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BACKGROUND: A widely-used antimycotic agent, bis-triazole fluconazole (FLUCO), is able to produce abnormalities to the branchial
apparatus (hypoplasia, agenesis, and fusion) in postimplantation rodent embryos cultured in vitro. The branchial apparatus is a complex
and transient structure in vertebrate embryos and is essential for the development of the face skeleton. Branchial arch mesenchyme is
formed by two different cellular populations: paraxial mesenchyme and ectomesenchyme, which originate from rhombencephalic neural
crest cell (NCC) migration. We investigated the possible pathogenic pathways involved in FLUCO-related branchial arch abnormalities.
Perturbations in physiological apoptosis, cell proliferation, NCC migration and branchial mesenchyme induction have been considered.
METHODS: Rat embryos (9.5-day postcoitum; 1–3 somites) were exposed in vitro to 0 or 500 �M FLUCO. After 24, 36, or 48 hr of culture,
embryos were examined for apoptosis (acridine orange method) and cell proliferation (BrdU incorporation and detection method).
Rhombencephalic NCC migration was analyzed using immunostaining of NCC (using anti-CRABP antibodies) and the extracellular matrix
(using anti-fibronectin antibodies). The differentiative capability of the branchial mesenchymes was investigated using anti-endothelin and
anti-endothelin-receptor antibodies. RESULTS: During the whole culture period, no alterations in physiological apoptosis, cell prolifera-
tion, and mesenchymal cell induction were observed in FLUCO-exposed embryos in comparison to controls. On the contrary, severe
alterations in NCC migration pathways were observed in FLUCO-exposed embryos. CONCLUSIONS: The findings suggest that FLUCO
produces teratogenic effects by interfering with the cellular and molecular mechanisms that control NCC migration. Birth Defects Research
(Part A) 67:116–124, 2003. © 2003 Wiley-Liss, Inc.

INTRODUCTION

The bis-triazole derivative fluconazole (FLUCO) is an
antifungal agent used clinically against vaginal, oropha-
ryngeal and cutaneous candidiasis, disseminated candidi-
asis, and coccidioidal meningitis. The use of FLUCO for
prophylaxis and treatment of mycotic infections is also
widespread among pregnant women. The major routes of
administration are oral and intravenous. Vaginal candidi-
asis is treated usually with a 150-mg single dose; oropha-
ryngeal and esophageal candidiasis are generally treated
for weeks or months with 50–150 mg FLUCO daily. Higher
doses (200–400 mg daily) for long periods are used to treat
deep mycoses (meningitis, ophthalmitis, pneumonia,
hepatosplenic mycosis, endocarditis), whereas systemic
mycoses are treated for several months with 400 mg
FLUCO daily, respecting the total maximum daily recom-
mended dose of 1,600 mg.

Despite the extensive use of FLUCO, the effects on the
embryo and fetus have been only partially evaluated. An-
imal in vivo studies have shown that high doses of FLUCO
can be teratogenic (Tachibana et al., 1987; Van Cauteren et
al., 1990) with the observed abnormalities including
craniofacial defects, although contrasting data are avail-
able about the effects of the drug in human pregnancy. In
fact, prospective studies revealed no increase in birth de-
fects after exposure to FLUCO (Imman et al., 1994; Mas-
troiacovo et al., 1996; Jick, 1999; Sørensen et al., 1999),
whereas case-reports of long-term or high-dose maternal

FLUCO therapy during pregnancy reported craniofacial
abnormalities in newborns (Lee et al., 1992; Pursley et al.,
1996; Aleck and Bartley, 1997; Sanchez and Moya, 1998).
Animal in vitro studies on FLUCO have also been carried
out using the rodent postimplantation whole embryo cul-
ture method (Tiboni, 1993; Menegola et al., 2001a). Mouse
embryos exposed to about 150–250 �M FLUCO showed
second branchial arch anomalies (Tiboni, 1993), and rat
embryos exposed to 125–500 �M FLUCO showed severe
alterations, specifically at the level of first and second
branchial arches (hypoplasia, agenesis, and fusion) and at
the level of maxillary processes (Menegola et al., 2001a).
Similar abnormalities at the branchial apparatus level were
described previously in rat embryos exposed in vitro to
other triazole derivatives: triadimefon and triadimenol
(Menegola at al., 2000) and flusilazole (Menegola et al.,
2001a), showing that the branchial apparatus is the target
of this chemical family.

