
Expression of cell adhesion molecules in the adriamycin-induced
esophageal atresia rat model

Melih Tugay*, Serdar Filiz, Hakki Dalçik, B. Haluk Güvenç, Cannur Dalçik,
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Abstract

Cell adhesion molecules are well-known membrane glycoproteins widely expressed during embryonic development that play a
crucial role in cell division, migration and differentiation. We investigated the cell–matrix relationship using N-CAM and
pan-cadherin adhesion molecules in the adriamycin-induced esophageal atresia (EA) rat model in the hope of finding a clue to the
mechanisms of this unique anomaly.

Time-mated pregnant Sprague–Dawley rats were given either saline or adriamycin on days 8 and 9 of gestation. Embryos were
harvested on the 18th day of gestation. Esophageal specimens obtained from adriamycin-exposed embryos with (EA+) or without
esophageal atresia (EA�) and from saline-exposed embryos were immunostained with N-CAM and pan-cadherin primary antisera.

The esophageal specimens from control and EA� groups revealed similar immunostaining properties: weak N-CAM and
pan-cadherin immunoreactivity. In contrast, the EA+ group showed intense immunoreactivity.

Our study demonstrated an increased synthesis of N-CAM and pan-cadherin in the epithelial cells of the atretic esophagus and
trachea. These results suggest that embryonic cell–cell and cell–matrix interactions may play a crucial role in the development of
adriamycin-induced EA.
� 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

EA is a common congenital abnormality, but
its embryogenesis is still poorly understood. The
adriamycin-induced esophageal atresia rat model has
provided important information on the embryological
mechanisms of EA (Beasley et al., 2000; Diez-Pardo
et al., 1996). Previous studies have shown that
mesenchymal-epithelial interactions have an important
role in the development of EA (Crisera et al., 1998, 1999,
2000a,b). Cell adhesion molecules are a group of mem-
brane glycoproteins that mediate cell–cell and cell–

matrix interactions. They can be classified as selectins,
integrins, members of the immunoglobulin super family,
or cadherins (Edelman, 1984; Klein et al., 1998).

Cells in many tissues and organs of the adult rat
express N-CAM cadherins (Filiz et al., 2002a,b).
N-CAM is a member of the immunoglobulin super
family that mediates homophilic and heterophilic adhe-
sions between cell–cell and cell–extracellular matrix in a
calcium-independent manner. N-CAM is widely ex-
pressed during embryonic development and plays a
crucial role in cell division, migration and differentia-
tion. Cadherins regulate morphogenesis in a variety of
organs during development and mediate intercellular
homophilic adhesion in a calcium-dependent manner
(Behrens, 1994; Vleminckx and Kemler, 1999). In this
study, the expression of adhesion molecules was investi-
gated using the esophageal atresia rat model.
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2. Materials and methods

2.1. Animals

Four-month-old female Sprague–Dawley rats (200–
250 g) were mated early in the morning for 12 h
(obtained from DETAB, Experimental Medical Re-
search Unit, Kocaeli University, Turkey). Rats with a
vaginal plug on day 0 of gestation or who gained more
than 14 g in weight by day 8 of gestation were designated
as pregnant. The pregnant rats were housed individually
in plastic cages in a quiet, temperature- and humidity-
controlled room (22�3 (C and 62�7%, respectively) in
which a 12–12 h light–dark cycle was maintained. The
pregnant rats were injected intraperitoneally on gesta-
tional days 8 and 9 with adriamycin at 2 mg/kg (n=10)
or saline (n=5) (Xia et al., 1999; Tugay et al., 2001). The
embryos were harvested on the 18th day of gestation.
Adriamycin-exposed and control embryos were pro-
cessed for immunocytochemistry. Some of the embryos
exposed to adriamycin were examined microscopically
under �2.3 magnification (Heine C 2.3 Binocular
Loupe, Heine, Herrsching, Germany) to detect EA and
other anomalies. The embryos were fixed in 4% para-
formaldehyde solution for 48 h, processed for paraffin
embedding, and cut into 5 µm transverse serial sections
from head to stomach.

