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ABSTRACT: VATER association represents a cluster of Vertebral,
Anal, Tracheo-Esophageal, Radial and Renal malformations, and
caudal regression syndrome is an entity consisting of a spectrum of
congenital anomalies of lower spine and hips associated with geni-
tourinary and lower limb defects. The concurrence of various mal-
formations may be explained by a common defect in blastogenesis,
but direct evidence is yet to be accumulated. Here, by the use of
autofluorescence and the teratogenic effect of adriamycin, we dem-
onstrated that adriamycin administered to eggs of White Leghorns
distributes to the caudal portion of the embryo and foregut epithelium
and induces caudal regression and tracheal and pulmonary agenesis.
The induction of caudal regression syndrome-like anomaly was
developmental stage and dose dependent. Embryos with caudal
regression demonstrated tracheoesophageal anomalies, one of the
defects included in VATER association. The stages at which anom-
alies were produced corresponded to that of human embryos between
days 22 and 26 (Carnegie stages 10–11). In view of the antitumor
activity of adriamycin by intercalating to double-stranded DNA of
undifferentiated cells undergoing rapid cell division, it is possible that
adriamycin had preferentially attacked cells in the caudal end where
pronounced proliferation takes place during this narrow period of
greatest susceptibility. (Pediatr Res 65: 607–612, 2009)

VATER association consists of a nonrandom combination
of three or more of vertebral (V), anorectal (A), tracheo-

esophageal (TE), radial and renal (R) congenital defects (1). A
number of other defects were reported to occur in addition to
the originally described set, including cardiac and genital
anomalies, single umbilical artery, limb anomalies other than
radial, and caudal regression syndrome (2–7). Based on case
series and epidemiologic studies, it has been postulated that
defects included in the VATER association result from blas-
togenetic abnormalities by way of a common pathogenesis

(8–12). The combination of anomalies appear to result from
genetic and/or environmental “hits” involving several vulner-
able primordia at the same time (4,11). The disruption of
morphogenetic events at the caudal eminence, an ectoderm
covered mass of pluripotent mesenchyme (13), is believed to
give rise to malformations including caudal dysgenesis (14),
and the failure of the tracheal bud to develop normally from
the primitive foregut is considered to be the key event that
leads to tracheoesophageal anomalies (15). The concurrence
of various malformations may be explained by the “hit” in
these areas during blastogenesis, but direct evidence is yet to
be accumulated.
A teratogenic model of VATER association has been re-

ported by Thompson et al. (16) who documented the occur-
rence of esophageal atresia (EA) with tracheoesophageal fis-
tula (TEF) and other anomalies after injecting adriamycin into
timed-pregnant rats on days 6–9 of gestation. Adriamycin is
an anthracycline, antineoplastic drug. Its proposed mechanism
of action includes inhibition of nucleic acid synthesis through
intercalation with DNA (17), and it has been widely used in
the treatment of many malignancies, including sarcomas, lym-
phomas, neuroblastoma, and breast cancer (18). There have
been several shortcomings in the rat model. First, tissue
distribution of adriamycin after administration to dam rat have
never been delineated. Second, the actual time point of tera-
togenic action of adriamycin was obscure because widespread
dose given intraperitoneally resulted in variable absorption
between the embryos.
To overcome the above inconvenience of adriamycin rat

model, Mortell et al. (19) have tried to evaluate teratogenicity
of adriamycin by administrating the chemical into the air sac
or albumen of chick embryos. Although they could not pro-
duce VATER-like anomalies within chick embryos, they have
proposed the importance and necessity of a more exact
method of gestational staging to identify the initial insult
which brings about the multiple anomalies seen in VATER
association. By injecting adriamycin into the yolk, rather than
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into the air sac or albumen, we were able to obtain a consistent
pattern of malformation. In this study, we aimed to develop a
chick embryonic model of blastogenetic defect by adminis-
trating adriamycin at defined developmental stages and by
tracing adriamycin in the embryonic tissue with the use of
autofluorescence of the drug.