In mammals, the branchial apparatus is a transient struc-
ture. At first, the branchial arches are composed basically
of densely packed paraxial mesodermal cells (PMCs), sur-
rounded by ectodermal and endodermal epithelia (Fig. 1).
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Later in embryogenesis, branchial arch mesenchyme is
formed by two different cellular populations: paraxial mes-
enchyme and ectomesenchyme (Trainor and Tam, 1995).
Viewing the craniofacial morphogenesis step-by-step (Fig.
1), the process begins with rhombencephalic neural crest
cell (NCC) migration into the pharyngeal mesenchyme.
Cells from specific rhombomeres lose their cell–cell adhe-
sion properties and interact with the surrounding extracel-
lular matrix. In particular, fibronectin and laminin provide
a ground substrate for the movement of NCCs from the
rhombencephalon to the early branchial structure (Perris
and Perrisinotto, 2000). At the branchial level, PMCs and
NCCs instruct each other to initiate the correct morphoge-
netic program: NCCs form the ectomesenchyme that con-
denses peripherally, whereas the paraxial mesenchyme,
segregated in the mesenchymal core of the arch, is formed
from PMCs (Trainor and Tam, 1995). The signaling path-
way involved in the normal craniofacial development is
represented by endothelin (ET-1), produced by paraxial
mesenchyme, and endothelin receptors (ET-A), expressed
by ectomesenchyme (Kurihara et al., 1999). From the
paraxial mesenchyme arise muscles, some skeletal ele-
ments, vascular tissues; from the ectomesenchyme origi-
nate connective and cartilaginous tissues as well as part of
branchial cranial nerves and ganglia (Le Douarin, 1982;
Kimmel et al., 1991). In adults, the embryonic pharyngeal
skeleton corresponds to the visceral portion of the head
skeleton (maxillary and mandibular bones, zygomatic and

temporal bones, auditory ossicles, tympanic ring, hyoid
and larynx cartilages) (Fig. 2).

The specific effects observed at the craniofacial level
after FLUCO in vivo exposure and at the branchial appa-
ratus level after in vitro exposure focused our attention on
the possible pathogenic pathways involved. Classic patho-
genic pathways in teratological processes include pertur-
bation in physiological apoptosis, cell proliferation, NCC
migration and endothelin-mediated induction (Wilson,
1973) and they have been investigated in the present work.
For this purpose, postimplantation rat embryos were ex-
posed in vitro to 500 �M FLUCO (a concentration known
to be teratogenic for 100% samples; Menegola et al., 2001a),
cultured for 24, 36, or 48 hr, and processed to verify the
specific objectives.

MATERIALS AND METHODS
Embryo Culture

Virgin female CD:Crl rats (Charles River, Calco, Italy),
housed in a thermostatically-maintained room (T � 22 �
2°C, relative humidity � 55 � 5%) with a 12-hr light cycle
(light from 6:00 am to 6:00 pm), free access to food (Italiana
Mangimi, Settimo Milanese, Italy) and tap water, were
caged overnight with males of proven fertility. The morn-
ing of positive vaginal smear was considered Day 0 of
gestation. Pregnant females were sacrificed on Day 9.5
postcoitum (p.c.), and embryos explanted under aseptic
conditions. Embryos of 1–3 somites were selected and cul-
tured according to the method proposed by New (1978) in
20-ml glass bottles (5 embryos/bottle), containing 5 ml of
heat-inactivated sterile rat serum supplemented with anti-
biotics (100 IU/ml penicillin and 100 �g/ml streptomycin).
Fluconazole (gift of Pfizer, Italy), dissolved in 100% etha-
nol, was added (5 �l/bottle) to obtain the concentration of
500 �M. In addition, a control and a control � ethanol (5 �l
100% ethanol/bottle) groups were carried out. The bottles,
inserted in a thermostatic (38°C) roller (30 rpm) apparatus
were gas-equilibrated periodically, according to Giavini et
al. (1992). After 24, 36, or 48 hr in culture, the embryos were
examined using a dissecting microscope and processed
specifically for the different purposes.

