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Background: Abnormal lung development was recently 
described in the rat model of esophageal atresia and tra-
cheoesophageal fistula (EA-TEF). Since in this condition the 
ventral-to-dorsal switch of Shh expression in the foregut is 
disturbed, the present study tested the hypothesis that this 
abnormal expression at the emergence of the tracheobron-
chial bud might be translated into the developing lung.
Methods: Pregnant rats received either 1.75 mg/kg i.p. adri-
amycin or vehicle from E7 to E9. Three groups were studied: 
control and adriamycin-exposed with and without EA-TEF. 
Embryos were recovered and the lungs were harvested and 
processed for reverse transcription polymerase chain reac-
tion and immunofluorescence analysis of the Shh signaling 
cascade.
Results: Shh signaling was downregulated at the late 
embryonic stage of lung development (E13) in embryos with 
EA-TEF. Throughout the subsequent stages of development, 
the expression of both Shh and its downstream components 
increased significantly and remained upregulated throughout 
gestation. Immunofluorescent localization was consistent with 
these findings.
Conclusion: Defective Shh signaling environment in the 
foregut is present beyond the emergence of lung buds and 
probably impairs lung development. Later in gestation, lungs 
exhibited a remarkable ability to upregulate the Shh cascade, 
suggesting a compensatory response. These findings may be 
relevant to understand pulmonary disease suffered by children 
with EA-TEF.

Prenatal exposure to adriamycin consistently induces esoph-
ageal atresia with tracheoesophageal fistula (EA-TEF) and 

other anomalies of the VACTERL (Vertebral, Anal, Cardiac, 
TracheoEsophageal, Renal, and Limb) association in rats and 
mice. These toxicologic models involve abnormal notochord 
positioning, volume, or branching. The notochord plays a criti-
cal role in the inductive interaction that patterns the tissues 
of the neural tube, the paraxial mesoderm, and the endoder-
mal derivatives of the gut, namely foregut organization and 
division (1). Several reports demonstrated that adriamycin-
exposed rodent embryos with EA-TEF have a deformed (2,3), 

hypertrophic (4), abnormally branched (5), or ectopically 
located notochord (1).

Both the digestive and respiratory systems derive from a 
common embryonic organ, the foregut. The respiratory sys-
tem originates from an endodermal diverticulum in the ven-
tral wall of the foregut whereas the esophagus derives from the 
dorsal wall. Because of this common origin, abnormal play 
of the factors that modulate the development often results in 
structural anomalies involving both systems (6).

The inductive activity of the notochord is mediated by the 
morphogene Sonic hedgehog (Shh). The Hh pathway regu-
lates foregut development and lung morphogenesis through 
specific and dynamic epithelial–mesenchymal interactions 
and the Shh signal is initially expressed in the notochord, 
foregut, and ventral part of the neural tube (1). The Shh 
gene encodes a secreted intercellular signaling polypeptide 
that binds to a transmembrane receptor complex comprising 
two components: Patched (Ptch), a negative regulator, and 
Smoothened (Smo), a positive transducer of Shh signaling. 
Shh binding to Ptch releases Smo that will activate three zinc 
finger transcription factors Gli1, Gli2, and Gli3 that regulate 
the transcription of Shh-responsive target genes (7). In stud-
ies with Shh pathway mutant mice, the spectrum of foregut 
malformations ranges from esophageal and tracheal steno-
sis and lung dysplasia to esophageal atresia and tracheo-
esophageal fistula with severe lung hypoplasia; moreover, 
the disturbance in Shh signal transduction as seen in Gli2−/−; 
Gli3+/− mice results in a similar Shh−/− phenotype whereas 
Gli2−/−; Gli3−/− mice present more severe characteristics illus-
trating the importance of gene dosage in the Shh pathway 
during foregut development (7,8).

