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ABSTRACT. Transforming growth factor-a (TGF-a) is a 
structural homologue of epidermal growth factor and com- 
petes for binding on a common transmembrane protein 
receptor/kinase. Although TGF-a appears to be more im- 
portant than epidermal growth factor in embryogenesis and 
mammalian organogenesis, there is little information re- 
garding its expression in developing lung. Accordingly, we 
measured levels of immunoreactive TGF-a and its gene 
expression in late-term fetal rat lung during the transition 
from the canalicular (19-20 d) to the saccular (21 d) stage. 
We report that at 19 d gestation intrapulmonary levels of 
TGF-a were 1.4 f 0.3 pmol/mg protein as determined by 
RIA, but had decreased by 50% at 21 d. To determine if 
the TGF-a gene is expressed in lung, RNA isolated from 
fetal rat lung was reverse transcribed, and a 302-bp frag- 
ment corresponding to a portion of the TGF-a gene was 
amplified by polymerase chain reaction. Southern blot 
hybridization with a 32P-labeled 2.3-kb EcoRI fragment of 
rat TGF-a cDNA clone showed a pattern of declining 
expression during late gestation. Therefore, fetal rat lung 
expresses TGF-a, as is evidenced by the synthesis of both 
the message and the protein. Because levels of protein were 
highest in the period of canalicular lung development when 
the respiratory acinus is formed and vascularized, a poten- 
tial role for this intrapulmonary growth factor in pulmonary 
remodeling is suggested. (Pediatr Res 31: 286-290,1992) 

Abbreviations 

TGF-a, transforming growth factor-a 
EGF, epidermal growth factor 
EGF-R, epidermal growth factor receptor 
IR-TGF-a, immuno reactive TGF-a 
PCR, polymerase chain reaction 
SSC, sodium chloride, sodium citrate 

sus has grown that TGF-a, and not EGF, is the more abundant, 
and perhaps critical, fetal growth factor of the two (4-7). 

It seems likely that the above growth factors play an important 
role in fetal lung development as well. EGF receptors are abun- 
dant in fetal lung tissue (8-lo), and exogenous EGF can 1 )  
stimulate proliferation of epithelial cells in conducting airways 
of fetal lambs in vivo (1 1) and fetal human epithelial type I1 cells 
in vitro (12), 2 )  accelerate lung maturation of fetal rabbits in vivo 
(8) and rat alveolar epithelial cells in vitro (13, 14), and 3 )  
accelerate differentiation of tracheal mucous secretory cells in 
fetal rhesus monkey in utero (15). Despite the widespread distri- 
bution of EGF-R in the fetal lung and the effectiveness of 
exogenous EGF, relatively little is known about endogenous 
ligands for the EGF-R. EGF precursor mRNA and epitopes 
common to this precursor have been localized to the developing 
mouse lung by using in situ hybridization and immunodetection 
techniques, respectively, and confirmed with PCR detection of 
fetal mouse lung EGF precursor RNA (37). In late gestational 
human lung, immunoreactive EGF is limited to nonmucous 
cells of the submucosal glands of the upper airways (1 6). In fetal 
sheep, a novel alternative EGF-R ligand, lipocortin- 1, has been 
immunolocalized in airway epithelium (10). 

We were interested in identifying TGF-a in fetal lung during 
the transition from canalicular to saccular stages. This abrupt 
transition is characterized by significant vascularization and re- 
modeling of peripheral lung. TGF-a may be particularly relevant 
because it is more potent than EGF in promoting angiogenesis 
(17) and affecting other aspects of remodeling (18, 19). We 
selected the rat because the transition from canalicular to saccular 
stages is condensed into a 3-d pretenn period, d 19 to 21 of 
gestation. In the current report, we show for the first time that 
immurioreactive TGF-a is present in fetal rat lung during this 
period. Its local synthesis is suggested by the fact that TGF-a- 
specific DNA fragments, amplified by PCR of reverse transcribed 
fetal rat lung RNA, were clearly identified. 