Visualization of Apoptotic Cells
To visualize apoptotic cells, after 24 (Day 10.5 p.c.), 36

(Day 11 p.c.) or 48 (Day 11.5 p.c.) hours of culture, embryos

Figure 1. Scheme illustrating processes and cell populations in-
volved in the morphogenesis of the branchial apparatus.

Figure 2. The pharyngeal skeleton: craniofacial derivatives of the
embryonic branchial structures.
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(at least six embryos per experimental point from at least
three different bottles) were stained immediately with the
vital dye acridine orange (Sigma, Italy; 5 �g/ml PBS),
according to the method described by Abrams et al. (1993),
washed three times in PBS, and viewed under a fluores-
cence microscope (EX � 490 nm). Using this method, phys-
iologic and pathologic apoptotic areas were visible as flu-
orescent spots.

Cell Proliferation Analysis
To evaluate cellular proliferation, the BrdU incorpora-

tion method was applied; using the BrdU labeling and
detection kit II (Boehringer, Mannheim, Germany). Two
hours before the end of the culture (10.5, 11, or 11.5 day
p.c.), 5 �l BrdU solution was added to 5 ml of culture
medium. The samples (at least six embryos per experimen-
tal point from at least three different bottles) were fixed
with 30% glycine in ethanol absolute, dehydrated, embed-
ded in paraffin and sectioned. Histological sections (5�m)
were rehydrated, washed in PBS, and incubated with the
monoclonal antibody anti-BrdU overnight and washed
again in PBS. After incubation with anti-mouse-Ig-alkaline
phosphatase (1 hr) followed by washing in PBS, samples
were incubated for 15 min with the substrate solution
(nitroblue tetrazolium and 5-Br-4Cl-3-indolyl phosphate
toluidinium) to allow the reaction. Cells that incorporated
BrdU into DNA were then detected by light microscope as
their nuclei were violet.

Whole-Mount Immunostaining of NCCs
To evaluate NCC migration, NCCs were immunostained

specifically according to the method described by Wei et al.
(1999). Briefly, after 24 (Day 10.5 p.c.), 36 (Day 11 p.c.) or 48
(Day 11.5 p.c.) hours of culture, embryos (at least six em-
bryos per experimental point from at least three different
bottles) were fixed in Dent’s fixative (dimethyl sulfoxide:
methanol, 1:4 ) overnight at �20°C. After washing in meth-
anol and incubation with 5% H2O2 in methanol embryos
were hydrated and incubated for 3 days at 4°C with the
monoclonal antibody anti-CRABP, cellular retinoic acid
binding proteins (ABR) expressed specifically at these em-
bryonic stages by NCCs (Vaessen et al., 1989; Ruberte et al.,
1991), diluted 1:500 in PBS. After washing and incubation
with the anti-mouse-Ig-peroxidase (Fab fragment, Boehr-
inger), diluted 1:40 in PBS, overnight at 4°C, staining was
carried out with the substrate 4-Cl-1-naphtol (Sigma, St.
Louis, MO) and 0.006% H2O2. Stained cells appeared dark
brown through the light microscope.

Immunohistochemistry of NCC
After fixation with Dent’s fixative (1:4 in vol dimethyl

sulfoxide: methanol) overnight at �20°C, some embryos
were embedded in paraffin and sectioned. After hydration,
samples were washed in 0.3% H2O2 in distilled water and
incubated at 4°C overnight with the monoclonal antibody
anti-CRABP, diluted 1:500 in PBS, washed in PBS, incu-
bated with the anti-mouse-Ig-peroxidase (Boehringer; 1 hr,
diluted 1:40 in PBS), washed again and incubated for 30 sec
with the substrate solution, diaminobenzidine (Sigma) and
H2O2. Neural crest cells were detected by light microscopy,
as their cytoplasm was brown.