MATERIALS AND METHODS

Embryos and adriamycin treatment. A stock solution of doxorubicin
hydrochloride (Adriamycin; Sigma Chemical, St. Louis, MO) was prepared
by dissolving this compound in sterile distilled water at a concentration of 1
mg/mL. Fertile White Leghorns eggs obtained from a local hatchery were
incubated in a forced-draft incubator at 38°C with a relative humidity of 70%.
The first day of incubation was termed Day 0. Embryos were incubated for 2
days and developed to stages 10–13 according to the Hamburger-Hamilton
(HH) system (20). Doses of 1–5 �g of adriamycin in 200 �L of sterile
distilled water were injected into the yolk using a 1 mL tuberculin syringe
(Terumo Medical Corporation, Tokyo, Japan) through a window that was
made on the blunt end of the egg. Control eggs were injected with the same
volume of phosphate buffered saline (PBS) as those treated with adriamycin.
The windows through which the injections were made were sealed with
adhesive tape. To identify the distribution of adriamycin within the embryonic
tissue, adriamycin-treated embryos were examined every 3 h up to 12 h of
incubation following drug injection. For studies of adriamycin-induced patho-
genesis, embryos were examined at 24 or 48 additional hours of incubation.
The study protocols were approved by the Animal Care committee of Keio
University School of Medicine.

Adriamycin imaging by fluorescence. Intraembryonic distribution of
adriamycin was observed under LED lights. Lights from 12 blue LEDs (peak
wave length, 475 nm) were intensified using a concave lens and were
projected onto the embryonic specimen through a band-pass filter (BI0060;
Asahi Spectra). Emissions from adriamycin fluorescence were observed
through a long-pass filter (FF01–520/35–25; bright line). A subset of embryos
were fixed in 4% paraformaldehyde (PFA) and embedded in OCT compound
(Tissue-Tek; Sakura Finetek, Torrance, CA). Serial frozen sections (6-�m
thick) were cut and mounted on glass slides. Fluorescence of adriamycin was
observed with a laser scanning confocal microscope (FLUOVIEW FV300;
Olympus). A green He-Ne laser line (543 nm) was used for excitation, and a
long pass filter (BA565IF) was used for detection of the emitted light (21).
The results were shown with differential interference images of the same
sections. Nuclei were stained with a fluorescent nuclear dye TO-PRO-3
(dilution 1:1250; Molecular Probes, Eugene, OR).

Immunohistochemistry. Adriamycin-treated and control embryos were
fixed in 4% PFA and embedded in paraffin. Serial sections (10-�m thick) were
cut and placed on glass slides. Apoptotic cells were labeled by immunohis-
tochemistry for single stranded DNA (ssDNA) (22). Correlation between
labeling by this method and that by terminal deoxynucleotidyl transferase-
mediated dUTP-biotin nick end-labeling (TUNEL) method was reported
previously (23). Deparaffinized sections were treated with 0.3% hydrogen
peroxide to block endogenous peroxidase activity. They were treated with
0.04 mg/mL proteinase K for 5 min at room temperature and were incubated
with rabbit polyclonal anti-single stranded DNA antibody (dilution 1:1000;
Dako, Glostrup, Denmark). Sections were then treated with peroxidase-
conjugated secondary antibody (ImmPRESS, Vector Laboratories, Burlin-
game, CA), and the color was developed with diaminobenzidine. Counterstain
was done with hematoxylin.

Selected specimens were examined under a dissecting microscope and
photographed. A subset of embryos was fixed in 4% paraformaldehyde and
embedded in paraffin, sectioned at 10 �m, and stained with hematoxylin for
subsequent histologic analyses.

BrdU labeling and embryonic culture. After 36 h in an incubator, HH
stages 10–11 embryos were collected using filter paper disks and were
transferred to agar culture plates, as described by Sundin and Eichele (24).
Briefly, after partial removal of the thick albumen over the embryo, a dry ring
of filter paper was laid on top of the vitelline membrane, and the membrane
was cut along the circumference of the filter ring. The ring-embryo-vitelline
membrane composite was transferred into warmed Hank’s solution to remove
yolk and then transferred to agar culture plates, and the embryos were
incubated with 100 �L of 50 �M bromodeoxyuridine (BrdU) (Sigma Chem-
ical) in PBS for 2 h. To visualize BrdU incorporation, 4% PFA-fixed,
paraffin-embedded sections of the embryos were treated with 0.1% trypsin
(Sigma Chemical) at 37°C for 10 min and then 2N HCl at 37°C for 30 min.
The sections were immunostained using anti-BrdU antibody (clone Bu20a,

dilution 1:200, Dako) and peroxidase-conjugated secondary antibody. Diami-
nobenzidine was used as a chromogen. Counterstain was done with hema-
toxylin.