In the adriamycin toxicologic model of esophageal atresia, 
the ectopic localization of the notochord induced by adria-
mycin leads to disruption in Shh signaling in the prospective 
site of tracheoesophageal separation in the rat embryo (1,9). 
Moreover, the level of Shh protein expression in the foregut is 
much lower than in control embryos and does not show time-
dependent changes (10). Shh expression in the mouse respira-
tory primordium has an important role in lung branching and 
its misexpression results in severe alveolar hypoplasia and a 
significant increase in lung mesenchyme (11).
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In the human condition this implication is still speculative. 
Nevertheless, mutations/deletions affecting FOXF1, which is 
linked to Shh signaling, and mutation of HOXD13, a down-
stream target of Shh, result in a VACTERL-like phenotype 
(12); furthermore, several human syndromic esophageal atre-
sias implicate deletions/mutations in genes that also seem to 
interact with the Shh pathway as MYCN (Feingold syndrome) 
(13,14), SOX2 (anophthalmia-esophageal-genital syndrome) 
(15,16), Mid1 (X-linked Opitz syndrome) (17,18), and Gli3 
(Pallister–Hall syndrome) (19,20). These reported genetic dis-
orders suggest that disturbances of Shh signaling due to inter-
acting pathways may play a role in the EA-TEF/VACTERL 
association phenotype. Along with the gastrointestinal pheno-
type, defects in signaling via Shh are associated with pulmo-
nary malformations such as lung hypoplasia of varying levels 
of severity as seen in Pallister–Hall and Smith–Lemli–Opitz 
syndromes or in the VACTERL association itself (21).

Adriamycin-induced EA-TEF is associated with defective 
tracheobronchial branching and some degree of lung hypopla-
sia (22,23). The present study examined whether the abnormal 
foregut expression pattern of Shh at the site of emergence of the 
tracheobronchial bud is translated into the developing lung of 
rats with EA-TEF/VACTERL association. For this purpose, the 
messenger RNA of several components of the cascade genes 
involved in Shh regulation was measured by real-time reverse 
transcription polymerase chain reaction (RT-PCR) and their 
respective proteins were immunolocalized in the lungs at 
specific time endpoints, embryonic days 13, 15, 18, and 21 
(E13, E15, E18, and E21) corresponding to the late embry-
onic, pseudoglandular, canalicular, and saccular stages of lung 
development.

RESULTS
Lung Mass at the Embryonic Stage of Development
Adriamycin-exposed rats had smaller lungs than controls, and 
this feature was more marked in those with EA-TEF. This is 
depicted in Figure 1.

Messenger RNA Expression of Genes of the Shh Signaling 
Pathway
These results are shown in Figures 2–6.

E13 (Late Embryonic Stage)
The lungs of rat embryos with EA-TEF induced by adriamy-
cin exhibited significantly lower levels of mRNA of all stud-
ied components of the Shh signaling pathway. In contrast, 
the lungs of adriamycin-exposed embryos without EA-TEF 
showed the highest mRNA levels except for Ptch.

Figure 1.   Lung mass at the embryonic stage of development (E13). (a) Control; (b) adria EA-TEF (esophageal atresia and tracheoesophageal fistula); (c) 
adria noEA. Smaller lungs were observed in both adriamycin-exposed groups. The adria EA-TEF group exhibited the smallest size, suggesting a detrimen-
tal and additive effect of the malformation on growth of adriamycin-exposed lungs (original magnification: ×40).
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Figure 2.  Shh mRNA expression at the late embryonic, pseudoglandu-
lar, canalicular, and saccular stages of lung development. Lungs from 
adriamycin-exposed with EA-TEF (esophageal atresia and tracheoesopha-
geal fistula) fetuses showed a significantly lower expression in contrast to 
the adria noEA group that exhibited the highest levels, at E13 (white bars). 
From E13 onwards, Shh mRNA was overexpressed by both adriamycin-
exposed lungs with the exception of adria noEA at E21 (hatched bars), 
whose expression level was similar to control lungs. E13: control vs. 
adria EA-TEF *P < 0.001; control vs. adria noEA *P < 0.01; adria EA-TEF vs. 
adria noEA *P < 0.001 (control (n = 3): 1.976 ± 0.136; adria EA-TEF (n = 3): 
0.834 ± 0.125; adria noEA (n = 3): 3.130 ± 0.367); E15 (black bars): control 
vs. adria EA-TEF *P < 0.01; control vs. adria noEA *P = 0.01; adria EA-TEF 
vs. adria noEA P value is not significant (control (n = 13): 1.035 ± 0.262; 
adria EA-TEF (n = 9): 1.463 ± 0.3; adria noEA (n = 13): 1.519 ± 0.416); E18 
(gray bars): control vs. adria EA-TEF *P = 0.02; control vs. adria noEA *P 
= 0.02; adria EA-TEF vs. adria noEA P value is not significant (control (n = 
10): 1.039 ± 0.284; adria EA-TEF (n = 11): 1.424 ± 0.438; adria noEA (n = 10): 
1.437 ± 0.442); E21: control vs. adria EA-TEF *P = 0.04; control vs. adria noEA 
P value is not significant; adria EA-TEF vs. adria noEA P value is not signifi-
cant (control (n = 12): 1.034 ± 0.263; adria EA-TEF (n = 12): 1.474 ± 0.513; 
adria noEA (n = 11): 1.184 ± 0.420).
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E15 (Pseudoglandular Stage)
The lungs from the adria EA-TEF group of fetuses significantly 
overexpressed Shh, Ptch, Smo, Gli2, and Gli3 mRNA, and so 
did fetuses from the adria noEA group with the exception of 
Gli3 levels that were similar to control.

