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One of the most perplexing questions in clinical genetics is why patients with identical gene mutations often-
times exhibit radically different clinical features. This inconsistency between genotype and phenotype is illus-
trated in the malformation spectrum of holoprosencephaly (HPE). Family members carrying identical muta-
tions in sonic hedgehog (SHH) can exhibit a variety of facial features ranging from cyclopia to subtle midline 
asymmetries. Such intrafamilial variability may arise from environmental factors acting in conjunction with 
gene mutations that collectively reduce SHH activity below a critical threshold. We undertook a series of 
experiments to test the hypothesis that modifying the activity of the SHH signaling pathway at discrete peri-
ods of embryonic development could account for the phenotypic spectrum of HPE. Exposing avian embryos 
to cyclopamine during critical periods of craniofacial development recreated a continuum of HPE-related 
defects. The craniofacial malformations included hypotelorism, midfacial hypoplasia, and facial clefting and 
were not the result of excessive crest cell apoptosis. Rather, they resulted from molecular reprogramming of 
an organizing center whose activity controls outgrowth and patterning of the mid and upper face. Collec-
tively, these data reveal one mechanism by which the variable expressivity of a disorder such as HPE can be 
produced through temporal disruption of a single molecular pathway.

Introduction
Holoprosencephaly (HPE) is a congenital malformation character-
ized by incomplete cleavage of the embryonic forebrain (1). The 
clinical presentation of HPE is remarkably variable: at one end of 
the spectrum, HPE fetuses can exhibit cyclopia with a proboscis 
and a single prosencephalic vesicle while at the other extreme, 
obligate HPE carriers can have a normal facial appearance (2). 
Interposed between these phenotypic extremes are patients who 
exhibit varying degrees of hypotelorism, clefting, microcephaly, 
microphthalmia, and midfacial hypoplasia (3). The principal HPE 
classification scheme was based upon the degree of separation of 
the cerebral hemispheres (4), but more recently, molecular diagno-
ses have aided in identifying individuals that are either affected or 
obligate carriers of the disease (5). Mutations in ZIC2 (6), SIX3 (7), 
and transforming growth interacting factor (TGIF) (8), as well as 
constituents of the sonic hedgehog (SHH) signaling pathway (1, 
9–12), are implicated in the pathogenesis of HPE. 

Despite intense scrutiny, investigators have not delineated 
any genotype-phenotype correlations that can account for the 
range of HPE phenotypes (13). For example, the broad spec-
trum of clinical phenotypes observed in families with identical 
mutations in SHH (10) suggests that haploinsufficiency may be 
inadequate to cause HPE (14). This is further supported by the 
observation that some HPE patients carry mutations in both 
SHH and other HPE genes, such as TGIF and ZIC2 (13, 14). 

Therefore, a second insult may be required for clinical manifes-
tation of HPE. Taken together, these genetic data and clinical 
observations indicate that, rather than being a single-gene disor-
der, HPE may be multigenic (14) and the variety of HPE pheno-
types could arise from other genetic polymorphisms, additional 
nonallelic mutations, or environmental influences (15, 16). Here 
we explored the latter possibility, that exposure to environmen-
tal teratogens during critical periods of embryogenesis could 
underlie the spectrum of HPE defects.

A number of environmental factors can elicit HPE-related 
malformations (17). For example, preconceptual diabetes (18), 
retinoic acid exposure (19), maternal alcohol consumption (20–
22), and cholesterol synthesis inhibitors (23) can elicit HPE-like 
dysmorphologies. Exposure to the steroidal alkaloid cyclopamine 
can cause the most severe HPE phenotype of cyclopia, in addi-
tion to less severe manifestations of the syndrome such as facial 
clefting (24). Cyclopamine exerts its teratogenic effects by bind-
ing to the heptahelical bundle of smoothened (SMO) and thereby 
inhibiting SHH signal transduction (25–27). Mutations in other 
genes in the SHH signaling pathway also produce HPE-related 
defects (1, 12). Thus, disruptions in SHH signaling represent a 
common feature in the etiology of HPE.