RESULTS

Spatial distribution of adriamycin. Overall distribution of
adriamycin in the whole mount embryo was visualized using
a stereomicroscope with fluorescence lighting and appropriate
filters (Fig. 1). The distribution of adriamycin, as indicated by
red signals, was concentrated at the caudal end of the embryo.
The maximum signal intensity was observed in the caudal part
of the embryo 6 h after adriamycin administration. Tissue
distribution of adriamycin within sectioned embryo was visu-
alized using confocal microscope. Serial sections of HH stage
12 embryos revealed that adriamycin signals were most in-
tense at the caudal end of the embryo and was also present in
the foregut epithelium (Figs. 2 and 3). No signal could be
detected in control embryos, indicating that fluorescence came
only from adriamycin. Co-staining the caudal end section with
TO-PRO-3 nuclear dye indicated that signals from adriamycin
overlapped with those from TO-PRO-3. Hence, adriamycin
was likely to be in the nucleus.
Caudal regression. Caudal regression was demonstrated

48 h following 5 �g of adriamycin injection at HH stages
10–11 (Fig. 4). Midline structures caudal to the wingbud were
absent including the sacral and coccygeal (tail) structures. The
embryos were devoid of allantois, an extra-embryonic mem-
brane of birds arising as a pouch or sac, from the hindgut. In
birds, it expands greatly between two other membranes, the
amnion and chorion, to serve as a temporary respiratory organ
while its cavity stores fetal excretions. Adriamycin-treated
embryos without allantois did not survive after Day 6. The
comparison of the viability and the incidence of caudal re-
gression according to adriamycin injection at four develop-
mental stage groups are given in Table 1. Embryos with
absence of the midline structures caudal to the wingbud, the
severe type (Fig. 4A), and embryos with tail-like structures,
the mild type, were counted as having caudal regression. The
presence of caudal regression was evaluated 48 h following
drug administration in each group. Embryos treated before
Hamburger-Hamilton (HH) stage 10 had poor survival rate

Figure 1. Overall distribution of Adriamycin in the whole mount embryo.
Adriamycin was administered to the embryo at HH stage 11. The distribution
of the adriamycin, as indicated by red signals, was concentrated at the caudal
end of the embryo. Maximum signal intensity was observed in caudal portion
of the embryo 6 h after adriamycin administration. Scale bars: 1 mm.
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including control embryos. Administration of 2–5 �g of adria-
mycin at HH stages 10 and 11 led to caudal regression in more
than 90% of the adriamycin-treated embryos, whereas less
than 20% of 1 �g administered embryos developed this
anomaly. The incidence of caudal regression decreased as
embryonic stages at the time of treatment progressed. When 2
�g of adriamycin was given at HH stages 14–16, only 10% of
treated embryos developed caudal regression. The severity of
caudal regression was also influenced by the stage at which
the drug was injected and by the dosage of the drug. All

embryos treated with 2 and 5 �g of adriamycin at HH stages
10–11 presented with severe type of caudal regression,
whereas mild type was found within embryos treated at later
stages or given lower dosages (Table 1). These results re-
vealed that caudal regression developed in a dose related
manner and that the period of greatest susceptibility for this
malformation was between HH stages 10–13 with HH stages
10–11 being most sensitive.
Comparison of transverse histologic sections at the level

below the wingbud in adriamycin-treated and control embryos
at HH stage 17 demonstrated excessive cell death in the
adriamycin-treated embryos, as assessed by anti-single
stranded DNA immunostaining (Fig. 5). Cell death of 24-h
adriamycin-treated embryo was evident in cells caudal to the
level of wingbud, with many positively stained cells observed
in the neural tube, sclerotome, and somites (Fig. 5). The
caliber of the caudal end of the neural tube was smaller and

Figure 2. Tissue distribution of adriamycin within the sectioned embryo at
stage 12. (A) Signals from adriamycin were demonstrated as superimposed
images of the fluorescent and bright field images of the adriamycin-treated
embryo. (B) Confocal microscopy images (right) and differential interference
images (left) of the transverse sections at the level indicated by the white line
in A. Adriamycin fluorescence was detected in cells of the adriamycin-treated
embryo (ADR), whereas no signal was observed in the control embryo (PBS).
(C) Staining with TO-PRO-3 nuclear dye revealed that signals from adria-
mycin overlapped with those from TO-PRO-3. NG, neural groove. Scale bars
in B and C, 50 �m.