Immunostaining of Fibronectin
Whole-mount immunostaining and immunohistochem-

istry of fibronectin were carried out after 36 and 48 hr of
culture (11 and 11.5 day p.c.). After fixation in 3% parafor-
maldehyde dissolved in PBS (1 hr), embryos (at least six
embryos per experimental point from at least three differ-
ent bottles) were processed for whole-mount immuno-
staining or were embedded in paraffin and processed for
immunohistochemistry. The applied method was quite
similar to that reported above for NCC immunostaining.
The primary antibody was a monoclonal antibody anti-
fibronectin (Chemicon, Temecula, CA) diluted 1:300 in
PBS. The secondary antibody was a anti-mouse-Ig-peroxi-
dase (Boehringer, Mannheim, GE) diluted 1:40 in PBS.

Whole-Mount Immunostaining of ET-1 and ET-A
Whole-mount immunostaining of ET-1 and ET-A was

carried out after 48 hr of culture (11.5 day p.c.). After
fixation in 3% paraformaldehyde dissolved in PBS (6 hr at
4°C) (for ET-1) or in methanol overnight at �20°C (for
ET-A), embryos were processed for whole-mount immu-

Figure 3. 11.5-day p.c. embryos. In control (a) note the developed
and separated first (arrow) and second (arrowhead) branchial
arches. (b, c) FLUCO-exposed embryos showing the typical ab-
normalities at the level of the branchial apparatus: first and second
branchial arches partially (b) or completely fused (c) (arrowhead).
Magnification: 25�.
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nostaining. The applied method was similar to that men-
tioned above for NCC immunostaining. The primary anti-
bodies were rabbit anti-ET-1,2,3 (Chemicon) diluted 1:250
in PBS, and rabbit anti-ET-A (Chemicon) diluted 1:50 in
PBS. The secondary antibody was a anti-rabbit-Ig-peroxi-
dase (Boehringer) diluted 1:40 in PBS.

RESULTS

After 24 hr of culture, all FLUCO-exposed embryos
showed a developmental delay of the first branchial arch.
After 36 and 48 hr in culture, 100% of embryos exposed to
FLUCO showed malformations at the branchial apparatus
level, with typical and similar malformations for all em-

Figure 4. Appearance of embryonic slides after BrdU labeling:
BrdU-positive cells exhibited violet nuclei. During the whole cul-
ture period (a,b: 10.5 days p.c.; c,d: 11 days p.c.; e,f: 11.5 days p.c.),
a similar rate of cell proliferation was visible in FLUCO-exposed
embryos in comparison to controls. Magnification: 25�.

Figure 5. Control (a,c,e) and FLUCO-exposed embryos (b,d,f)
after whole-mount CRABP immunostaining showing NCC distri-
bution. (a–d) embryos 10.5 days p.c. old. (a,b) Dorsal view: the
immunostained mass seems distributed along the rhombence-
phalic profile (arrow) both in control (a) and in FLUCO-exposed
embryo (b). At this developmental stage, the rhombencephalon is
open physiologically (asterisk). (c,d) Lateral view: at this embry-
onic stage NCC migration from the rhombencephalon to the
branchial apparatus begins. Three characteristic strips (arrows) are
visible in controls (c), directed to the pharyngeal region. A dif-
fused CRABP-positive mass (arrowhead) was, on the contrary,
detectable near the rhombencephalon in FLUCO-exposed em-
bryos (d). Magnification: 40�. (e,f) Eleven days p.c. embryos,
lateral view. At this developmental stage, NCCs are localized at
the level of the branchial apparatus both in controls (e) and in
FLUCO-exposed embryos (f). At the level of first and second
branchial arch, NCCs formed an indistinguishable population
(arrowhead) in FLUCO-exposed embryos (f) in comparison to
controls (e) showing, on the contrary, well separated colonized
areas (arrows). Magnification: 25�.
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bryos (hypoplasia of branchial arches and fusion between
first and second branchial arches) (Fig. 3).

Visualization of Apoptotic Cells
The vital dye acridine orange method was used for the

visualization of apoptotic areas. Physiological apoptosis
was detectable both in controls and in FLUCO-exposed
embryos at the level of the otic and optic vesicles and at the
maxillary process level. No differences or increase in apo-
ptotic areas were observed in FLUCO-exposed embryos
compared to controls (data not shown).

Cell Proliferation Analysis
After BrdU labeling, a normal rate of cell proliferation

was visible in all embryonic tissues both in controls and in
FLUCO-exposed embryos during the whole culture period
(Fig. 4).