E18 (Canalicular Stage)
A significant upregulation of all the components of the Shh sig-
naling cascade was demonstrated in the lungs of adria EA-TEF 
fetuses. In contrast, in the adria noEA group only the expres-
sion of Shh mRNA was significantly upregulated. Gli3 mRNA 
levels were significantly lower than controls. When compar-
ing the lungs of both adriamycin-exposed groups, the levels of 
Ptch, Smo, and Gli2 were significantly higher in animals with 
EA-TEF than in those without it.

E21 (Saccular Stage)
Near the end of gestation, the lungs of adria EA-TEF fetuses 
expressed significantly higher levels of every Shh signaling cas-
cade player and so did the lungs of the adria noEA fetuses, with 
the exception of Shh mRNA whose levels were similar to those 
of controls.

Immunofluorescence Distribution
The lungs from control, adria EA-TEF, and adria noEA groups 
were at the same stage of lung development at the specific time 
endpoints selected.

Clear immunoreactivity was detected for Shh, Ptch, Smo, 
Gli2, and Gli3 at the pseudoglandular (E15), canalicular (E18), 
and saccular stages (E21) of lung development. All antibodies 
were mainly expressed in the epithelium, although Smo, Gli2, 
and Gli3 also exhibited disperse immunoreactivity throughout 
the surrounding mesenchyme.

Lungs From Control Fetuses
All the studied proteins were detected at the three stages of 
lung development with a predominantly epithelial immunolo-
calization (Figures 7–9).

Lungs From Fetuses Exposed to Adriamycin With EA-TEF
At the three time endpoints selected, E15, E18, and E21, these 
lungs appeared to express increased epithelial immunoreac-
tivity for Shh and its downstream components. The epithelial 
and mesenchymal localization were similar to those of control 
lungs (Figures 7–9).