Studies conducted in mammals and birds show that the severi-
ty of HPE defects correlates with the stage in which interruption 
in Shh signaling occurs (9, 28). Null mutations in the murine Shh 
gene disrupt neural plate patterning, and the affected embryos 
consequently exhibit cyclopia (9). Shh is expressed throughout 
embryogenesis and in a wide variety of tissues, but in the murine 
model, germline deletion of Shh precludes any analyses of its 
later functions. Since our goal was to understand how the range 
of HPE phenotypes could be generated from disruptions in Shh, 
we turned to an avian model system. This experimental approach 
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allowed us to block Shh signaling at specific stages of embryonic 
development and then assess whether the morphological out-
comes represented the spectrum of HPE phenotypes.

Results
Shh is expressed sequentially in the brain and in the face. The first site 
of Shh expression in the rostral head is the midline of the neural 
plate (29). Following neurulation, which occurs around stage 4 
(St. 4) in an avian embryo, this midline region becomes the ven-
tral prosencephalon, where Shh continues to be expressed at St. 
10 (Figure 1A). The prosencephalon subsequently divides into 
the telencephalon and diencephalon; at St. 15, Shh transcripts are 
restricted to the ventral diencephalon (Figure 1B). At St. 17, Shh is 
induced in the ventral telencephalon, which is separated from the 
diencephalic domain by the Shh-negative optic recess (Figure 1C). 
At St. 20, Shh is induced in ventral ectoderm of the frontonasal 
primordium (Figure 1D). Once established, these forebrain and 
facial domains of Shh persist from St. 20 onward (Figure 1E; sum-
marized in Figure 1F). Whole-mount in situ hybridization analy-
ses confirmed the midline Shh expression patterns and also illus-
trated the more lateral domains in the roof of the stomodeum 
(oral cavity) and in the maxillary primordia (Figure 1, G–J). These 
Shh expression patterns led us to speculate that the brain and the 
face might be differentially susceptible to Shh perturbation in 
a manner that recapitulated the progressive severity of the HPE 
phenotype. We set about testing this hypothesis by disrupting 
signaling at precisely those stages when Shh was induced, first in 
the forebrain and then in the face.

Cyclopamine exerts teratogenic effects in a dose- and stage-specific fash-
ion. Cyclopamine is a well-described teratogen that causes early 
embryonic lethality and, in surviving embryos, elicits a range of 
malformations (30–35). For example, we found that embryos fre-
quently exhibited growth restriction and kyphoscoliosis when the 
cyclopamine exposure occurred between St. 4 and St. 17; we later 
determined that these anomalies were early indicators of embryos 
that would develop craniofacial anomalies. The most common 
reproducible malformations seen outside the facial region were a 
reduction in tail length and abnormal morphology of the fore- 
and hindlimbs (data not shown).

Since our primary objective was to determine whether the phe-
notypic spectrum of HPE could be generated from temporal dis-
ruption in Shh signaling, we had to deliver a dose of cyclopamine 
that reliably had a morphological effect yet did not cause exces-
sive embryonic lethality. Most studies in the past used doses of 
cyclopamine that cause cyclopia and early embryonic death (28, 
36). We found that when St. 4 and St. 10 embryos were used, a 
5.0 μg dose of cyclopamine consistently resulted in the highest 
proportion of live embryos with cyclopic phenotypes, but if they 
were exposed to even slightly higher doses, the vast majority of 
them died within hours (Figure 2). Furthermore, these embryos 
rarely survived past St. 20 even when the lower dose of cyclopa-
mine was used.

To evaluate the effects of cyclopamine on later stages of 
craniofacial development we had to use slightly older embryos, 
since they tended to survive much longer after cyclopamine expo-
sure. Through empirical testing we determined that exposing St. 15  
and St. 17 embryos to 15.0 μg cyclopamine consistently resulted 
in a high rate of live, affected embryos that survived to later stages 
of development (Figure 2). We tested higher dosages (i.e., 20.0 μg 
and greater), but found that the 15.0 μg dose showed the greatest 
interexperimental reproducibility and didn’t kill the majority of 