NCC Migration Analysis
For the visualization of NCCs, CRABP immunostaining

of used. At 10.5 days p.c., NCCs were visible along the
rhombencephalic profile both in controls and in FLUCO-
exposed embryos (Fig. 5a,b). The lateral view of embryos
allowed us to identify a clear stain at the level of the nasal
mesenchyme in controls, and three distinct positive strips
connecting the rhombencephalic region to the pharyngeal
region (at this developmental stage, only the first branchial
arch is partially formed and appeared faintly immuno-
stained). Embryos exposed to FLUCO showed the stain at
the nasal mesenchyme (as in controls). On the contrary, the
three distinct positive strips connecting the rhombence-
phalic region to the pharyngeal region were absent in

Figure 6. (a,c) Embryos 11.5 days p.c., after whole-mount CRABP
immunostaining, showing NCC distribution at the level of the
branchial apparatus. Magnification: 25�. At this embryonic stage,
controls (a) showed NCC derived tissues condensed at the level of
first and second branchial arches (arrows). On the contrary, in
FLUCO-exposed embryos (c) NCC formed an indistinguishable
population (arrowhead) unable to condense. (b,d) Histological
appearance of branchial tissues after CRABP-positive cell immu-
nolocalization. Magnification: 100�. In the control slide (b), it is
possible to recognize two different tissues: paraxial mesenchyme
(arrow) and ectomesenchyme (arrowhead, positive to the stain-
ing). The ectomesenchyme seems condensed at the marginal area
of the branchial arch. FLUCO-exposed embryos (d), on the con-
trary, showed the ectomesenchymal tissue unable to condense,
formed by positive cells (asterisks) mixed with the non positive
paraxial mesenchymal cells.

Figure 7. Whole-mount immunostaining of fibronectin. In con-
trols (a,b) the fibronectin seemed typically distributed from the
rhombencephalon to the first branchial arch (arrow), near the otic
vesicle (asterisk) and from the second to the third branchial arches,
forming a comma shape structure (arrowhead). On the contrary,
in FLUCO-exposed embryos (c,d) a diffuse distribution of fi-
bronectin was observed. Magnification: 25� (a,c), 30� (b), 40� (d).
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exposed embryos, but a diffused CRABP-positive mass
was detectable near the rhombencephalon (Fig. 5c,d).

At 11 days p.c., NCCs had migrated into the branchial
mesoderm, in both controls and FLUCO-exposed embryos.
At the level of first and second branchial arch, NCCs
seemed to be separated well in controls, whereas they
formed an indistinguishable population in FLUCO-ex-
posed embryos (Fig. 5e,f). Finally, at 11.5 days p.c.,
FLUCO-exposed embryos showed the ectomesenchymal
tissue unable to condense, forming a continuos positive
mass diffused along the branchial apparatus (Fig. 6a,c).
The immunohistochemical localization of NCCs showed
positive cells in controls and in FLUCO-exposed embryos.
At 11.5 days p.c., their distribution into the branchial
arches of control embryos showed a normal pattern: NCCs
localized at the marginal zone only, whereas the core was
occupied by PMCs. In FLUCO-exposed embryos, however,
NCCs and PMCs were mixed into the branchial arches
without any regionalization (Fig. 6b,d).

After whole-mount immunostaining of fibronectin, the
distribution of extracellular matrix was visualized after 36
and 48 hr in culture (11 and 11.5 days p.c.). Both controls
and FLUCO-exposed embryos showed immunoreactivity
to the antibody. At the branchial apparatus level, fibronec-
tin distribution seemed typical in controls (from the
rhombencephalon to the first branchial arch, near the otic
vesicle and with a comma shape connecting the second
and third branchial arches) (Fig. 7a,b). This typical distri-
bution was completely absent in FLUCO-exposed em-
bryos, where a diffuse distribution of fibronectin was ob-

served (Fig. 7c,d). The immunohistochemical localization
of fibronectin showed the extracellular matrix as positive,
particularly at the level of the vessel basal laminae, both in
controls and in FLUCO-exposed embryos (Fig. 8).