Figure 3. Confocal microscopy images of embryos 24 h after adriamycin (A
and C) or PBS (B and D) administration at HH stage 11. (A, B) Superimposed
images of adriamycin fluorescence and differential interference. Arrows indi-
cate foregut. (C, D) Magnified views of the foregut (adriamycin fluorescence
signal only). Foregut epithelia are outlined by white dotted lines. Fluorescent
signals from adriamycin were detected in the foregut epithelial cells of the
adriamycin-treated embryo (A, C). Scale bars: 100 �m.

Figure 4. Overview images of adriamycin-treated and control embryos. (A)
Forty-eight hours following 5 �g of adriamycin injection and (B) PBS
injection at HH stage 10, respectively. Midline structures caudal to the
wingbud (arrows) were lacking in the adriamycin treated embryo. Al, allan-
tois. Scale bars: 1 mm.

Table 1. Incidence of caudal regression after adriamycin injection
at various dosages and developmental stages

Viable embryo Caudal regression

n % n %

HH 7–9
Control ADR 7/20 35.0% 0 0
1 �g 5/24 20.8% 4/5 80.0%
2 �g 1/24 4.2% 1/1 100%
5 �g 1/26 3.8% 1/1 100%

HH 10–11
Control ADR 22/24 91.7% 0 0
1 �g 21/24 87.5% 4 (3)*/21 19.0%
2 �g 24/32 75.0% 22/24 91.7%
5 �g 40/54 74.0% 38/40 95.0%

HH12–13
Control 19/20 95.0% 0 0
1 �g 28/34 82.3% 0 0
2 �g 37/42 88.1% 24 (5)*/37 64.9%
5 �g 35/41 85.4% 24 (6)*/35 68.6%

HH14–16
Control ADR 17/18 94.4% 0 0
1 �g 19/20 95.0% 0 0
2 �g 20/25 80.0% 2 (1)*/20 10.0%
5 �g 28/35 80.0% 8 (2)*/28 28.6%

* (n) indicates number of embryos with tail-like structures.
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many of the somite tissues were degenerated. The structure of
the notochord was relatively spared.
Vascular anomalies, especially of the dorsal aortae, were

carefully studied on histologic sections. The dorsal aortae of the
treated embryos were not enlarged compared with those of the
control. Furthermore, there were no breaks in the walls of
dorsal aortae which led to formation of caudal hematoma as
described by Kaplan and Grabowski (25).
Foregut atresia and tracheal and pulmonary agenesis. Of

the 12 histologically assessed embryos given 5 �g of adria-
mycin at HH stages 10–11, eight demonstrated foregut atresia
with tracheal and pulmonary agenesis (Fig. 6), one had foregut
stenosis with tracheal and pulmonary agenesis, one had fo-
regut stenosis, and two had normal foregut and pulmonary
development. All of the control embryos (n � 6) had normal
foregut development and tracheal separation was completed
within 48 h following PBS injection. None of the adriamycin-
treated embryos presented with tracheoesophageal fistula. Re-
garding other anomalies, a dorsally swollen neural tube was
found in three of the adriamycin-treated embryos.
BrdU labeling. Relative increase in number of BrdU incor-

porated cells was observed in the caudal sections compared
with the rostral sections (Fig. 7). Foregut epithelia did not
present with significant difference in BrdU incorporation with
other neighboring tissues.