MATERIALS AND METHODS 

Animals. Pregnant female Sprague-Dawley rats (Charles River 
Laboratories, Inc., Wilmington, MA) were killed with an over- 
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mature male rats were also processed to compare expression of 
TGF-a mRNA in the adult. 

Morphology. Lungs from fetuses not used for protein or 
mRNA determinations were immersion-fixed in 2% glutaralde- 
hyde, 1 % paraformaldehyde in 100 mM sodium cacodylate, pH 
7.4. They were dehydrated in graded ethanol solutions and 
embedded in methacrylate. Sections 1-2 pm thick were cut, 
stained in 1 % methylene blue, and examined on a Nikon Mik- 
rophot (Niles, IL) photomicroscope. 

Quantijication of TGF-a by RIA. TGF-a was extracted from 
the fetal lungs and placentae using a modification of the acid- 
ethanol method described by Roberts et al. (20). Frozen lungs 
and placentae were thawed at 4°C in a solution consisting of 
phenylmethylsulfonyl fluoride and pepstatin in ethanol and HCl. 
Tissue was homogenized with a glass plunger and allowed to 
stand overnight at 4°C. The mixture was centrifuged, and the 
pellet was reextracted in a solution of ethanol, water, and HCl 
(77:22:1). The combined supernatants from both extractions 
were adjusted to pH 5.2 with ammonium hydroxide and then 
diluted in ammonium acetate buffer, pH 5.3. This mixture was 
precipitated in anhydrous ethanol and ether (1:2) and allowed to 
stand at -20°C for 36-48 h. The precipitate was dissolved in 1 
M acetic acid and the soluble extract was dialyzed (Spectrapor 
tubing MWCO 3500) against 0.17 M acetic acid at 4°C and 
lyophilized. Lyophilized acid-ethanol extract from fetal lungs 
(and placenta) was dissolved in PBS at 4°C and centrifuged at 
13 000 x g, and soluble extracts were used for protein determi- 
nation using the method of Lowry et al. (21). Aliquots of am- 
niotic fluid were similarly assayed for protein. Lung and placental 
extract (and amniotic fluid) were adjusted to a final protein 
concentration of 0.5 mg/mL in PBS, pH 7.4. All samples (and 
standards) were pretreated with an alkaline buffered detergent 
solution provided by the manufacturer (Biotope Inc., Seattle, 
WA) to adjust to pH >7.4. Aliquots of TGF-a standards and 
samples were assayed in duplicate. Nonspecifically bound tracer 
was determined using normal rabbit IgG. Incubation of specific 
rabbit anti-rat TGF-a, 12'1-TGF-a, and the sample (or standard) 
proceeded for 16 h at 4°C. There is no cross-reactivity with EGF 
even with a large excess (Biotope Inc.). 

Isolation of total RNA. Total cellular RNA was isolated from 
fresh lung and placental samples using the single step method of 
Chomczynski and Sacchi (22). Briefly, lungs and placentae were 
homogenized at room temperature in a denaturing solution 
containing 4 M guanidinium isothiocyanate, and RNA was 
isolated by extraction with a phenol/chloroform mixture. After 
precipitation of RNA with isopropanol, the pellet was washed 
with 75% ethanol and solubilized in 0.5% SDS. RNA concentra- 
tions were determined by spectrophotometry at 260 nm. An 
aliquot of total RNA was applied to an oligodeoxythymidine 
cellulose chromatographic column from which the polyadenyl- 
ated [poly (A+)] fraction was isolated. 