Immunostaining of ET-1 and ET-A
The immunostaining of embryos with antibodies, anti-

endothelin and its receptor ET-A seemed quite similar to
each other in controls. The areas stained were the nasal
mesenchyme, the trigeminal area, the otic area, the
branchial arches, and the heart (Figs. 9a,b, 10a,b). In em-
bryos exposed to FLUCO, the positive areas were similar
to controls (nasal region, otic region, and heart) but a
diffuse immunostained mass was visible from the trigem-
inal region throughout the branchial apparatus. (Figs. 9c,d,
10c,d).

DISCUSSION

The teratogenic potential of FLUCO on postimplantation
rat whole embryo cultures was confirmed by this work: the
observed specific abnormalities at the level of the branchial
apparatus are in agreement with our previous data on in
vitro effects of triazole-derivatives (Menegola et al., 2001a),
where FLUCO produced specific branchial arch abnormal-
ities in a concentration-related manner. In this study, the
FLUCO concentration used (500 �M, about five times the
maximum plasma level reported in pregnant women ex-
posed to 800 mg/day FLUCO) produced, as expected,
100% of branchial arch abnormalities.

Figure 8. Immunohistochemical localization of fibronectin in controls (a,c) and in FLUCO-exposed embryos (b,d) at the level of the first
branchial arch (a,b) and of the dorsal aorta (c,d). Both in controls and in FLUCO-exposed embryos, the diffused fibronectin extracellular
localization (arrows) at the branchial arch level and the clear immunoreactivity at the aortic basal lamina (arrowhead) were observed.
Magnification: 1000�.
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Craniofacial morphogenesis is a complex phenomenon
based on the active interaction between different tissues
forming the branchial apparatus. The tissues involved are
the paraxial mesenchyme and the ectomesenchyme, which
have different embryologic (the first arises from the prim-
itive mesodermal layer, the second from the neuroecto-
derm) and anatomic (the one from the pharyngeal region,
the other from the dorsal region) origins. Pharyngeal mor-
phogenesis can be summarized in seven principal steps: 1)
proliferation of the PMC, forming the primitive branchial
bars; 2) detachment of NCCs from the rhombencephalic
epithelium; 3) migration of NCCs on extracellular guiding
cues; 4) neural crest cell colonization of the branchial arch
territories; 5) neural crest cell condensation forming a com-
pact ectomesenchyme; 6) segregation of the paraxial mes-
enchyme into the core of the branchial arches; and 7)
induction of the ectomesenchyme by the endothelin signal
produced from the paraxial mesoderm. Deviation of one or

more of these morphogenetic processes can lead to alter-
ations to the craniofacial structures.

Severe head skeleton alterations have been well docu-
mented after exposure to several teratogenic agents: etha-
nol (Abel, 1984), retinoic acid (Lammer et al., 1985), folic
acid antagonists (Warkany, 1978), diphenylhydantoin (Ad-
ams et al., 1990), hyperthermia (Pleet et al., 1981), and
hypoxia (Millicovsky and Johnston, 1981). In some cases,
pathogenic pathway involved has been documented: eth-
anol exposure triggers pathologic cell death (Kotch and
Sulik, 1992; Menegola et al., 2001b), retinoids alter the NCC
migration from rhombomeres (Webster et al., 1986; Gran-
strom and Kullaa-Mikkonen, 1990).

The aim of the present work was to investigate some of
the pathogenic pathways probably involved in FLUCO-
related teratogenesis. Perturbation in physiologic apopto-

Figure 10. Whole-mount immunolocalization of the endothelin
receptor ET-A in a control embryo (a,b) and in a FLUCO-exposed
embryo (c,d). Similar to the observation shown for the endothelin,
the ET-A localization in FLUCO-exposed embryos is similar to
controls, at the level of the nasal mesenchyme (asterisk), the
trigeminal area (arrowhead), the branchial apparatus (arrows) and
the heart (circle), but in FLUCO-exposed embryos at the level of
the malformed branchial arches (arrow), a diffuse immunostained
mass is visible. Magnification: 25� (a,c); 40� (b,d).

Figure 9. Whole-mount immunolocalization of endothelin (ET-1).
(a,b) Control: note the clear stain of the nasal mesenchyme (aster-
isk), the trigeminal area (arrowhead), the branchial arches (ar-
rows) and the heart (circle). (c,d) FLUCO-exposed embryo: the
ET-1 distribution is similar to controls but a diffuse immuno-
stained mass is visible at the level of the malformed branchial
arches (arrow). Magnification: 25� (a,c); 40� (b,d).
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sis, cell proliferation, NCC migration and endothelin-me-
diated induction have been considered.

