
removed under sterile conditions and placed in
culture dishes on membrana testacea at 37°C for 3
days. Semisolid serum-free media were used
according to the technique elsewhere described
(Carinci et al., 1986). Test cultures were adminis-
tered with semisolid serum-free media incorporat-
ed with: a) 2x10-7M SPD; b) 2x10-7M PUT; c) 200
µM BCHS; d) 200 µM BCHS + 2x10-7M SPD;
e)5mM DFMO; f) 5 mM DFMO + 2x10-7M PUT;
g) 50 ng/ml TGFß1; h) 50 ng/ml TGFß1 + 2x10-7M
SPD. The inhibitor of spermidine BCHS was
added at a concentration of 200 µM. Five cultures
for each experimental condition were performed,
for a total of four independent experiments.
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Morphological and morphometric investigations
Cultures were observed daily, and bronchial

branching was evaluated by counting epithelial
branch points under a stereomicroscope and pho-
tographed at 30X magnification. Cultures were
fixed in buffered formalin at 4°C for 3-4 hours,
and routine histological procedures were followed.
Entire lungs were cut in 5µ sections at intervals of
100 µ (Fig. 1L), stained with hematoxylin and
eosin, and observed with an optical microscope. To
quantify the structural differences between lung
cultures, we performed morphometric analysis on
the sections stained with hematoxylin-eosin. We
assessed the differences between total area of lung
section and total epithelial branching development
with a Zeiss Axioplane Microscope connected to a
Kontron Electronic Scanner using Vidas Software.
We delimited single bronchial branching and
determined the single areas. Total development of
epithelial branching was evaluated by adding
together all determined areas. We performed two
slides for samples; the values are expressed as µ2,
and are the mean ± SD. 

Histochemical study
The histochemical study was perfomed on

homologous sections of the interclavicular air sac,
ectobronchi, parabronchi and entobronchi on the
basis of previous indications of the spatial GAG
distribution and tridimensional reconstruction of
epithelial lung branching in vivo (Becchetti et al.,
1988). GAG are tested in mesenchyme between
ectobronchi and parabronchi.
For histochemical analysis, in order to distinguish

different GAG, such as hyaluronic acid (HA), chon-
droitin 4-6 sulfate (CS), dermatan sulfate (DS) and
heparan sulfate (HS) we used staining with 1%
Alcian blue 8 GX (AB) (Fluka) in 0.025M or 0.3M
or 0.65M MgCl2 (Hoechst 1% in 0.2 M phosphate
buffer, pH 6, 37°C, 1h). For enzymatic digestion, the
sections were incubated with testicular
hyaluronidase (Merck, Darmstadt, Germany, 1
mg/ml; 0.1 M phosphate buffer, pH 7, 6 h at 37°C).
Control sections were incubated in buffer alone. The
GAG were identified by critical electrolyte concen-
trations at which the polyanions change from bind-
ing Alcian to binding Mg++ (Scott and Dorling,
1965). Alcian stained the polyanions with increasing
selectively as the MgCl2 concentration of the stain-
ing solution was raised. At 0.025 M MgCl2, not only
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GAG but also nucleic acids and sulphated glycopro-
teins were stained; at 0.3M MgCl2, the only macro-
molecules which were positively stained were the
GAG (CS, DS, KS, HS); at 0.65M MgCl2, the only
GAG stained were heparin, HS and KS. The action
of specific enzymes on the section, followed by
Alcian staining, allowed us to determine the distrib-
ution of individual GAG. In particular, digestion
with testicular hyaluronidase selectively removed
HA and CS, which might no longer be bound to pro-
teoglycans. Since a good relation between colour
and GAG concentration has been demonstrated
(Carinci et al., 1968), we obtained GAG values
measuring optical density of 5 random areas by con-
necting a Zeiss Axioplane Microscope to a Kontron
Electronic Scanner using Vidas Software. We exam-
ined 2 slides for each sample; the values are
expressed as relative optical density (arrangement:
black = 0, white = 1) and were the mean ± SD of 5
determinations per slide.

Cell cultures
Lungs were carefully removed from 6-day-old

chick embryos, washed in Tyrode’s solution and
dissociated in 0.25% trypsin (DIFCO, 1:300;
room temperature, 25-30 min). Cells were recov-
ered by centrifugation and suspended in 199+10%
calf serum (Gibco, Grand Island, NY). Ten ml cell
suspension (1X106 cell/ml) was plated in Falcon
flasks and placed in a humidity-saturated atmos-
phere (5% CO2, 37°C). After 24 hrs, the medium
was exchanged and cultures were washed. The
cells were incubated with 199 alone, or medium
199 plus SPD, PUT, BCHS, BCHS+SPD, DFMO,
DFMO+PUT, TGFß1 and TGFß1+SPD and incu-
bated for a subsequent 24 hrs. The viability of the
cells was measured by their ability to exclude try-
pan blue (Patterson, 1979).