Figure 1
Ontogeny of Shh expression in the craniofacial primordia. (A) At St. 10, 
Shh is expressed in the prosencephalon (pros) and in oral ectoderm 
and pharyngeal endoderm comprising the buccopharyngeal mem-
brane (bm). (B) By St. 15 the prosencephalon has separated into the 
telencephalon (te) and the diencephalon (di), where Shh transcripts are 
localized. Neural crest cells have migrated as far as the dorsal aspect 
of the frontonasal primordium (arrowheads). rp, Rathke’s pouch. (C) At 
St. 17, Shh is induced in a new domain within the ventral telencephalon 
(arrow). mn, mandible; mes, mesencephalon; or, optic recess. (D) At 
St. 20, Shh is induced in a second new domain, ventral facial ecto-
derm (fe, arrow), which is separated from the telencephalon by inter-
vening frontonasal neural crest (nc). The pharyngeal endodermal (pe) 
domain of Shh, first evident at St. 10, persists through embryogenesis.  
(E) These Shh domains are preserved from St. 20 onward. (F) Illustra-
tion of the sequential induction of Shh relative to craniofacial develop-
ment and to age. The time points of cyclopamine administration are 
indicated by arrows and correspond to the stepwise induction of Shh in 
the craniofacial primordia. The units of measurement on the x axis cor-
respond to Hamburger-Hamilton stages of avian development and span 
a period of approximately seven days. fnp, frontonasal process; mx, 
maxillary process. (G) Whole-mount in situ hybridization analyses at St. 
10 show Shh transcripts in the medial prechordal plate (pcp), which will 
contribute to the ventral neural tube after neurulation. (H) Shh transcripts 
in the diencephalon are barely discernible through the facial ectoderm at 
St. 15 (arrow). ey, eye. (I) By St. 20, Shh is strongly expressed through-
out the ectoderm of the stomodeum (arrow) and the maxillary primordia 
(J), which persists at St. 22. Scale bars: 100 μm (A); 200 μm (B–E).
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the embryos. For example, when St. 17 embryos were treated with 
15.0 μg cyclopamine, more than 95% of them exhibited the same 
types and severity of craniofacial malformations. Because this dose 
and method of delivery produced a reliable spectrum of malforma-
tions, we were able to collect embryos at earlier time points for 
our molecular and cellular analyses, then directly compare these 
data with our previous observations on the morphological con-
sequences of cyclopamine exposure. We treated St. 20 and St. 22 
embryos with 15.0 μg of cyclopamine as well, and also performed 
a number of control experiments to show that PBS and the carrier 
for cyclopamine, 2-hydroxypropyl-β-cyclodextrin (HBC), did not 
elicit malformations on their own.

Cyclopamine exposure elicits a spectrum of craniofacial malformations. 
When 5.0 μg of cyclopamine was delivered during patterning of 
the neural plate (e.g., St. 4), the vast majority of embryos died 
soon after exposure (Figure 2). In the few embryos we were able to 
collect before death, the drug elicited a cyclopic phenotype (data 
not shown; see also refs. 28 and 37), thus confirming the role of 
cyclopamine as a cyclopia-inducing teratogen. We were there-
fore surprised to find that no morphological abnormalities were 
observed when St. 22 embryos were exposed to cyclopamine, even 
if the dose was tripled to 15.0 μg (n = 9; Figure 3, A and B). These 
results suggested the possibility of a teratogenic threshold for 
cyclopamine, which was based in part on the age of the embryo.

We tested this possibility further by examining the consequences 
of cyclopamine exposure on St. 20 embryos. This stage of embryon-
ic development corresponds to the time point when Shh is induced 
in facial ectoderm. If 15.0 μg of cyclopamine was delivered at St. 20,  
embryos had normal or near-normal craniofacial morphology 
(Figure 3, C and D). A radically different outcome was observed if 
15.0 μg of cyclopamine was delivered just 18 hours earlier at St. 17, 
which corresponds to the induction of Shh in telencephalic neu-
roectoderm. These embryos exhibited a panoply of craniofacial 

defects that included midfacial 
hypoplasia, hypotelorism, pre-
maxillary truncation, and clefting  
(n = 30; Figure 3, E and F). They also 
exhibited limb and tail bud defects 
(data not shown; see refs. 30, 36). 
These results indicated that not 
only was embryonic age an impor-
tant determinant of the teratogen-
ic effect of cyclopamine but that 
the timing of Shh induction and 
expression appeared to be equally 
relevant to the severity of resulting 
craniofacial dysmorphologies.

To test our theory that the Shh 
induction profile was an accu-
rate predictor of cyclopamine’s 
teratogenic potential, we exposed 
embryos at a slightly earlier stage 
of development (St. 15), which 
precedes the induction of Shh in 
the telencephalon. This treatment 
resulted in an increasingly severe 
manifestation of hypotelorism and 
midfacial hypoplasia (n = 12, Figure 
3, G and H). Treatment at St. 10, 
which corresponds to the expression 

of Shh in the ventral midline of the neurulating embryo, caused an 
extreme form of hypotelorism known as synophthalmia, in which 
the eye fields are fused (n = 3, Figure 3I). Taken together, these 
data illustrate that craniofacial tissues had a variable sensitivity to 
cyclopamine, which closely correlated with the onset of Shh expres-
sion in the developing brain and face.