2.2. Immunocytochemistry

5 µm paraffin sections were removed from the esopha-
geal specimens, then deparafinized and rehydrated.
Immunocytochemistry was performed using avidin–
biotin–peroxidase (Zymed, San Francisco, CA, USA).
Monoclonal anti-N-CAM antibody (clone NCAM-
OB11 generated using E17 rat forebrain as an immuno-
gen, with strong binding to N-CAM 180 and N-CAM
140) and monoclonal anti-pan-cadherin antibody (clone
CH-19 generated using a synthetic peptide correspond-
ing to the C-terminal amino acids of chicken N-cadherin
with an extra N-terminal lysine residue as the immuno-
gen, showing reactivity with a distinct 135 kD band in a
wide variety of tissues and species) were purchased from
Sigma (St Louis, MO, USA). Sections were washed
several times with PBS-Tx and pre-treated with 3%
hydrogen peroxide for 10 min to eliminate endogenous
peroxidase activity. To reduce non-specific staining,
sections were pre-treated with normal goat serum for
20 min. Sections were then incubated with a 1:50 dilution
of anti-rat–N-CAM antibody or 1:200 dilution of
anti-rat-pan-cadherin antibody for 24 h at 4 (C in a
humidified chamber. Following washing in PBS-Tx,
biotinylated secondary antibody (Histostain Plus kit,
Zymed) was applied for 15 min at room temperature.
Following washing in PBS-Tx, streptavidin–peroxidase
conjugate (Histostain Plus kit, Zymed) was applied for
15 min at room temperature. After washing in PBS-Tx,

0.6% H2O2 and 0.02% 3,3i-diaminobenzidine (DAB) was
applied as the chromogen for 3–5 min at room tempera-
ture. Control sections were incubated in non-immune
serum in the absence of primary antibody. All sections
were examined by light microscopy (BX5OF-3;
Olympus, Tokyo, Japan). The three study groups
were saline-injected controls, and adriamycin-exposed
embryos either with esophageal atresia (EA+) or without
esophageal atresia (EA�).

3. Results

Adriamycin injected rats (n=10) were sacrificed and
74 embryos were collected. EA with distal tra-
cheoesophageal fistula (TEF) developed in 28 of the
embryos (37.83%). The upper esophageal pouch ended
just below the level of the cricoid bone and the distal end
was connected to the tracheal bifurcation or to the left
main bronchus. Associated anomalies, including cardio-
vascular abnormalities, duodenal atresia, bladder agen-
esia, bilateral hydroureteronephrosis, anorectal atresia,
and tail and limb anomalies were also observed, as
reported by Beasley et al. (2000).

Similar immunostaining properties were observed in
specimens of the control and EA� embryos with
N-CAM and pan-cadherin. Pan-cadherin immunoreac-
tivity was slightly expressed in the esophageal and
tracheal specimens of control and EA� embryos (Fig.
1). However, the proximal atretic pouch, TEF and
trachea revealed intense pan-cadherin immunoreactivity
in the EA+ group (Fig. 2). Similar results were obtained
with N-CAM immunostaining. N-CAM immunoreac-
tivity was also slightly expressed on the epithelial cells of
the esophagus and trachea in the control group and
EA� embryos. The proximal atretic pouch, TEF and
tracheal epithelial cells also revealed increased immuno-
staining with N-CAM in the EA+ embryos.

4. Discussion

Adriamycin injection in pregnant rats causes develop-
ment of EA with very similar pathology to that in
humans, and enables investigation of the mechanisms of
faulty organogenesis. Tracheoesophageal separation
occurs between gestational days 11–13 in the rat em-
bryo, while differentiation of the esophagus and trachea
continues through to the 18th day of gestation (Crisera
et al., 1998, 1999, 2000a,b; Tugay et al., 2000). There are
many factors that may play a part in the development of
esophageal atresia, but only a few have been studied.

Possoegel et al. (1999) found a notochord abnor-
mality accompanying the foregut anomaly. This finding
has caused speculation that the notochord may be
involved in the negative biochemical feedback mechan-
ism of the foregut (Possoegel et al., 1999; Qi and
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Beasley, 1999). Another study by Zhou et al. (1999)
revealed that apoptosis is required for normal tra-
cheoesophageal separation and may play a role in the
development of EA in the animal model.