Newly synthesized GAG and theiridentification
Pooled media (two cultures for each experiment)

were exhaustively dialyzed against distilled water
and lyophilised. The GAG were isolated by the
method elsewhere described (Stabellini et al., ‘98).
The lyophilised material was dissolved in 8 ml 0.5
M acetate buffer (pH 7.5) with 0.5 mM CaCl2,
digested with pronase (Calbiochem, San Diego,
CA, 2 mg/ml, 24 h at 50°C), then deproteinated
with ethanol containing 5% potassium acetate. The
precipitate was washed with absolute ethanol, 1:1
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Fig. 1 (A, L) - Epithe-
lial branching morpho-
genesis in chick
embryo lung explant
cultures maintained in
a defined serum-free
medium. Addition of
SPD and PUTincreas-
es epithelial branching,
whereas TGFß1 and
polyamine inhibitors
(BCHS and DFMO)
prevent epithelial
lung morphogenesis
as well as with
TGFß1+SPD. A) 199;
B) SPD; C) PUT;
D) BCHS; E) DFM;
F ) B C H S + S P D ;
G )  D F M O + P U T;
H )  T G F ß1;  
I) TGFß1+SPD. Magni-
fications 30X. L)9-day
lung drawing shows
the position of the 1st,
10th, 19th section levels;
a.s.= aerifery sacs; B1=
bronchus; B2= sec-
ondary bronchus; P=
parabronchus; sec=
section.
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ethanol/ether and ether alone. The ether was
removed under vacuumat room temperature and
GAG dissolved in 0.075 M NaCl. Individual GAG
were separated by two-dimensional electrophoresis
on cellulose acetate plates and identified by com-
paring them with the standards and their specific
enzymatic susceptibility. Lyophilized samples were
digested with bovine hyaluronate (EC 3.2.1.35)
(Miles Italiana, Cavenago Brianza, Milano, Italy)
and Streptomicetes hyaluronate lyase (EC 4.2.2.1)
(Streptomycetes hyaluroniticus, Seikagaku Kogyo,
Tokyo, Japan) at 37°C for 24 hrs with 30 and 5
enzyme units, respectively; or with chondroitin
AC-II lyase (EC 4.2.2.5) (Arthrobacter aurescens,
Seikagaku, Kogyo, Tokyo, Japan) for 24 hrs with
0.5 and 0.01 enzyme units (Conrad et al., 1977).
They were quantified using a microcolorimetric
method (Bartold and Page, 1985) and expressed as
nmol/mg prot.

Ornithine decarboxylase activity and polyamine
assay
At the end of incubation, the organ cultures were

removed and lungs were detached from the mem-
brana testacea, washed with PBS, and centrifuged
at 50 g for 10 min at 4°C. The pellets were extract-
ed with 100 µl of 50 mM TRIS-HCl, at pH 7.5, 0.1
mM EDTA, 5 mM dithiothreitol, 0.05 mM pyri-
doxal-5’-phosphate and 0.5% Triton X-100 (lysis
buffer). Lung lysates were centrifuged at 7,000 g
for 15 min at 4°C, and the resulting supernatants
were used immediately for ODC assay (Stefanelli
et al., 1992) and the determination of proteins by
Bradford’s method (1976). ODC activity was car-
ried out in a 50 µl total volume, 40 µl of which
were of lung extract origin. The assay mixture
(final concentration) contained 50 mM Tris-HCl, at
pH 7.5, 0.1 mM EDTA, 5 mM dithiothreitol, 0.05
mM pyridoxal-5’-phosphate, 0.5% Triton X-100,
0.4 mM L-ornithine and 0.1 µCi [14C]-ornithine (sp.
act. 58 mCi mmol-1, NEN). The assays were per-
formed in glass tubes with filter paper attached to
the inside of the cap. The filter paper was moist-
ened with 20 µl of 1 M methylbenzethonium
hydroxide in methanol to trap released 14CO2. The
reaction was carried out for 1 h in a 37°C shaker
bath, then stopped by injecting 200 µl of 1 M citric
acid through the rubber cap. After a further 30 min,
the incubation filters were cut out and the radioac-
tivity was counted in a Kontron scintillator counter.
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The results were expressed as nmoles of CO2

released h-1/mg-1 protein.
For PA determination the lungs were washed

three times with PBS and homogenized in 4 vol of
0.3 M perchloric acid. PA were extracted and
derived with dansyl chloride (DNS) and a high
performance liquid chromatography (HPLC)
method as described by Stefanelli et al. (1986).
The HPLC equipement was composed of two 420
pumps, a m 491 mixer, SFM 25 fluorescence
detector, a Data system 450 (Kontron Instruments,
Milano, Italy) and 7000 injector (Rheodyne, Inc.,
Cotati, CA, USA). Separations were achieved
with a Spherisorb S 50DS2 5-µm column
(250x4.6 mm I.D.) (Kontron). The DNS deriva-
tives of PA were separated with Spherisorb, a sol-
vent composed of water-acetonitrile-methanol
(5:3:2) as solvent A and acetonitrile-methanol
(3:2) as solvent B. The sample was eluted with a
linear gradient from 28% to 90% solvent B in 15
min at a flow rate of 1.0 ml/min. The values were
expressed as nmol/mg protein. 

Statistical analysis
The statistical analysis was made using the stu-

dent t-test for paired and unpaired data. 