DISCUSSION

Here, we have demonstrated that exposure of chick embryo
to adriamycin leads to caudal regression and complete lack of
respiratory system with foregut atresia. These results were in
line with previous rat studies in which malformation of the
foregut and caudal eminence derived organs, including esoph-
ageal and intestinal atresia, tracheoesophageal fistula, renal
and anorectal anomalies, were induced by embryonic expo-
sure to adriamycin (16,26,27). This study not only replicated
embryonic toxicity of adriamycin in a species other than
rodents, but also strengthened conclusion of previous studies
in three aspects. First, our system allowed us to document
tissue distribution of adriamycin within the embryo by ex-
ploiting the autofluorescence of the drug. In previously de-
scribed rat models, tissue distribution of adriamycin after
administration to dam rat have never been delineated. Second,
unlike the rat model in which adriamycin was administered
intraperitoneally to pregnant rats, we were able to administer
the teratogen directly at a defined developmental stage. This
allowed us to identify the actual time point of the teratogenic
effect on the embryo. Third, a more accurate dose response
relationship between the teratogen and development of defects
could be analyzed in the chick embryonic model. The dosage
of drug per embryo was precisely controlled in our model
whereas in the rat model the actual amount of adriamycin that
reached to the target embryonic tissue could have been vari-
able because adriamycin delivery was dependent on peritoneal
absorption in the dam and transplacental transfer.
Both caudal regression and tracheoesophageal anomaly

constitute prototypic defects of VATER association which has
traditionally been classified as “blastogenesis defect” based on

Figure 6. Rostral to caudal comparison of transverse histologic sections of
adriamycin-treated and control embryos. (A, C, E) Seventy-two hours post
adriamycin-treated embryos and (B, D, F) control embryos at levels of
laryngotracheal groove (A, B), lung buds (C, D), and lower esophagus (E, F).
In the adriamycin-treated embryo, the caliber of upper foregut segment
narrowed down as it developed caudally and eventually disappeared within
the mesenchyme. LG, laryngotracheal groove; F, foregut; LB, lungbud. Scale
bar, 100 �m.

Figure 5. Comparison of transverse histologic sections at the level below
wingbud in adriamycin-treated (A and C) and control (B and D) embryos. C
and D are magnified views of A and B, respectively. Adriamycin or PBS was
administered to embryos at HH stage 11, and the embryos were fixed 24 h
later. Sections were immunostained with anti-single stranded DNA anti-
body and counterstained with hematoxylin. In the adriamycin-treated
embryo (A and C) many immunoreactive cells (nuclei) were observed in the
neural tube and somite (arrowheads in C), and nuclear debris was also present
(arrows in C). In the control embryo (B and D), only a small number of
immunoreactive cells were found in the lateral plate mesoderm, and no
nuclear debris was seen. NT, neural tube; S, somite (dermomyotome and
sclerotome); NC, notochord; ND, nephric duct. Scale bars, 25 �m.
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a deliberate embryological inference (11). Here, the term
blastogenesis refers to a rather broad period that includes all
stages of development within the first 4 wk of human devel-
opment (days 1–28, Carnegie stages 1–12). Our model en-
abled us to clarify that HH stages 10–13 represent the sus-
ceptible period as far as caudal regression is concerned. More
specifically, the severe type of caudal regression was concen-
trated in embryos treated at earlier stages within this period
(HH stages 10–11). This period corresponds to embryonic
development between days 22 and 26 (Carnegie stages 10–11)
in humans. Precise definition of the vulnerable period, rather
than “blastogenesis period,” would be helpful when inferring
the pathogenesis of diabetic embryopathy, major feature of
which include caudal regression.
The fluorescence data suggested that adriamycin was con-

centrated in multiple cell types (neural tube, somites, paraxial
mesoderom) of the caudal embryo and selectively in foregut
epithelium. The caudal distribution of adriamycin included the

caudal eminence, an ectoderm-covered mass of pluripotent
mesenchyme (13). It is the growth center of the caudal end of
the embryo and provides mesenchyme for the formation of the
notochord, somites (including caudal vertebrae), hindgut, neu-
ral tube, hind limbs, and blood vessels (13,28). The basis for
such selective distribution of the drug seems to be a key to its
teratogenic effects. Considering that adriamycin exerts its
antitumor activity by intercalating to double-stranded DNA of
undifferentiated cells undergoing rapid cell division (29), it is
possible that adriamycin had preferentially attacked cells in
tissues where pronounced proliferation takes place at the time
of drug administration. To identify the areas of active prolif-
eration, we examined BrdU incorporation within the cells of
the developing embryo. BrdU is a thymidine analog which
incorporates into newly synthesized DNA strands of actively
proliferating cells (30). Relatively large number of BrdU
incorporated cells was seen in the caudal sections compared
with the rostral sections. Furthermore, Mac Auley et al. have
determined the duration of the cell cycle for mesodermal and
ectodermal cells of rat embryos during gastrulation and found
that the primitive streak, the former region of caudal eminence
(31), was the region of highest proliferative activity (32).
Taken together, one of the possible mechanisms of adriamycin
distribution to the caudal end may reflect the high rates of cell
proliferation. On the other hand, we did not find significant
difference in BrdU incorporation in the foregut epithelium
with other neighboring tissues. The underlying mechanism(s)
of selective distribution of adriamycin within foregut epithe-
lium is yet to be discovered.
In the chick embryonic model, caudal regression was the