Figure 3.  Ptch mRNA expression at the late embryonic, pseudoglandular, 
canalicular, and saccular stages of lung development. At the embryonic 
stage of lung development (E13, white bars), lungs from adriamycin-
exposed with EA-TEF (esophageal atresia and tracheoesophageal fistula) 
showed significantly lower levels of Ptch mRNA expression. From E13 
onwards, a consistent overexpression in both adriamycin-exposed lungs 
was observed with the exception of adria noEA at E18 (gray bars), whose 
expression level was similar to control lungs. E13: control vs. adria EA-TEF 
*P < 0.01; control vs. adria noEA P value is not significant; adria EA-TEF vs. 
adria noEA *P = 0.04 (control (n = 3): 1.621 ± 0.234; adria EA-TEF (n = 3): 
0.785 ± 0.056; adria noEA (n = 3): 1.999 ± 0.748); E15 (black bars): control 
vs. adria EA-TEF *P = 0.01; control vs. adria noEA *P < 0.01; adria EA-TEF vs. 
adria noEA P value is not significant (control (n = 13): 1.016 ± 0.187; adria 
EA-TEF (n = 9): 1.249 ± 0.227; adria noEA (n = 13): 1.252 ± 0.168); E18: con-
trol vs. adria EA-TEF *P = 0.04; control vs. adria noEA P value is not signifi-
cant; adria EA-TEF vs. adria noEA *P = 0.01 (control (n = 10): 1.019 ± 0.146; 
adria EA-TEF (n = 10): 1.195 ± 0.207; adria noEA (n = 9): 0.893 ± 0.256); E21 
(hatched bars): control vs. adria EA-TEF *P = 0.03; control vs. adria noEA *P 
= 0.02; adria EA-TEF vs. adria noEA P value is not significant (control (n = 
12): 1.010 ± 0.354; adria EA-TEF (n = 13): 1.466 ± 0.607; adria noEA (n = 11): 
1.325 ± 0.268).
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Figure 4.  Smo mRNA expression at the late embryonic, pseudoglandular, 
canalicular, and saccular stages of lung development. At E13 (white bars), 
adria EA-TEF (esophageal atresia and tracheoesophageal fistula) lungs 
showed a significantly lower expression level in contrast to the adria noEA 
group that overexpressed Smo mRNA. Once again, both adriamycin-
exposed lungs exhibited a significantly higher expression level during 
the rest of gestation with the exception of adria noEA lungs at E18 (gray 
bars). E13: control vs. adria EA-TEF *P = 0.02; control vs. adria noEA *P = 
0.04; adria EA-TEF vs. adria noEA *P = 0.01 (control (n = 3): 2.158 ± 0.647; 
adria EA-TEF (n = 3): 0.772 ± 0.109; adria noEA (n = 3): 3.563 ± 0.537); E15 
(black bars): control vs. adria EA-TEF *P = 0.04; control vs. adria noEA *P 
= 0.03; adria EA-TEF vs. adria noEA P value is not significant (control (n = 
8): 0.950 ± 0.163; adria EA-TEF (n = 8): 1.176 ± 0.235; adria noEA (n = 10): 
1.170 ± 0.218); E18: control vs. adria EA-TEF *P = 0.01; control vs. adria noEA 
P value is not significant; adria EA-TEF vs. adria noEA *P < 0.01 (control (n 
= 9): 0.959 ± 0.227; adria EA-TEF (n = 8): 1.239 ± 0.194; adria noEA (n = 9): 
0.899 ± 0.252); E21 (hatched bars): control vs. adria EA-TEF *P = 0.01; con-
trol vs. adria noEA *P < 0.01; adria EA-TEF vs. adria noEA P value is not sig-
nificant (control (n = 9): 0.785 ± 0.180; adria EA-TEF (n = 10): 1.155 ± 0.335; 
adria noEA (n = 10): 1.148 ± 0.299).
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Lungs From Fetuses Exposed to Adriamycin Without EA-TEF
At E15, immunoreactivity for Shh, Ptch, Smo, and Gli2 was 
apparently similar in the lungs of these fetuses and those with 
EA-TEF. Gli3 protein was less visible in the mesenchyme, as in 
control lungs. At E18, immunoreactivity for Shh was increased 
as in the lungs of fetuses with EA-TEF whereas Gli3 seemed 
decreased; Ptch, Smo, and Gli2 remained in levels comparable 
to those of the control group. At E21, all but Shh proteins were 
slightly overexpressed in adria noEA lungs (Figures 7–9).

DISCUSSION
Lung development has a broad impact in the practice of 
pediatricians and pediatric surgeons involved in the treat-
ment of children with congenital lung malformations, 
congenital diaphragmatic hernia, esophageal atresia, and 
tracheoesophageal fistula that are often accompanied by 
lung hypoplasia and/or prematurity or followed by chronic 
respiratory morbidity.

It was recently reported that rat fetuses with esophageal 
atresia and tracheoesophageal fistula induced by adriamycin 
have hypoplastic lungs and abnormal control of branching 
with FGF10 (fibroblast growth factor 10) overexpression in the 

pseudoglandular, canalicular, and saccular stage of lung devel-
opment (22,23).