Northern blot analysis of RIVA. Total (10 pg) and poly (A)+ 
(0.2 pg) RNA were electrophoresed in 1 % agarose-formaldehyde 
gels, blotted onto Genescreen (New England Nuclear, Boston, 
MA), and hybridized with a 2.3-kb EcoRI fragment of TGF-a 
cDNA clone. Hybridization conditions were based on those 
described by Church and Gilbert (23) with modifications by 
Amasino (24). Both prehybridization and hybridization buffers 
contained 50% deionized formamide, 0.25 M NaHP04 (pH 7.2), 
0.25 M NaCl, 1 mM EDTA, 7% SDS, and 100 pg/mL denatured 
salmon sperm DNA. Probes were labeled with 32P-deoxycytidine 
triphosphate using the random primer DNA labeling method of 
Feinberg and Vogelstein (25). Approximately I x lo7 cpm per 
filter were used in the hybridization solution. Filters were first 
briefly rinsed with 2 X SSC (0.1 % SDS followed by two washes 
each for 15 min with 2 x SSC) 0.1 % SDS, 25 mM NaHP04 (pH 
7.2)-1 mM EDTA-0.1 % SDS, and 25 mM NaHP04 (pH 7.2)-1 
mM EDTA-1% SDS. All washes were done at 50°C. Filters were 
then exposed to Kodak X-Omat x-ray film for variable periods 
of time. 

An additional aliquot (2 pg) of total RNA from lung and 
placenta was applied (slot-blotted) directly on to Genescreen via 
vacuum filtration and hybridized with a 32P-labeled P-actin 
cDNA probe. 

PCR amplijication of fetal and adult RNA. This procedure was 
carried out in two steps: reverse transcription of total RNA from 
lungs followed by PCR of the resulting cDNA. Total RNA (5 
pg) from 19- to 21-d fetal lungs and two male adult lungs was 
reverse transcribed by using 60 U of avian myeloblastosis virus 
reverse transcriptase (Boehringer Mannheim Biochemicals) 
primed with 0.5 pg of oligo(dT) (Pharmacia, Inc., Piscataway, 
NJ) in a 50-pL reaction mixture for 1 h at 37°C (26). Twenty 
percent of the cDNA obtained from the above reaction was 
subjected to amplification with 0.5 U of Ampli Taq DNA 
polymerase (Perkin-Elmer Cetus, Nonvalk, CT) and 0.2 pM of 
TGF-a specific primers (see below) in a standard 50 pL PCR 
mixture (27) for 30 cycles. All amplification reactions were done 
in a Thermal Cycler (Perkin-Elmer Cetus). Each cycle consisted 
of 1 min denaturation at 94"C, 2 min reannealing at 55"C, and 
1 min primer extension at 72°C that was increased by 20 s in 
every cycle. The products of the reactions were fractionated in 
1.8% agarose gels in 1 x Tris-borate-EDTA buffer (pH 8.3) and 
transferred to GeneScreen Plus (New England Nuclear) for south- 
ern blot hybridization (see below). The oligonucleotide primers 
were designed on the basis of the TGF-a cDNA sequence pub- 
lished by Blasband et al. (28), with the 5' primer spanning the 
region between nucleotides 133 and 150 and the 3' primer lying 
between nucleotides 4 18 and 435. This led to amplification of a 
302-bp fragment of DNA. In addition, a separate aliquot (20%) 
of the above cDNA was subjected to identical amplification 
protocols except that primers (0.2 pM) were specific for human 
P-actin. The 5' primer spanned the region between nucleotides 
1344 and 1363 and the 3' primer lay between nucleotides 1627 
and 1651. This led to amplification of a 307-bp fragment of 
DNA. 

Southern blot analysis of amplijied DNA. DNA fragments were 
transferred from agarose gels to GeneScreen Plus overnight in 
an alkaline solution (0.4 N NaOH; 0.6 M NaCl). Filters were 
then neutralized for 15 min in 0.5 M Tris, 1 M NaCl, pH 7.5, 
and dried at room temperature. This was followed by prehybrid- 
ization at 47°C for 4 h in 1 M NaC1; 50 mM Tris, pH 7.5; 1% 
SDS, 100 pg/mL heat denatured salmon sperm DNA, 1 X 
Denhardt's solution, 30% formamide, and 10% dextran sulfate. 
Hybridization was carried out in the same buffer with approxi- 
mately 2-3 x lo6 cpm of probe DNA overnight at 47°C. For 
TGF-a, the probe used was a 2.3-kb EcoRI fragment of a rat 
TGF-a cDNA clone kindly provided by Dr. David Lee (Univer- 
sity of North Carolina, Chapel Hill, NC). For P-actin, the probe 
used was a 1.8-kb BamHI fragment of a human p-actin cDNA 
clone. Filters were washed twice with 2 x SSC-0.1% SDS for 50 
min each at 50°C. The washed filters were dried briefly and 
autoradiographed on Kodak X-Omat x-ray film for varying 
periods of time. Hybridization signal was determined by scanning 
densitometry (LKB Ultrascan XL; Pharmacia LKB) of autora- 
diographic exposure. The signal area associated with amplified 
fragment for TGF-a or P-actin was determined by integration 
with LKB 2400 GelScan software. The ratio of TGF-a to P-actin 
RNA signal was calculated for comparative purposes. 