RESULTS

Organ cultures
Morphological data. A single 6-day lung rudi-

ment is formed by mesobronchus covered with
pseudostratified epithelium from which 4 ento-
bronchi and 1 ectobronchus emerge (Romanoff,
1960). All secondary bronchi are lined by a simple
columnar epithelium.
After 3 days of culture in 199, more growth and

more epithelial tubules were detectable. Lung
explants grew well; epithelial tubules extended
outwardly. Four entobronchi, 3-4 parabronchi
emerged from entobronchi covered with a simple
isoprismatic epithelium, 3-4 ectobronchi, 4 latero-
bronchi, 2-3 dorsobronchi and 4-5 air sacs lined by
a simple squamous epithelium were present. Alto-
gether, 22.63±2.30 ramifications were counted
under the stereomicroscope (Table I) (Fig. 1Aand
2A). The lungs, maintained in the presence of SPD
or PUT, showed good growth and exhibited
increases in bronchial ramification (p<0.01) of
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28.53±2.54 and 30.18±3.0 respectively (Table I)
(Figs. 1B-C and 2B-C). Explants showed decreased
growth (p<0.01) when BCHS (12.70±2.00) or
DFMO (13.87±1.98) were added, as compared to
controls. The ramifications were poorly developed
and presented enormously dilated air sacs, covered
with isoprismatic epithelium (Table I) (Figs. 1D-E
and 2D-E). When BCHS was added to SPD or
DFMO to PUT, lung cultures showed 19.20±2.13
and 20.10±2.48 more dilated epithelial branchings
than those of controls (Table I) (Figs. 1F-G and 2F-
G). Epithelial branching of organotypic lung cul-
tures maintained in the presence of TGFß1

(13.42±1.67) or TGFß1+SPD (15.3±2.20), was
decreased (p<0.01) (Table I) (Figs. 1H-I and 2H-I).
At morphometric analysis (Table II) the lung cul-
tures, treated with PUTor SPD showed a larger
number of sections than controls (21 vs. 19),
whereas in the presence of BCHS, DFMO or
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TGFß1, all the lungs presented a similar decrease
(14) in the number of obtained sections. When
BCHS was added to SPD, or DFMO to PUT, the
number of sections obtained rose again (17 vs. 14),
but did not reach that of the controls (19). When
TGFß1 was added to SPD, the number of sections
decreased (15) as compared to controls and was
similar to those obtained in TGFß1, BCHS and
DFMO cultures (14).
Mesenchymal mass, which was obtained by sub-

tracting the total developmental area of bronchial
branching (calculated section by section) from the
total section area, did not show significant differ-
ences in PUTor SPD cultures with respect to con-
trols. Section 3, obtained from the apical region,
showed an increase of mesenchymal mass
(p<0.01) with TGFß1 or TGFß1+SPD. Section 4
showed a decrease (p<0.01) with SPD and an
increase (p<0.01) with BCHS, BCHS+SPD,

Fig. 2 (A,I) - Epithelial branching morphogenesis in chick embryo lung explant cultures maintained in a defined serum-free
medium. Increased numbers of normal ramifications can be observed with SPD and PUT; a decreased number of dilated ramifi-
cations can be seen with TGFß1 and polyamine inhibitors as well as with TGFß1+SPD. A) 199; B) SPD; C) PUT; D) BCHS; E)
DFMO; F) BCHS+SPD; G) DFMO+PUT; H) TGFß1; I) TGFß1+SPD. Ematoxylin and Eosin Magnifications 10X.
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DFMO, DFMO+PUT, TGFß1 or TGFß1+SPD.
Levels 5 and 6, obtained from the apical region,
showed an increase of mesenchymal mass
(p<0.01) in the presence of BCHS, BCHS+SPD,
DFMO, DFMO+PUT, TGFß1 or TGFß1+SPD. In
sections 7 and 8, the mesenchymal mass signifi-
cantly increased in the presence of BCHS, DFMO,
TGFß1 and TGFß1+SPD. In sections 9 and 10, only
TGFß1 or TGFß1+SPD produced an increase in
mesenchymal mass (p<0.01). In medial sections
(11 and 12), the mesenchymal mass decreased
(p<0.01) in the presence of DFMO, TGFß1,
BCHS+SPD, DFMO+PUT, whereas in the pres-
ence of BCHS, it increased (section 11) or
decreased (section 12). In sections 13 and 14, it
decreased (p<0.01) in the presence of BCHS,
DFMO, TGFß1, BCHS+SPD or DFMO+PUT.
Section 15 showed a significant decrease in the
presence of BCHS+SPD, DFMO+PUTor
TGFß1+SPD. In the caudal region (sections 16 and
17), the mesenchymal mass showed a significant
decrease with SPD, PUT, BCHS+SPD and
DFMO+PUT. In section 18, only SPD showed the
same trend (p<0.01) as above.