In adriamycin-exposed embryos, the emergence of the respi-
ratory component is abnormal because the esophagotracheal 
foregut tube fails to divide (24). The abnormal emergence of the 
lung bud at E12 seems to affect lung growth. In fact, our results 
revealed that at the embryonic stage of lung development (E13) 
in the adriamycin-exposed embryos the lungs are smaller than 
controls with those with EA-TEF showing the most marked 
reduction of lung mass and downregulation of the Shh path-
way, suggesting a previously defective Shh environment in the 
adriamycin-exposed embryos further exacerbated by the mal-
formation itself. From the pseudoglandular stage onwards, a 
remarkable switch in Shh expression levels and its downstream 
pathway components takes place and a consistent overexpres-
sion of Shh, Ptch, Smo, Gli2, and Gli3 mRNA was observed in 
comparison to the control lungs. It suggests the presence of an 
intrinsic mechanism pointing to recovery of normal growth 
since Shh overexpression in the developing lung leads to 
enhanced epithelial and mesenchymal cell proliferation (25). 
An interesting finding in the adriamycin-exposed rats without 
EA-TEF was that Shh signaling pathway levels of expression 

Figure 5.  Gli2 mRNA expression at the late embryonic, pseudoglandular, 
canalicular, and saccular stages of lung development. Adria EA-TEF (esoph-
ageal atresia and tracheoesophageal fistula) lungs showed a significantly 
lower level of Gli2 mRNA in contrast to the highest level expressed by 
the adria noEA group at the late embryonic stage of development (white 
bars). Once more, from E13 onwards consistent higher levels of Gli2 mRNA 
expression were observed in both adriamycin-exposed lungs except for 
the adria noEA group at E18 (gray bars). E13: control vs. adria EA-TEF *P = 
0.04; control vs. adria noEA *P = 0.02; adria EA-TEF vs. adria noEA *P < 0.01 
(control (n = 3): 1.761 ± 0.271; adria EA-TEF (n = 3): 1.2 ± 0.213; adria noEA 
(n = 3): 2.525 ± 0.286); E15 (black bars): control vs. adria EA-TEF *P = 0.04; 
control vs. adria noEA *P = 0.03; adria EA-TEF vs. adria noEA P value is not 
significant (control (n = 9): 0.985 ± 0.142; adria EA-TEF (n = 9): 1.322 ± 0.319; 
adria noEA (n = 8): 1.169 ± 0.186); E18: control vs. adria EA-TEF *P = 0.001; 
control vs. adria noEA P value is not significant; adria EA-TEF vs. adria noEA 
*P < 0.001 (control (n = 9): 1.014 ± 0.204; adria EA-TEF (n = 7): 1.553 ± 0.330; 
adria noEA (n = 9): 0.865 ± 0.295); E21 (hatched bars): control vs. adria 
EA-TEF *P = 0.01; control vs. adria noEA *P < 0.01; adria EA-TEF vs. adria 
noEA P value is not significant (control (n = 9): 0.785 ± 0.180; adria EA-TEF 
(n = 10): 1.155 ± 0.335; adria noEA (n = 10): 1.148 ± 0.299).
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Figure 6.  Gli3 mRNA expression at the late embryonic, pseudoglandu-
lar, canalicular, and saccular stages of lung development. At the earliest 
studied stage of lung development (E13, white bars), Gli3 mRNA was 
underexpressed by adria EA-TEF (esophageal atresia and tracheoesopha-
geal fistula) lungs in contrast to the overexpression observed in the adria 
noEA group. From E13 onwards, both adriamycin-exposed lungs showed 
significantly higher levels of expression with the exception of adria noEA 
at E15 (black bars), whose expression level was similar to control lungs. 
E13: control vs. adria EA-TEF *P < 0.01; control vs. adria noEA *P = 0.01; 
adria EA-TEF vs. adria noEA *P = 0.001 (control (n = 3): 1.785 ± 0.122; 
adria EA-TEF (n = 3): 1.198 ± 0.150; adria noEA (n = 3): 4.408 ± 0.685); E15: 
control vs. adria EA-TEF *P = 0.01; control vs. adria noEA P value is not 
significant; adria EA-TEF vs. adria noEA P value is not significant (control (n 
= 9): 0.972 ± 0.295; adria EA-TEF (n = 8): 1.430 ± 0.405; adria noEA (n = 9): 
1.109 ± 0.216); E18 (gray bars): control vs. adria EA-TEF *P = 0.02; control 
vs. adria noEA *P < 0.01; adria EA-TEF vs. adria noEA *P < 0.0001 (control (n 
= 10): 1.096 ± 0.329; adria EA-TEF (n = 8): 1.556 ± 0.481; adria noEA (n = 9): 
0.551 ± 0.148); E21 (hatched bars): control vs. adria EA-TEF *P = 0.01; con-
trol vs. adria noEA *P = 0.04; adria EA-TEF vs. adria noEA P value is not sig-
nificant (control (n = 9): 0.817 ± 0.228; adria EA-TEF (n = 11): 1.220 ± 0.406; 
adria noEA (n = 10): 1.096 ± 0.323).
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were somewhat different from those in the lungs of rats with 
EA-TEF. In fact, at E13 the expressions of Shh, Smo, Gli2, and 
Gli3 mRNA were higher than controls and much higher than 
in lungs of adria EA-TEF rats whereas Ptch showed simi-
lar levels of mRNA to the control group. Nevertheless, at the 