Statistical analysis. TGF-CY levels are reported as mean +. SEM. 
Comparisons between different gestational ages were made by 
one-way analysis of variance followed by testing of individual 
means by Newman-Keuls multiple range test (29). Differences 
at the 5 % level were considered significant. 

RESULTS 

Morphology. At 19 d gestation, the morphology of the lungs 
was typical of a late pseudoglandular, early canalicular phase of 
development. The mesenchymal stroma was extensive, and air- 
ways were still tubular with relatively large cuboidal epithelial 
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cells; however, vascularization was already apparent (Fig. 1A). 
At 20 d, the typically canalicular morphology was present with 
obvious evidence of airway branching (Fig. 1B). At 21 d, the 
formation of the saccules was virtually complete and the lining 
epithelium was no longer principally cuboidal (Fig. 1 C). 

Quantification of TGF-a by RIA. Mean levels of IR-TGF-a 
are shown during late gestation in lung (Fig. 2), placenta (Fig. 3), 
and amniotic fluid (Fig. 4). At 19 d gestation, mean intrapul- 
monary IR-TGF-a was 1.4 f 0.3 pmol/mg protein and decreased 
to 0.7 f 0.1 pmol/mg protein at 21 d ( p  < 0.05). Placental IR- 
TGF-a was virtually identical to lung IR-TGF-a with respect to 
quantity of protein and change during late gestation (Fig. 3). 
Amniotic IR-TGF-a, expressed as pmol/mg protein, was 1.5 + 
0.4, 2.0 f 0.2, and 2.5 f 0.3, at 19, 20, and 21 d gestation, 

Fig. 1. Photomicrographs of lung tissue from rat fetuses at 19-2 1 d 
of gestation. a, airways; m, mesenchymal stroma; and v, vessels. Original 
magnification ~ 1 2 5 0 .  A, 19 d; B, 20 d; and C, 21 d. 
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Fig. 2. Levels of TGF-(U in fetal lung during late gestation, as deter- 
mined by RIA. Data are mean t SEM of five litters in each respective 
gestational age group. 
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Fig. 3. Levels of TGF-(U in placenta during late gestation. Data are 
mean ? SEM of five litters in each respective age group. 
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Fig. 4. Levels of TGF-a in amniotic fluid during late gestation. Data 
are mean ? SEM of four, five, and three litters in amniotic fluid removed 
from 19-, 20-, and 2 1 -d gestational animals, respectively. 

respectively. Because total protein in amniotic fluid increased 
near term, amniotic fluid (IR-TGF-a, expressed in molar units) 
increased (Fig. 4; d 21: p < 0.05). 

Analysis of TGF-a rnRNA expression. Initial attempts to iden- 
tify TGF-a mRNA in fetal and adult rat lungs by Northern blot 
hybridization with a cDNA probe did not show any visible signals 
on autoradiograms (data not shown). This analysis was done 
using both total and poly (Af) RNA. Subsequently, total RNA 
was isolated from fetal lungs and reverse transcribed, and a 302- 
bp fragment of DNA corresponding to a portion of the TGF-a 
gene was targeted for amplification. After 30-60 cycles of PCR, 
we observed (via ethidium bromide staining of agarose gels) that 
the amplified DNA was present in variable quantities at different 
gestational ages. Southern blot hybridization (Fig. 5) showed that 
the amplified DNA fragment hybridized with the rat TGF-a 
cDNA probe and that the intensity of the signal was greatest in 
19- and 20-d lung and was less in lungs from two 2 1 -d gestation 
pups. There was a weak, but detectable, signal in one of two 
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DISCUSSION 