Altering the time of Shh blockade differentially disrupts brain and facial 
development. Thus far we had found that by shifting the time of 
cyclopamine treatment we created a spectrum of craniofacial 
phenotypes. To better understand the relationship between 
the cyclopamine-induced brain and facial defects, we focused 
our attention on the morphological consequences of Shh sig-
nal inhibition at St. 15 and St. 17. We chose these two stages 
because they represent the period just before and immediately 
after Shh induction in the telencephalon. We found that if cyclo-
pamine exposure took place before Shh was established in the 
telencephalon (St. 15), embryos had a single, fused telencephalic 
vesicle, evident both in whole-mount analyses (Figure 4A, aster-
isk and dotted line) and in histological sections (Figure 4B; 
compare with controls shown in Figure 4, C and D). Embryos 
also exhibited extreme hypotelorism, which resulted in the 
approximation of the left and right maxillary primordia (Figure 
4, A and B, black and white arrow and the nearly fused nasal 
pits, red arrows). In these cases the facial defects undoubtedly 
arose as a consequence of the underlying structural alterations 
in forebrain architecture. In contrast, we found that if cyclopa-
mine was delivered after Shh was established in the forebrain but 
before its induction in the face (e.g., St. 17), embryos had two 
well-delineated telencephalic vesicles that were morphologically 
and histologically similar to control embryos (compare Figure 
4, E and F, with Figure 4, G and H, asterisks). Despite these nor-
mal-appearing brains, however, the embryonic faces still had 
severe hypotelorism (Figure 4, A–D, red arrows). In these cases 

Figure 2
Dose-dependent craniofacial effects of cyclopamine. Embryos between St. 4 and St. 22 were exposed 
to increasing concentrations of cyclopamine (x axes) and evaluated between 3 and 72 hours after 
treatment to ascertain the number of living and dead embryos. Whenever feasible, embryos were also 
examined for evidence of gross morphological abnormalities. At this time the embryos were scored as 
alive and normal, alive and abnormal, or dead. The number of embryos in each of these three catego-
ries was expressed as a percentage of the total number of embryos in the cohort (y axes). The number 
of embryos exhibiting craniofacial malformations was directly related to the dose of cyclopamine at any 
given stage of embryonic development. 
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the hypoteloric defects could not be ascribed to an underlying 
brain anomaly. Instead, the hypotelorism appeared to be caused 
by patterning defects in the face itself.

Cyclopamine inhibits Shh signal transduction without inducing 
excessive neural crest apoptosis. To confirm that the cyclopamine-
induced brain and facial anomalies resulted from an inhibition 
of Shh signal transduction, we examined embryos for changes in 
the expression patterns of two Shh targets, Patched (Ptc) and Gli1. 
Since the majority of embryos exposed at early stages died as a 
consequence of cyclopamine treatment (Figure 2 and ref. 28), we 
focused our analyses on embryos treated at St. 17. These embryos 
typically survive the cyclopamine exposure but still exhibit severe, 
reproducible craniofacial anomalies (n = 30; Figure 3E). As antici-
pated, both Ptc and Gli1 were downregulated in response to cyclo-
pamine (compare Figure 5, A and C with HBC controls in Figure 
5, B and D), confirming that Shh signaling in the craniofacial 
tissues was repressed by cyclopamine.

Since an Shh-dependent signal is required for cranial neural 
crest survival (38), we reasoned that excessive cell death could 
account for the cyclopamine-induced craniofacial malforma-
tions. Despite exhaustive analysis, however, we detected few if any 
TUNEL-positive neural crest cells in the frontonasal or maxillary 

primordia (compare Figure 
5, E, G, and I with controls 
in Figure 5, F, H, and J). At 
later stages we identified 
some TUNEL-positive stain-
ing in the diencephalon, in 
regions that corresponded 
to the Ptc and Gli1 expres-
sion domains (compare Fig-
ure 5I with control in Figure 
5J). We also noticed strong 
TUNEL staining in man-
dibular mesenchyme (Figure 
5, E, G, and I) but in spite of 
this, the morphology of the 
lower jaw was not noticeably 
altered (Figure 3E).