pseudoglandular stage, the expression levels of Shh, Ptch, Smo, 
and Gli2 were significantly higher than controls and similar to 
the adria EA-TEF lungs. It is interesting to point out that in 
the adriamycin-exposed embryos without EA-TEF, despite the 
upregulation of Shh until E18, there was a trend to reduce and 

Figure 7.  Immunofluorescence expression of the Shh signaling pathway in the pseudoglandular stage (E15) of lung development (Shh: (a) control, (b) 
adria EA-TEF (esophageal atresia and tracheoesophageal fistula), (c) adria noEA (original magnification ×10); Ptch: (d) control, (e) adria EA-TEF, (f) adria 
noEA (20×); Smo: (g) control, (h) adria EA-TEF, (i) adria noEA (20×); Gli2: (j) control, (k) adria EA-TEF, (l) adria noEA (20×); Gli3: (m) control, (n) adria EA-TEF, 
(o) adria noEA (20×)). Clear immunoreactivity was detected for Shh, Ptch, Smo, Gli2, and Gli3 protein in control, adria EA-TEF, and adria noEA groups. There 
were no significant differences concerning protein localization and all antibodies were mainly expressed in the epithelium, although Smo, Gli2, and Gli3 
exhibited disperse immunoreactivity throughout the surrounding mesenchyme. Adria EA-TEF lungs showed an apparently increased signal for all the 
studied proteins.

a

b

c

d

e

f

g

h

i

j

k

l

m

n

o

Figure 8.  Immunofluorescence expression of the Shh signaling pathway in the canalicular stage (E18) of lung development (Shh: (a) control, (b) adria 
EA-TEF (esophageal atresia and tracheoesophageal fistula), (c) adria noEA (original magnification ×20); Ptch: (d) control, (e) adria EA-TEF, (f) adria noEA 
(20×); Smo: (g) control, (h) adria EA-TEF, (i) adria noEA (20×); Gli2: (j) control, (k) adria EA-TEF, (l) adria noEA (20×); Gli3: (m) control, (n) adria EA-TEF, (o) 
adria noEA (20×)). Clear immunoreactivity was detected for Shh, Ptch, Smo, Gli2, and Gli3 protein in control, adria EA-TEF, and adria noEA groups and there 
were no significant differences concerning protein localization. Adria EA-TEF lungs showed an apparently stronger epithelial and mesenchymal immuno-
reactivity for all the Shh pathway participants than the control group.
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normalize the expression throughout gestation. Furthermore, 
“erratic” behavior of the signaling pathway in these lungs sug-
gests a disturbed pathway in some way different from the adria 
EA-TEF lungs eventually responsible for the different embryo 
phenotype induced by adriamycin administration (with or 
without EA-TEF). In addition, the putative effect of the tra-
cheoesophageal fistula in lung organogenesis and growth must 
be considered, because Shh expression is also stimulated by 
physical pressures (26–28), and the disturbed swallowing plus 
the gastrointestinal obstruction seen in EA may perturb the 
lung dynamics exceptionally important for lung development.