This is the first complete study that reports significant levels 
of TGF-a in late gestational rat lung (Fig. 2) and amniotic fluid 

$outhem Fht- (Fig. 4). Although the source of TGF-a in lungs is unclear, 
detection of mRNA in lung (Fig. 5) for this growth factor is 
consistent with intrapulmonary synthesis. We confirmed by light 

m rn I microscopy (Fig. 1) that an abrupt transition between a canalic- - c r s =  " ular and saccular stage occurs around d 2 1 of gestation and noted 

T C h  &Actin 
Fig. 5. Autoradiogram generated by Southern analysis of DNA am- 

plified by PCR from the cDNA obtained by reverse transcription of 
RNA extracted from fetal lung of gestational age 19-, 20-, and 2 I-(n = 

2) d rats ( A )  and two mature male rats (B). Autoradiogram on left-hand 
side of each panel is after amplification with primers from rat TGF-(U 
gene and autoradiogram on right-hand side is after amplification of an 
aliquot of above PCR product with primers designed from human @- 
actin gene. Results shown are after 30 cycles of amplification. The size 
of the targeted fragment is indicated with an arrow on the left-hand side 
of each Southern blot and is based on molecular weight markers. 

adult lungs. The pattern of intensity was not likely due to 
differences in the amount of RNA initially amplified because 1)  
ethidium bromide staining of RNA that was electrophoresed on 
1 % agarose formaldehyde gels showed distinct ribosomal bands 
of the same degree of intensity and 2) RNA (2 pg) slot-blotted 
onto Genescreen and hybridized with P-actin revealed similar 
signals among different age groups (data not shown). Amplifi- 
cation of @-actin from an aliquot of PCR products (from above) 
and Southern analysis revealed a similar pattern of intensity 
among fetal lungs and a three to four times greater intensity in 
the two mature lungs. Accordingly, normalized hybridization 
signals for TGF-a were 5.0, 4.4, 2.8, and 1.0 for 19-, 20-, 21-, 
and 21-d gestational lungs, respectively, and were undetectable 
and 0.2 in two mature lungs (from Fig. 5). 

that levels of TGF-cu protein (Fig. 2) and ~ R N A  (Fig. 5) were 
higher in the canalicular than saccular fetal lung. Detection of 
increasing concentrations of TGF-a in amniotic fluid (Fig. 4) 
over this period of development suggests that this compartment 
may be an important medium for the distribution of TGF-a. 

Morphogenesis of late-gestational rat lung. An important as- 
pect of the current study was to correlate changes in TGF-a 
levels with structural changes known to occur in the distal portion 
of the developing lung. In rat, transformation from canalicular 
to saccular stages occurs within a period of approximately 24 h 
and, accordingly, it is critical to document histologically the 
ultrastructure of the tissue in which TGF-a protein and message 
is quantified. In Figure 1, we confirm previous studies (30) by 
showing that the 19- to 20-d fetal rat lung is in a canalicular 
period and by d 2 1 it has become saccular in appearance. 