As far as apoptosis, cell proliferation, and endothelin-
mediated induction are concerned, no differences were
observed between controls and FLUCO-exposed embryos
during the whole culture period. Consequently, these pro-
cesses do not seem to be involved in FLUCO-related em-
bryopathies.

On the contrary, severe changes in the distribution of
NCCs at the level of the branchial apparatus have been
observed in FLUCO-exposed embryos. The immuno-
stained mass, visible on Day 10.5 p.c. along the rhomben-
cephalic profile, reached the target structures both in con-
trols and in FLUCO-exposed embryos at the end of the
culture period. This result suggests that the NCC motility
was not compromised by FLUCO-exposure. The migration
pathway, however, seemed deeply disrupted from 10.5
days p.c. on: NCCs of FLUCO-exposed embryos, on 10.5
days p.c., were not migrating into the three distinct strips,
connecting the rhombencephalic origin sites to the target
structures (Fig. 5c,d), and showed, on 11 and 11.5 days p.c.,
an abnormal reciprocal distribution of branchial tissues
(Figs. 5e–h, 6). This abnormal organization also accounts
for the altered appearance of the distribution of the extra-
cellular matrix and the distribution of tissues producing
endothelin and expressing the endothelin receptor, which
have to be considered a consequence and not the cause of
the altered NCC migration pattern. The extracellular accu-
mulation of fibronectin and laminin, in fact, is controlled
by the migrated NCCs themselves (Bronner-Fraser, 1993).
The detected abnormal localization of fibronectin could
only reflect the abnormal spatial organization of NCC-
derivative tissues. On the other hand, differentiation of
tissues producing ET-1 and expressing ET-A is a process
starting when NCCs reach the final localization at the level
of the branchial structures. Viewing the process step-by-
step: the abnormal colocalization of NCCs and lateral mes-
enchyme at the branchial level could lead to the conse-
quent abnormal colocalization of the differentiated
ectomesenchyme and paraxial mesenchyme, producing
ET-1 and ET-A.

In chick and other vertebrate embryos during hindbrain
segmentation, NCCs delaminate from specific rhom-
bomeres and migrate along segmental pathways to colo-
nize the branchial arches. Hindbrain-derived neural crest
cells migrate generally as three distinct streams adjacent to
rhombomeres 2, 4, and 6, contributing to the first, second,
and third branchial arches, respectively (Osumi-Yamashita
et al., 1994; Trainor and Tam, 1995; Kulesa and Fraser,
2000). In contrast, there are clear neural crest-free zones
adjacent to rhombomeres 3 and 5. Considering this specific
migration pathway, the pattern of NCC localization ob-
served in Day 10.5 p.c. embryos after FLUCO-exposure
suggests an interference with the regular hindbrain seg-
mentation in forming the rhombomeres, and a consequent
altered distribution of NCCs into branchial arch mesen-
chyme. Similar patterns have been observed after exposure
of rodent embryos to retinoic acid (Webster et al., 1986; Lee
et al., 1995), the endogenous morphogen that regulates the
expression of the Hox genes controlling the hindbrain seg-
mentation. The hypothesis that triazole-derivatives may
produce their effects through an alteration of the hindbrain
is not to be excluded. The related mechanism could be
mediated by interference with endogenous retinoic acid

metabolism, as suggested by the observation that some
triazoles can inhibit retinoic acid metabolism (Van Wauwe
et al., 1990; Schwartz et al., 1995).

In conclusion, the exposure of rat embryos in vitro to
500�M FLUCO produced 100% abnormal embryos with
abnormalities at the level of branchial arch apparatus.
These abnormalities were not related with increased apo-
ptosis, alteration of cell proliferation, or to abnormal mes-
enchymal cell induction. Severe alterations in NCC migra-
tion pathways were observed in all embryos exposed to
FLUCO. These finding suggest that FLUCO produces its
effects by interfering with the cellular and molecular mech-
anisms that control NCC migration.
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