obligate defect in all the affected embryos. In view of the notion
that disruption of the morphogenetic events at the caudal
eminence would give rise to malformations including caudal
dysgenesis (14), the observation that maximal signal intensity
of adriamycin was present in caudal portion of the embryo
may account for the vulnerability of the caudal structure. The
pathogenetic mechanism by which disruption in caudal emi-
nence leads to caudal regression has not been delineated. In
the literature, the vascular theory has been invoked by some
authors to account for the pathogenesis of caudal regression.
Kaplan et al. (25) treated early chick embryos with trypan blue
and obtained caudal regression. Embryos treated with trypan
blue exhibited a high incidence of caudal hematoma, which
led to caudal regression at later developmental stages. The
hisotological study of these embryos revealed following se-
quential changes: 1) enlargement of the dorsal aortae, 2)
rupture of the aortae and bleeding into tissue spaces, 3)
structural damage due to the expanding hematoma, 4) necro-
sis, 5) resorption of dead tissues, and 6) caudal regression. In
our adriamycin-treated embryos, massive cell death of the
somites, sclerotome and neural tube at the level below the
wingbud (processes 4–6) were observed as well. However,
we did not find any of the above-mentioned vascular changes
(processes 1–3) within the vascular system in HH stages
10–13 treated embryos. Hence, it is unlikely that caudal
regression was mediated by vascular disruption at least in the
present chick model.

Figure 7. Comparison of BrdU incorporation in rostral and caudal parts of
the embryo. Sections of a HH stage 11 embryo at the levels of optic cup (A,
B), vitelline vein (C, D), first somite (E, F), and neural fold (G, H) are shown.
B, D, F, H are magnified views of A, C, E, G, respectively. Relative increase
in the number of BrdU incorporated cells (brown) was found in the caudal
sections (E–H), especially in the somite, mesoderm, and the neural tube.
There was no significant difference in BrdU staining in the foregut epithelia
compared with other neighboring tissues. O, optic vesicle; V, vitelline vein;
F, foregut; S, somite; NT, neural tube; NF, neural fold; M, mesoderm. Scale
bar in A, 100 �m; Scale bar in B, 50 �m.
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Caudal regression syndrome-like anomalies has been re-
ported to develop in glucose-treated and insulin-treated chick
embryos (33,34). In both studies, the mortality and morbidity
were developmental stage dependent. The vulnerable period
defined in these studies were rather broad (i.e. between days 0
and 2) (33), but included HH stages 10–11, the period of
greatest susceptibility for adriamycin teratogenicity for caudal
regression. How inhibition of mitogenesis by adriamycin and
disruption of glucose metabolism by addition of glucose or by
insulin lead to the same phenotypic outcome, caudal regres-
sion, is yet to be clarified.
In humans, no cases with VATER association or caudal

regression syndrome have been identified in the retrospective
review on fetal outcomes following chemotherapy with an
anthracycline-containing regimen in pregnant cancer patients
(35). The discrepancy between human and chick may be
caused by species specificity or lack of human cases with
adriamycin administration within the vulnerable period.
In summary, adriamycin injected to HH stages 10–11 chick

embryos accumulated in the caudal portion of the embryo and
foregut epithelium and induced caudal regression-like anom-
alies and tracheoesophageal anomalies. Our study revealed
that there might be multiple mechanisms in which adriamycin
exerts its teratogenic effects in growing embryo. One of the
possible mechanism(s) may include the disruption of the cell
cycle of rapidly proliferating cells within the caudal eminence
during this narrow period. Further study is needed to identify
the underlying mechanism(s) of selective distribution of adria-
mycin within the foregut epithelia.
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