TGF-a and lung development. We chose to focus on the 
expression of TGF-a rather than other endogenous ligands for 
the EGF-R (including EGF itself) in late-gestational rat lung 
because previous reports suggest that TGF-a is likely to be the 
fetal ligand for this receptor (4-7). Although several investigators 
have concluded that TGF-a (or related proteins) and not EGF 
may be the more important growth factor of this family in 
developing ovine kidney (31) and human fetal gut (32), the 
nature of the endogenous ligands of EGF-R in developing mam- 
mals is nonetheless a highly controversial area. A significant 
amount of this controversy is due to the rareness of respective 
mRNA transcripts and the potential for significant localization 
or clustering of its expression (see below). Relatively high levels 
of TGF-a have been reported in early rat embryos (5), but this 
result was challenged by Han et al. (33), who suggested that 
expression of TGF-a mRNA is the result of decidual and not 
embryonic tissue. Subsequently, Rappolee et al. (26) used PCR 
techniques to demonstrate expression of TGF-a mRNA in 
preimplantation embryos, suggesting that the embryo is indeed 
capable of synthesizing this growth factor. Previously, using 
standard immunologic and slot-blot hybridization techniques, it 
was reported that there was no detectable EGF protein (6) or 
mRNA (34), but there was both detectable protein (6) and 
message (7) for TGF-a. Subsequently, EGF precursor mRNA 
was detected in clusters of cells of developing mouse teeth and 
lung, and epitopes common to this EGF precursor were immu- 
nolocalized in both epithelial and mesenchymal tissue of mouse 
lung (35). In human lung, immunoreactive EGF was detected in 
nonmucous cells of tracheal and bronchial glands, but was absent 
from the distal budding portion of the developing lung, suggesting 
a role for growth factors other than EGF in distal remodeling in 
human lung development (16). In developing sheep, EGF-R 
have been localized by immunohistochemistry to the upper 
airways where colocalization of a novel ligand, lipocortin-1, for 
this receptor has been reported (10). 

The current study is the first to quantify TGF-a in the lung 
during later stages of gestation. The levels measured in lung (Fig. 
2) were similar to those simultaneously measured in placenta 
(Fig. 3), a tissue previously shown to have measurable levels of 
TGF-a (36). A preliminary report by Brown and Fisher (37) 
indicating that intrapulmonary TGF-a levels were higher than 
TGF-a levels in liver, brain, or kidney in late-gestational rat 
support an organ-specific ontogeny for this growth factor. In 
addition, we suggest that pulmonary TGF-a is probably synthe- 
sized within lung, inasmuch as we detected mRNA for TGF-a 
in the same tissue (Fig. 5). It is also highly likely that TGF-a 
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measured in amniotic fluid (Fig. 4) was derived in part from 
intrapulmonary sources. Accordingly, fetal lung fluid may serve 
as a medium for the distribution of TGF-a (and other growth 
factors). The relatively high levels of message (Fig. 5) noted in 
the rat lung during the canalicular phase are consistent with a 
preliminary report in nonhuman primates, which showed that 
mRNA for TGF-a peaked in this same period of lung develop- 
ment. In human lung development, levels were higher somewhat 
earlier (38). 

Our studies do not allow definitive statements to be drawn 
regarding precise levels of mRNA for TGF-a. Theoretically, a 
single mRNA for TGF-a passed through 60 cycles of PCR would 
amplify the message greater than l O I 7  times. Our inability to 
detect any TGF-a mRNA by Northern blot hybridization sug- 
gests that the initial amount of TGF-a mRNA in fetal lungs 
must have been low. Several possibilities may account for the 
extraordinarily low levels of TGF-a mRNA. First, expression 
could be vital to the development of a highly localized area of 
lung such that it makes up only a very small portion of total 
RNA expressed. Discrete localization of mRNA for TGF-a in 
mouse fetus has been described to explain previous differences 
between localization of message to specialized structures of rat 
fetus (7) and localization to only maternal decidual structures of 
rat placenta (33). Secondly, mRNA for TGF-a may be highly 
unstable, thereby accounting for the extended amplification re- 
quired to detect its presence. 

In summary, late-gestational fetal rat lung contains measurable 
amounts of IR-TGF-a. Although the source of TGF-a in lung is 
unclear, detection of mRNA in lung and TGF-a protein in 
amniotic fluid are consistent with intrapulmonary synthesis. 
Peak levels of TGF-a (Fig. 2) and its message (Fig. 5) occurred 
during a period of considerable remodeling in fetal lung (Fig. 1: 
canalicular) and abruptly decreased during a more quiescent 
period (saccular), which is consistent with a potential role for 
TGF-a in changes known to occur in late-gestational lung. 
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