Until recently, abnormal embryogenesis causing
defects in the laryngotracheo–esophageal groove and
subsequent septum formation, allowing persistent com-
munication between the esophagus and trachea, was the
most accepted theory on the development of esophageal
atresia (Skandalakis et al., 1994). Diez-Pardo et al.
(1996) provided a valuable animal model to study the
embryology of EA. Numerous theories have since been
proposed. Orford et al. (2001) suggested that deficiency
in the notochord patterning activity leads to develop-
ment of EA in the adriamycin model. Crisera et al.
(1998, 1999, 2000a,b) suggested that the developing lung
bud trifurcated instead of forming the normal bifurca-
tion, and the middle branch of this tracheal trifurcation
subsequently grew caudally through the foregut mesen-
chyme until it fistulized into the stomach. They showed
that epithelial mesenchymal interactions have a role in
the tracheoesophageal separation process and continue
through the term period.

During development of the lung, mesenchymal fac-
tors, particularly FGF, are known to induce a branching
pattern in the respiratory epithelium. Another study by
Crisera et al. (2000a) also showed that the mesenchyme
around the developing TEF may lack FGFs, and they
suggested that defective epithelial mesenchymal inter-
actions appear to play a role in the formation of the
fistula tract in EA. In the present study, we found
increased N-CAM and pan-cadherin immunoreactivity,
which reflects different cell–matrix and cell–cell inter-
actions in EA+ embryos compared to EA� embryos.
We believe that, at least in part, the present results
support this hypothesis. However, this increase in
N-CAM and pan-cadherin immunoreactivity cannot be
evaluated as a cause without further study of the early
gestational days.

A previous study revealed that N-CAM is present at
the onset of kidney development on the cells of the
uninduced nephrogenic mesenchyme (Vestweber et al.,
1985). This study showed that, after induction, when the
cells convert into epithelium, they gradually loose
N-CAM and instead begin to express another primary
cell adhesion molecule, E-cadherin. In the light of these
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Fig. 1. Photomicrographs of tissue sections of the esophagus and trachea in the EA� group. Pan-cadherin immunoreactivity is weakly evident on
the epithelium of the esophagus and trachea. T: trachea, E: esophagus (�10).
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studies, we focused on the cellular adhesion molecules
that are widely expressed during development and play a
crucial role in the regulation of cell division, migration
and differentiation (Takeichi, 1988; Vleminckx and
Kemler, 1999). Increased expression of N-CAM and
pan-cadherin in the EA+ group shows that the inter-
actions between cells and mesenchyme are different from
those seen in normal development.

Interestingly, we observed an increase in N-CAM and
pan-cadherin immunostaining on the epithelium of the
trachea of EA+ embryos. This finding indicates that the
trachea is also involved in the abnormal development
process. In addition to these findings, it is suggested that
lung sequestrations in patients with TEF and other
occasional observations, such as the formation of
ectopic lobes sprouting from the distal esophagus in the
embryo, may be due to close interactions between the
esophagus and trachea during their development (Kemp
and Sullivan, 1997; Sumner et al., 1997). Furthermore,
the association of respiratory tract malformations, es-
pecially tracheomalacia, in patients with EA is similar to
the adriamycin rat model (Qi et al., 1997; Usui et al.,

1996; Xia et al., 1999). The present findings demonstrate
that the same factors that induce EA may also exert
their detrimental effects on the development of the
trachea. Our results are consistent with clinical findings
that the trachea and esophagus simultaneously strongly
express the same adhesion molecules in embryos with
EA.

In conclusion, our results, at least in part, provide
evidence that cell–cell and cell–matrix interactions play a
crucial role in adriamycin-induced EA. Further studies
investigating organ-forming fields and cellular inter-
actions are needed to explain the mechanisms of this
complex anomaly.
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Fig. 2. Photomicrographs of tissue sections of the proximal atretic pouch and trachea in the EA+ group. Pan-cadherin immunoreactivity is distinctly
present on the epithelium of the esophagus and trachea. T: trachea, E: proximal pouch of the atretic esophagus (�10).
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