Histochemical data
Six-day lung rudiments showed loose mes-

enchyme, and the ground substance exhibited
greater alcianophilia in the entobronchi and ecto-
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bronchi staining at 0.025, 0.3, 0.65 M MgCl2, par-
tially removable by testicular hyluronidase treat-
ment (HS, CS, DS, HA).
After 3 days of culture, the mesenchymal ground

substance exibited alcianophilic histochemical
staining as above.
In 199 alone, the alcianophilia at 0.3 M MgCl2 was

largely abolished by hyaluronidase (CS). It showed
different intensities in relation to the various sites:
maximum in the outer region of the growth, clear
around the ento- and ecto-, poor in the latero- and
para-bronchi, and scarce around the air sacs. In
SPD- and PUT- treated lungs, the ground substance
showed alcianophilia, which was hyaluronidase-
sensitive at 0.3M MgCl2, stronger (higher CS con-
tent) than controls. The basement membrane of
lung cultures added with SPD or PUTshowed clear
alcianophilia in 0.025, 0.3 and 0.65 M MgCl2,
which was partially removable by hyaluronidase. In
BCHS- and DFMO-treated lungs, at 0.3 M MgCl2,
alcianophilia was strongly reduced (less CS con-
tent), and basement membranes showed poor reac-
tivity, which was partially abolished by
hyaluronidase. In BCHS+SPD and DFMO+PUT
cultures, alcianophilia increased at 0.3 M (CS
increase). In TGFß1 or TGFß1+SPD cultures, the
mesenchyme showed poor cellular condensation
and a rather fine intercellular network, particularly
evident between the parabronchi and at the periph-

Table I
Number of chicken embryo bronchis developed after 3-day cultures with SPD, PUT, BCHS, DFMO (polyamine

inhibitor) TGFß1 and TGFß1+SPD: developed bronchi were counted under a stereomicroscope (means ± SD). 
SPD = Spermidine; PUT= Putrescine; BCHS = bis-cyclohexylammonium sulfate; 

DFMO = α-difluoromethylornithine; TGFß1 = transforming growth factor ß1

Treatment Culture number Bronchi/culture

Control 20 22.63±2.30
SPD 20 28.53±2.54*°
PUT 20 30.18±3.0*°
BCHS 20 12.70±2.00*
DFMO 20 13.87±1.98*
BCHS+SPD 20 19.20±2.13
DFMO+PUT 20 20.10±2.48
TGFß1 20 13.42±1.67*
TGFß1+SPD 20 15.35±2.2*

*P<0.01 as compared to controls, °P<0.01 as compared to TGFß1.
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ery. At 0.3 M MgCl2, the positivity increased (high
CS content) in TGFß1-and TGFß1+SPD-treated
lungs, as compared to controls. At this molarity, the
basement membranes showed strong reactivity which
was partially abolished by hyaluronidase. At 0.65 M
MgCl2, the alcianophilia significantly decreasedin
BCHS- and DFMO-treated lung cultures.
The histochemical reactivity of the mesenchymal

ground substance around the ectobronchi (where lat-
erobronchi emerge) exhibited quantitative differ-
ences according to the experimental treatments
(Table III). The staining pattern, produced by treat-
ment with Alcian blue in 0.025 M MgCl2, revealed
strong alcianophilia, which drastically decreased
after testicular hyaluronidase digestion. However,
the reduction observed in the controls was signifi-
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cantly greater (p<0.01) than the decrease in lung
cultures administered with SPD, PUT, BCHS+SPD,
DFMO+PUT, TGFß1 or TGFß1+SPD. The reactivi-
ty to the enzyme proved that the decrease was due
to the digestion of hyaluronic acid. The pattern of
residual staining denotes that sulphated GAG were
abundant. This finding was confirmed by reactivity
with Alcian blue at 0.3 M MgCl2 (Table III). Since
chondroitin sulfates and hyaluronic acid are sensi-
tive to the enzyme, it may be deduced that the high-
er amounts of sulphated GAG, observed in SPD,
PUT, TGFß1 and TGFß1+SPD-treated cultures, are
partly due to the CS themselves, and partly due to
DS, KS and HS. At 0.65 M MgCl2, the alcianophil-
ia significantly decreased in BCHS-and DFMO-
treated lung cultures.

Table II
In vitro chick embryo lung development with polyamines, polyamine inhibitor and cytokine. Values are expressed

as 1X10-4 µ2 and represent the difference between the total area section and total area bronchial branching. 
CONTR = Control. SEC = Section

SEC CONTR SPD PUT BCHS BCHS+SPD DFMO DFMO+PUT TGFß1 TGFß1+SPD

1 - - - - - - - - -
2 17.3±1.9 18.1±2.2 19.1±2.1 20.9±2.5 16.2±1.9 14.7±1.6 15.9±1.7 14.6±2.0 13.6±3.1
3 16.7±2.1 15.1±1.5 16.5±2.4 30.9±4.1 23.5±3.6 25.6±2.8 20.3±3.1 26.3±3.8* 24.5±2.9*

4 19.6±3.0 12.7±1.7* 16.6±2.3 38.9±5.1 29.9±4.0 34.1±4.1 30.5±3.3 31.5±4.0* 28.8±3.0*

5 23.8±2.9 25.0±3.0 26.0±4.2 53.2±6.3* 39.9±5.4* 39.1±3.9* 37.9±5.5* 34.0±3.9* 32.1±4.2*

6 24.8±3.9 21.9±2.9 23.2±3.0 56.5±7.7* 42.6±6.3* 41.0±5.6* 35.1±4.6* 35.1±4.7* 36.3±5.3*

7 32.6±4.4 26.8±3.9* 27.9±3.3 49.5±5.4* 38.2±4.6 40.2±4.5 35.4±4.8 42.2±5.5* 40.7±3.9*

8 29.9±3.9 29.9±4.2 28.8±3.6 46.4±5.8* 34.0±5.4 38.9±4.9* 30.3±3.7 48.5±6.2* 45.5±4.4*