In summary, and despite the absence of a semiquantitative 
protein assessment not allowing a discussion based on func-
tional protein contents, immunofluorescence results seemed to 
be consistent with the real-time RT-PCR results. Both groups 
exposed to adriamycin showed a disturbed Shh signaling by 
real-time RT-PCR quantification. However, at the embryonic 
stage of lung development they expressed clear differences 
in mRNA levels of Shh and its downstream components. In 
fact, in adria EA-TEF lungs, Shh is downregulated whereas in 
adria noEA lungs it is upregulated. This corroborates previous 
findings stating that a specific temporal expression of Shh is 
determinant for normal foregut and lung development. Shh 
disturbance induced by adriamycin is crucial for the develop-
ment of EA-TEF, but seems to depend on gene gradient/dos-
age and other precise spatial and temporal interactions that 
would explain why only about 70% of rat fetuses from mothers 
exposed to adriamycin have EA-TEF (29).

Despite the major foregut anomalies seen in patients with 
EA-TEF/VACTERL association, the lung is, in general, grossly 
normal. However, up to 75% of EA-TEF patients suffer from 

chronic respiratory symptoms and spirometric abnormalities 
apparently not related to gastroesophageal reflux, prematurity, 
or other EA-TEF sequelae (30). This may be explained by a 
deficient prenatal signaling, because there is increasing evi-
dence that several signaling pathways important in prenatal 
development continue to have vital roles in adult life, namely 
in coordinating an appropriate response to injury (31).

In conclusion, our results demonstrate abnormal Shh path-
way gene expression in adriamycin-exposed embryos since the 
embryonic stage of lung development may be due to the dis-
turbed Shh environment previously described in the foregut of 

Figure 9.  Immunofluorescence expression of the Shh signaling pathway in the saccular stage (E21) of lung development (Shh: (a) control, (b) adria 
EA-TEF (esophageal atresia and tracheoesophageal fistula), (c) adria noEA (original magnification ×20); Ptch: (d) control, (e) adria EA-TEF, (f) adria noEA 
(20×); Smo: (g) control, (h) adria EA-TEF, (i) adria noEA (20×); Gli2: (j) control, (k) adria EA-TEF, (l) adria noEA (20×); Gli3: (m) control, (n) adria EA-TEF, (o) 
adria noEA (20×)). Clear immunoreactivity was detected for Shh, Ptch, Smo, Gli2, and Gli3 protein in control, adria EA-TEF, and adria noEA groups and there 
were no significant differences concerning protein localization. The adria EA-TEF lungs showed a slightly more intense expression of Shh, Ptch, Smo, Gli2, 
and Gli3 than controls.
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Table 1.  Real-time RT-PCR probes and oligonucleotide primers

Gene Sequence (5′–3′)

Shh (UPL probe ENSRNOT00000008497.
2|ENSRNOG00000006120.2)

  Forward CAG GTG CAC TGT GGC TGA T

  Reverse CAC ATC CAC TGC TCT GTG AAA

Smo

  Forward GCC TGA CTT TCT GCG TTG CA

  Reverse GTT GTC TGT CCT CAC CAA GG

Gli2

  Forward TGA CTA CCT CAA CCC TGT GG

  Reverse CTG TAG GTC AAG GCT GGC AT

Gli3

  Forward CGG AAT GGT TAC ATG GAG CC

  Reverse GCA TCA ATC GGT ACA GGA GG

RT-PCR, reverse transcription polymerase chain reaction.
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these embryos. From E15 onwards the lung seems to develop a 
molecular response aimed at catching up near-normal branch-
ing and growth by upregulation of the Shh signaling pathway. 
The significant differences between both groups exposed to 
adriamycin (with or without EA-TEF), particularly on E13, 
may elucidate the different phenotypes that arise from the 
adriamycin toxicologic rat model. The abnormal Shh signaling 
in lungs from rats with EA-TEF helps to improve knowledge 
on the lung organogenesis in this malformation, and may con-
tribute to a better understanding of some unexplained chronic 
respiratory manifestations frequently present in human survi-
vors to neonatal repair of EA-TEF.

METHODS
EA-TEF Rat Model
After IdiPaz Animal Care Committee approval (HULP PI-1501), 
time-dated pregnant Sprague–Dawley rats (OFA; Charles River 
Laboratories, Cerdanyola, Spain) were treated once a day at approxi-
mately the same hour and from gestational day 7 to 9 (the morning of 
sperm in the vaginal smear was considered as day 0) by i.p. injection 
of either 1.75 mg/kg Adriamycin (Farmiblastina Pharmacia, Madrid, 
Spain) or vehicle.