9 40.1±5.3 34.5±4.7 35.5±4.3 42.4±5.1 30.2±4.6 37.6±4.9 33.3±3.9 51.6±6.9* 49.3±4.1**

10 34.9±5.2 27.2±3.3 30.3±4.2 36.4±4.9 26.8±3.5 35.5±4.3 28.7±4.0 47.7±5.7* 48.0±5.0*

11 42.8±5.6 39.1±4.6 38.1±5.3 44.0±5.7 25.4±3.6* 34.1±4.9 26.4±3.9* 34.1±4.0** 36.2±5.5
12 43.4±5.5 34.0±3.9 33.5±5.0 32.4±4.2* 32.6±4.4* 32.7±4.6* 27.2±3.5* 35.6±4.9 36.1±4.7
13 41.4±5.3 39.1±4.6 38.8±4.5 23.7±3.1* 28.8±4.1* 26.3±3.4* 25.3±3.5* 31.0±5.3* 33.5±3.5
14 36.2±5.0 30.7±4.0 33.4±5.1 24.8±5.5* 27.8±3.6* 18.9±2.8* 23.8±3.5* 23.0±4.2* 28.8±5.7
15 33.7±4.1 29.4±3.3 28.6±3.4 - 23.1±3.5* - 23.7±3.5** - 21.4±4.9
16 34.5±4.4 27.1±4.2 27.7±4.1 - 20.6±3.7* - 18.9±2.8* - -
17 32.7±4.9 18.5±2.6* 20.4±2.8* - 17.6±2.9* - 14.3±2.5* - -
18 21.7±3.2 15.6±2.2* 18.5±2.7 - - - - - -
19 10.4±1.7 10.6±2.0 13.1±2.4 - - - - - -
20 - 8.2±2.4 10.4±1.9 - - - - - -
21 - 5.6±0.9 7.7±1.1 - - - - - -

*P<0.01, **P<0.05 as compared to controls.
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Ornithindecarboxylase activity and polyamine
values
In Table IV, ODC and PA values of 6-day chick

embryo lungs are reported after 3-day cultures. ODC
increased (p<0.01) in TGFß1- and BCHS-treated cul-
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Table III
Histochemical GAG evaluation in mesenchyme of 6-day chick embryo lung. Development after 3-day culture. 

After Jal = after hyaluronidase treatment. SPD = Spermidine; PUT= Putrescine; BCHS = bis-cyclohexylammonium
sulfate; DFMO = α-difluoromethylornithine; TGFß1 = transforming growth factor ß1

ALCIAN BLUE IN MgCl 2

0.025 M 0.3 M 0.65 M 

Before After jal Before After jal

CONTROL 182.0±12.7 0 110.6±7.7 18.9±1.3 59.8±4.2

SPD 231.6±16.2 67.9±4.1 130.1±10.8 37.9±1.5 61.8±4.3
* * * *

PUT 229.4±20.5 65.8±6.0 120.3±9.2 39.4±2.9 55.2±5.1
* * *

BCHS 186.7±13.1 0 109.9±7.1 0 25.6±1.8
*

BCHS+SPD 181.7±13.0 20.5±1.2 128.5±11.6 28.8±1.5 65.1±4.6
* ** *

DFMO 178.3±14.1 0 102.4±10.7 0 30.7±5.1
*

DFMO+PUT 181.6±14.8 22.6±2.4 104.3±11.0 20.9±2.7 58.6±3.9

TGFß1 224.6±15.7 62.3±1.6 133.2±12.8 39.3±1.6 64.3±4.5
* * * *

TGFß1+SPD 230.5±17.4 64.1±3.1 140.2±13.6 40.7±2.8 63.2±4.0
* * * *

*P<0.01, **P<0.05 as compared to controls.

Table IV
Ornithinedecarboxylase activity and polyamine levels in organotypic cultures of chick embryo lung after 3 days 

in vitro growth. The data are means ± SD; ODC is expressed as nmolCO2/mg proteins x hour and PA as nmol/mg
prot. TGFß1 = transforming growth factor ß1, BCHS = bis-cyclohexylammonium sulfate; 

DFMO = α-difluoromethylornithine

ODC PUT SPD SPM

CONTROL 4.87±0.58 2.65±0.29 5.02±0.49 9.67±1.2
TGFß1 6.01±0.78* 5.15±0.57* 10.55±1.16* 8.93±0.98
BCHS 10.34±1.13* 33.49±4.21* 1.93±0.21* 10.92±1.42
DFMO 1.26±0.18* 0.0 1.58±0.19* 8.55±1.11

*P<0.01 as compared to controls.

tures, whereas it decreased in DFMO-treated ones.
PUT significantly increased in TGFß1-and BCHS-
treated cultures, and decreased in DFMO- treated
ones. SPD increased (p<0.01) in TGFß1- treated cul-
tures and decreased (p<0.01) in BCHS- or DFMO-
treated ones. The SPM variation was not significant.
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Cell cultures
Newly synthetised GAG. The amount of total extra-

cellular GAG (Table V) increased (p<0.01) in 6-day
lung fibroblast cultures in all experimental condi-
tions except under DFMO-treatment. Regarding the
single classes of GAG, HAincreased (p<0.01) with
BCHS, BCHS+SPD, DFMO+PUT, TGFß1 and
TGFß1+SPD lung cultures, whereas it decreased
with DFMO. CS+DS increased (p<0.01) in SPD-,
PUT-, TGFß1-, TGFß1+SPD-treated cultures and
decreased with DFMO. HS increased (p<0.01) only
in BCHS-, TGFß1- or TGFß1+SPD-treated ones.
The HA/sulphated GAG ratio was significantly
lowered in SPD-and PUT-treated cultures, while the
changes obtained with BCHS, DFMO, TGFß1 and
TGFß1+SPD were not significant. 

DISCUSSION

We have previously established a clear relation-
ship between accumulated mesenchymal GAG and
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epithelial morphogenesis in the course of lung
development in vivo (Becchetti et al., 1988). The
present study reveals the presence of similar
epithelial branching features in vitro. In particular,
the mesenchymal ground substance exhibits anal-
ogous GAG pattern heterogeneity.
Our results indicate that PA treatment stimulates

lung explant growth as seen in Table I and GAG
accumulation as seen Table III. Inhibitor adminis-
tration corroborated these observations : indeed,
both inhibition of SPD synthesis by BCHS and
PUT production by DFMO arrested lung growth.
The arrested lung growth was in turn almost
reversible by the simultaneous administration of
PA (Table I).
After a 3-day culture, lung histochemistry

showed alcianophilia at 0.3M MgCl2. Testicular
hyaluronidase digestion (an index of sulphated
GAG) was observable around the secondary
bronchi and parabronchi, but was strongest around
the parabronchi growing in the laterodorsal region

Table V
Extracellular GAG values of chick embryo lung fibroblasts. The values are the means ± SD. T.GAG = Total 

Glycosaminoglycans; HA= hyaluronic acid; HS = heparan sulfate; CS+DS = condrotin sulfate + dermatansulfate;
S.GAG = Sulphated Glycosaminoglycans; SPD = Spermidine; PUT= Putrescine; BCHS = bis-cyclohexylammonium

sulfate; DFMO = α-difluoromethylornithine; TGFß1 = transforming growth factor ß1

EXTRACELLULAR GAG

T.GAG HA HS CS+DS HA/S.GAG

CONTROL 7.35±0.7 1.50±0.2 1.37±0.5 4.48±0.4 0.26±0.03
(20.4) (18.6) (60.9)

SPD 11.25±0.8* 1.47±0.3 1.50±0.3 8.28±0.4* 0.15±0.02*
(13.1) (13.3) (73.6)

PUT 12.00±1.0* 1.68±0.5 1.74±0.4 8.58±0.6* 0.16±0.3*
(14.0) (14.5) (71.5)

BCHS 10.08±0.8* 2.24±0.4* 2.19±0.3* 5.65±0.5 0.29±0.04
(22.2) (21.7) (56.0)

BCHS+SPD 9.17±1.0* 1.92±0.3* 1.83±0.4 5.41±0.4 0.26±0.04
(21.0) (20.0) (59.0)

DFMO 5.56±0.9* 1.12±0.2* 1.11±0.2 3.33±0.5* 0.25±0.04
(20.1) (20.0) (59.9)

DFMO+PUT 8.00±1.6 1.67±0.4* 1.72±0.5 4.61±0.3 0.26±0.2
(20.9) (21.5) (57.6)

TGFß1 12.49±0.9* 2.37±0.4* 2.08±0.4* 8.03±0.5* 0.23±0.03
(19.0) (16.7) (64.3)

TGFß1+SPD 11.1±0.7* 2.23±0.5* 2.15±0.3* 6.71±0.6* 0.25±0.04
(20.1) (19.4) (60.5)

*P<0.01 as compared to controls.
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in the presence of SPD and PUT. By contrast, it
decreased in the presence of BCHS and DFMO.
These observations underline the fundamental role
of SPD and PUTon organ differentiation. Treat-
ment with TGFß1 or TGFß1+SPD (Table III)
increased the production of sulphated GAG (CS,
DS and HS) in fibroblasts and lung cultures.
TGFß1 also determined an increase in PA levels
following ODC activation (Table IV), which how-
ever was accompanied by decreased epithelial
branching. Taken together, our histochemical and
biochemical data show an increase of sulphated
GAG in both PA- and TGFß1-treated lungs. Nev-
erthles, these two growth factors exerted a differ-
ent effect on lung chick embryo development.
Indeed, whereas PA stimulate epithelial banching
(Table II), TGFß1 inhibits branching, and stimulat-
ed mesenchymal cell function. We have previous-
ly demonstrated that epithelial branching stops
when sulphated GAG are removed from organ-
otypic lung cultures, and starts again when GAG
accumulation takes place (Carinci et al., 1986).
The present in vitro study shows that a significant
decrease in the HA/sulphated GAG ratio is associ-
ated with increased lung differentiation. This find-
ing is in agreement with Caniggia and Post (1992),
who demonstrated that in rat lungs fibroblasts pro-
duce HAin proximity to the epithelium, and HS or
CS in more distant regions, and that the shift to HA
occurs with the thinning of the alveolar septum. 
PA are known stimulate GAG synthesis and cell

proliferation in both fibroblasts and epithelial cells
whereas TGFß1 induces PA and GAG synthesis in
fibroblasts and growth arrest in epithelial cells in
G1 phase (Moses et al., 1985). Our morphometric
data show increases of both mesenchymal and
epithelial branching in the presence of PA stimula-
tion, whereas TGFß1 and TGFß1+SPD stimulate
mesenchymal growth but inhibit branching. Zhao
et al. (1998) have demonstrated that the abolition
of the anti-proliferative effect by TGFß1 inactiva-
tion in culture media restores epithelial branching
morphogenesis, probably due to the inductive
effects of other endogenous peptide growth factors
such as EGF and PDGF-AA. Furthermore, Lyon et
al. (1997) have shown that the biological activity
of TGFß1 is potentiated by interaction with heparin
sulfate: this implies that an increase in TGFß1-
induced HS should contribute to block epithelial
cell proliferation in the G1 phase. 