Embryo Harvesting and Dissection
Cesarean section was performed on E13, E15, E18, and E21, before 
killing the dams with an intracardiac injection of potassium chloride. 
At the elected time points, embryos were recovered, weighed, and 
dissected under a microscope to document the presence of EA-TEF. 
Lungs were harvested, weighed, photographed, and processed for 
RNA extraction (E13, E15, E18, and E21) and immunofluorescence 
staining (E15, E18, and E21).

Three groups of offsprings were compared: Control (C, n = 53), 
adriamycin-exposed with EA-TEF (adria EA-TEF, n = 61), and adri-
amycin-exposed without EA-TEF (adria noEA, n = 57) from a mini-
mum of four litters each.

mRNA Extraction and cDNA Synthesis
Total mRNA was isolated from snap-frozen lungs (at E13 three 
pools of 12 snap-frozen lungs were processed) using a High Pure 
RNA Tissue Kit (Roche Applied Science, Mannheim, Germany). 
Concentration and purity of RNAs were determined spectrophoto-
metrically. RNA integrity was analyzed by 1% agarose gel electropho-
resis; 20 ng of RNA/μl was retrotranscripted to complementary DNAs 
(cDNA) by reverse transcription reactions using a High Capacity 
RNA-to-cDNA Kit (Applied Biosystems, Carlsbad, CA). All cDNAs 
were stored at −80°, until further use.

Real-Time Reverse Transcriptase Polymerase Chain Reaction 
(Real-Time RT-PCR)
Shh and Ptch lung expression was quantified in a LightCycler 480 
with LightCycler 480 Probes Master (Roche Applied Science) for Shh 
(Roche Diagnostics, Mannheim, Germany) and Ptch (Rn01527980_
m1; Applied Biosystems) under the following conditions: 50 °C for 
2 min, 95 °C for 10 min followed by 40 cycles at 95 °C for 15 s, 60 °C 
for 20 s, and 72ºC for 1 s.
Smo, Gli2, and Gli3 expression was quantified in a LightCycler 480 

SYBR Green I Master (Roche Applied Science) using the primers 
described in Table 1. All RT-PCR reactions were run in duplicate in 
a total volume of 5 ng of cDNA. The RT-PCR conditions were 95 °C 
for 5 min, followed by 50 cycles at 95 °C for 10 s, 60 °C for 10 s, and 
72 °C for 10 s.

Results were normalized to the expression of 18S. The relative 
mRNA levels were determined by calculating the threshold cycle for 
all genes using the threshold cycle method.

Immunofluorescence
Lungs were fixed overnight in 4% paraformaldehyde. After inclu-
sion in paraffin, 5-µm sections were stained. Immunofluorescence 

staining was performed using standard techniques with anti-Shh 
antibody (Shh H-160; Santa Cruz Biotechnologies, Santa Cruz, CA), 
1:50; anti-Ptch antibody (Ptch G-19; Santa Cruz Biotechnologies) 
1:100; anti-Smo antibody (Smo N-19; Santa Cruz Biotechnologies) 
1:50; anti-Gli2 antibody (49–617, ProSci, Poway, CA), and anti-Gli3 
(49–600, ProSci) 1:50. Briefly, antigen recovery was performed with 
sodium citrate (10 mmol/l, pH 6) in microwave for 3–10 min fol-
lowed by 2-h incubation with 10% horse serum, 1% albumin TBS. 
Sections were incubated at 4 °C overnight with each of the primary 
antibodies then washed and incubated with universal secondary anti-
body (Vectstain Universal Quick Kit; PK-8800; Vector Laboratories, 
Burlingame, CA) for 1 h, and finally with streptavidin Alexa Fluor 
488 conjugate (S32354, Molecular Probes, Invitrogen, Carlsbad, CA) 
for 45 min. The sections were mounted and the nucleus stained using 
Vectashield Mounting Medium for fluorescence with DAPI (H 1200; 
Vector Laboratories). Images were obtained from a minimum of six 
different slides from each group with a Leica LMD6000 fluorescence 
microscope (Leica Microsystems, Wetzlar, Germany).

Statistical Methods
Data are presented as mean ± SD. Comparison between groups was 
performed with the Mann–Whitney U-test or the unpaired t-test 
where appropriate. The statistical significance level was set at 5%.
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