161

In conclusion, the present study provides an in
vitro demonstration that TGFß1 stimulates mes-
enchymal cells and modifies ECM, but these
changes cannot prevent the blocking of epithelial
cells in the G1 phase of the cell cycle, due to the
inhibitory effect of TGFß1. Moreover, our data
provide important confirmation that the ECM is
important for lung development, and suggest that
the coordination of TGFß1 and other growth sig-
nals are essential for differentiation. 

ACKNOWLEDGEMENTS

These studies were supported by Ministero del-
l’Università e della Ricerca Scientifica e Tecno-
logica (MURST) 40% and 60% Italy Grant. We
thank Miss Agnese Pellati for technical assistance.

REFERENCES

Bartold P.M., and Page R.C.: A microdetermination method
for assaying glycosaminoglycans by two dimensional elec-
trophoresis on acetate strip. Anal. Biochem. 150, 320-324,
1985.

Becchetti E., Evangelisti R., Stabellini G., Pagliarini A., Del
Borrello E., Calastrini C., and Carinci P.: Developmental het-
erogeneity of mesenchymal glycosaminoglycans (GAG) dis-
tribution in chick embryo lung anlagen. Am. J. Anatomy 181,
33-42, 1988.

Blachowski S., Motyl T., Grzelkowska K., Kasterka M., Orze-
chowski A., and Interewicz B.: Involvement of polyamines in
epidermal growth factor (EGF), transforming growth factor
(TGF)-alpha and beta1 action on culture of L6 and fetal bovine
myoblasts. Int. J. Biochem. 26, 891-897, 1994.

Bonström H., Willetts K., Pekny M., Levéen P., Lindahl P.,
Hedstrand H., Pekna M., Hellström M., Gebre-Medhin S.,
Schalling M., Nilsson M., Kurland S., Törnell J., Heath J.K.,
and Betsholtz C.: PDGF-Asignalling is a critical event in
lung alveolar myofibroblast development and alveogenesis.
Cell 85, 863-873, 1996. 

Bradford M.M.: A rapid and sensitive method for the quantifi-
cation of microgram quantities of proteins utilizing the princi-
ple of protein-dye binding. Anal. Biochem. 72, 248-254, 1976.

Caniggia I., and Post M.: Temporal and spatial differences in
glycosaminoglycan synthesis by fetal lung fibroblasts. Exp.
Cell. Res. 202, 252-258, 1992.

Carinci P., Becchetti E., Stabellini G., Evangelisti R., and
Pagliarini A.: Evidence for glycosaminoglycans role in avian
lung morphogenesis. In: Progress in Development Biology,
Part B. Alan R. Liss, Inc. pp. 385-395, 1986. 

Imp. Stabellini  1-06-2001 9:23  Pagina 161



Conrad G.W., Hamilton C., and Haynes E.: Differences in
glycosaminoglycans synthesized by fibroblasts-like cells from
cornea, heart and skin. J. Biol. Chem. 252, 6861-6870, 1977.

Evangelisti R., Valeno V., Bodo M., Bosi G., Stabellini G.,
and Carinci P.: Involvement of polyamines in the action of
transforming growth factor ß and interleukin-1 on cultured
chick embryo fibroblasts. Cell Biochemistry and Function 15,
47-51, 1997.

Fuerstein B.G., Deen D.F., and Marton L.J.: Effects of dicy-
clohexylamine sulphate, a spermidine synthase inhibitor, in
9L rat brain tumor cells. Cancer Res. 45, 4950-4954, 1985.

Frazer A., Bunning R.A. Russell R.G.: Effects of transforming
growth factor and interleukin-1 beta on [3H]thymidine incor-
poration by human articular chondrocytes in vitro. Biochim.
Biophys Acta 1226, 193-200, 1994. 

Hamilton H.L.: Lillie’s development on the chick. An intro-
duction to embryology. New York: H. Holt, 1952.

Hogan B.L.M.: Morphogenesis. Cell 96, 225-233, 1999.

Locci P., Lilli C., Marinucci L., Baroni T., Pezzetti F., and
Becchetti E.: Embryonic skin fibroblasts release TGF-α and
TGF-ß able to influence synthesis and secretion of GAG. Cell.
Mol. Biol. 39, 415-426, 1993.

Lyon M., Rushton G, and Gallagher J.T.: The interaction of the
transforming growth factor-betas with heparin/heparan sulfate
is isoform-specific. J. Biol. Chem. 272, 18000-18006, 1997. 

Miettinen P.J., Warburton D., Bu D., Zhao J., Beger J.F., Minoo
P., Koivisto T., Allen L., Dobbs L., Werb Z., and Derynck R.:
Impaired lung branching morphogenesis in the absence of func-
tional EGF receptor. Dev. Biol. 186, 224-236, 1997.

Moses H.L., Tucker R.F., Leof E.B., Coffey R.J.Jr., Halper J.,
and Shipley G.D.: Type ß transforming growth is a stimulator
and a growth inhibitor. Cancer Cells 3, 65-71, 1985.

Ohmichi H., Koshimizu U., Matsumoto K., and Nakamura T.:
Hepatocyte growth factor (HGF) acts as a mesenchyme-
derived morphogenic factor during fetal lung development.
Development, 125, 1315-1324, 1998.

Patel A.R., Li J., Bass L.B., and Wang J.Y.: Expression of the
transforming growth factor-ß gene during growth inhibition
following polyamine depletion. Cell Physiology 225, C590-
C598, 1998.

Patterson M.K.: Measurement of growth and viability of cells in
culture. In: Methods in Enzymology. Vol. 58. W.B. Jacob and
I.H. Pastan, eds. Academic press, New York, pp. 141-145, 1979.

Pegg A.E.: Recent advances in the biochemistry of polyamines
in eukariotes. Biochem. J. 234, 249-262, 1986.

Peters K.G., Werner S., Chen G., and Williams L.T.: Two FGF
receptor genes are differently expressed in epithelial and mes-
enchymal tissue during limb formation and organogenesis in
the mouse. Development 114, 233-243, 1992.

Quinn T.M., Maung A.A:, Grodzinsky A.J., Hunziker E.B.,
and Sandy J.D.: Physical and biological regulation of proteo-
glycan turnover around chondrocytes in cartilage explants.

162

Implications for tissue degradation and repair. Ann. N. Y.
Acad. Sci. 878, 420-441, 1999.

Roberts A.B., Flanders K.C., Heine U.I., Jakowlew S.B.,
Kondaiah P., Kim S.J., and Sporn M.B.: Transforming growth
factors-beta: Multifunctional regulator of differentiation and
development. Philos. Trans. R. Soc. London (Biol.) 327, 145-
154, 1990.

Romanoff A.L.: The avian embryo: structural and functional
development. Mac Millan Company, New York. 1960.

Scott J.E., and Dorling J.: Differential staining of acid gly-
cosaminoglycans (mucopolysaccharides) by alcian blue in
salt solutions. Istochemie 5, 221-227, 1965.

Shannon J.M.: Induction of alveolar type II cell differentia-
tion in fetal tracheal epithelium by grafted distal lung mes-
enchyme. Dev. Biol. 166, 600-614, 1994.

Souza P., Kuliszewski M., Wang J., Tseu I., Tanswell A.K.,
and Post M.: PGGF-AAand its receptor influence early lung
branching via an epithelial-mesenchimal interaction. Devel-
opment 121, 2559-2567, 1995.

Stabellini G., Pellati A., Tosi L., Caruso A., and Carinci P.:
Exogenous spermidine modulates glycosaminoglycan accu-
mulation and epithelial differentiation in chick embryo skin.
J. Exp. Zool. 281, 594-601, 1998.

Stefanelli C., Carati D., and Rossoni C.: Separation of N1-
and N8-acetylspermidine isomers by reversed-phase column
liquidid chromatography after derivatization with dansyl
chloride. J. Chromatogr. 375, 49-55, 1986.

Stefanelli C., Rossoni C., Ferrari F., Flamigni F., and Caldar-
era C.M.: Ornithine decarboxylase and ornithine decarboxy-
lase-inhibiting activity in rat thymocytes. Cell Biochem.
Funct. 10, 243-250, 1992.

Tabib A., and Bachrach U.: Activation of the proto-oncogene
C-myc and c-fos by c-ras: involvement of polyamines.
Biochem. Biophys. Res. Commun. 202, 720-727, 1994.

Tabor C.W., and Tabor H.: Polyamins. Annu. Rev. Biochem.
53, 749-790, 1984.

Wallner E.I., Yang Q., Peterson D.R., Wada J., and Kanwar
Y.S.: Relevance of extracellular matrix, its receptors, and cell
adhesion molecules in mammalian nephrogenesis. Am. J.
Physiol. 275, F467-F477, 1998.

Zaniboni G., and Carinci P.: Caratterizzazione istochimica dei
polisaccaridi acidi. IVcolorazione in presenza di diverse con-
centrazioni saline. Biol. Soc. It. Biol. Sper. 44, 670-673, 1968.

Zhao J., Bu D., Lee M., Slavkin H.C., Hall F.L., and Warbur-
ton D.: Abrogation of transforming growth factor-ß type II
receptor stimulates embryonic mouse lung branching mor-
phogenesis in culture Dev. Biol. 180, 242-257, 1996.

Zhao J., Sime J.P., Bringas P.Jr., Gauldie J., and Warburton
D.: Epithelium-specific adenoviral transfer of a dominant-
negative mutant TGFß type II receptor stimulates embryonic
lung branching morphogenesis in culture and potentiates
EGF and PDGF-AA. Mech. Dev. 72, 89-100, 1998.

Imp. Stabellini  1-06-2001 9:23  Pagina 162