Cyclopamine disrupts the 
function of a facial organizing 
center. Since Ptc and Gli1 are 
molecular gauges of Shh 
signaling, we expected to see 
their expression diminish as 
a consequence of cyclopa-
mine administration; what 
we did not anticipate was 
that expression of Shh itself 
would be affected. When 
we examined embryos that 
had been exposed to cyclo-
pamine at St. 17, we found 
that the treatment blocked 
induction of Shh expression 
in facial ectoderm (n = 10;  
compare Figure 6A with 
control in Figure 6B). The 
ability of cyclopamine to 
modulate Shh expression 

was not limited to facial ectoderm, since cyclopamine treatment 
at St. 15 blocked the induction of Shh in the telencephalon as 
well (data not shown). Since the mode of cyclopamine action 
is to inhibit the transduction of a hedgehog signal (26), these 
data demonstrate that Shh regulates its own expression in the 
frontonasal primordium and in the telencephalon.

In view of the fact that excessive neural crest cell death was 
not responsible for the cyclopamine-induced facial malforma-
tions, we examined the alternative possibility that cyclopamine 
caused some mispatterning within the frontonasal primordium. 
An organizing center, defined by the boundary of Shh expression 
in ventral facial ectoderm and Fgf8 expression in dorsal facial 
ectoderm, regulates proximodistal outgrowth and dorsoventral 
patterning within the frontonasal primordium (39). Twenty-
four hours after cyclopamine exposure, Shh expression was lost 
and the Fgf8 expression domain was shifted from its dorsal loca-
tion into the ventral ectodermal domain once occupied by Shh-
expressing cells (compare Figure 6A with Figure 6B, arrows). 
At least one putative target of Fgf signaling, AP2 (40), was also 
shifted ventrally (Figure 6, C and D, arrows). These changes in 
gene expression patterns were selective, however, since the loca-
tion of Barx1 transcripts in the facial ectoderm and transcripts 

Figure 3
Cyclopamine elicits a spectrum of HPE defects. (A) Cyclopamine administration at St. 22 has no discernible 
effect on craniofacial development relative to (B) HBC (and untreated) controls. Note equivalent size of the 
premaxilla (pm) in cyclopamine and control embryos. (C) If cyclopamine is delivered at St. 20, the premaxilla 
fails to extend; compare dotted line with that in (D). (E) When cyclopamine is administered at St. 17, the distal 
tip of the upper beak fails to form (arrow), the midface is hypoplastic, and embryos are microcephalic. Proximal 
facial structures and the mandible (mn) are unaffected compared with controls (F). (G) Cyclopamine exposure 
at St. 15 results in a compressed mediolateral facial axis (red arrow). Note single telencephalic (te) bulge and 
a severely reduced frontonasal primordium (fnp), which causes the nasal pits (np) to approximate in the midline 
and the eyes to deviate medially; control is shown in (H). The dorsoventral facial axis is also distorted, as indi-
cated by the proximity of Rathke’s pouch to the frontonasal primordium, which effectively eliminates the roof of 
the oral cavity. The maxillary and mandibular primordia are either absent or greatly reduced. (I) Cyclopamine 
delivery at St. 10 causes an arrest in midline growth, resulting in fused telencephalic vesicles and nasal pits, 
which create a proboscis. Midline entities such as the frontonasal primordium fail to develop compared with 
HBC controls (J). The majority of embryos die within 24 hours of treatment. Scale bars: 1.0 mm (A–F, I, and 
J); 2.0 mm (G and H). tx, treatment. 
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of Dlx2, Nkx2.1, and Otx2 in the neuroectoderm was not repro-
ducibly altered by cyclopamine exposure (Figure 6, E–L).

Because the Shh/Fgf8 expression boundary is important for dorso-
ventral patterning in the mid and upper face (39), the absence of Shh 
coupled with the ventral repositioning of Fgf8 could theoretically 
cause a dorsoventral patterning defect in the facial skeleton. Using 
whole-mount bone/cartilage staining and histological analyses of 
tissue sections, we found that the body of the premaxilla, which 
normally forms in a dorsal position at the extreme distal tip of the 
upper jaw, was aberrantly located ventral to the nasal capsule (com-
pare Figure 7, A–C and G with Figure 7, D–F and H). Likewise, the 
nasal process of the premaxilla, which normally projects from the 
dorsal surface of the premaxilla, was atypically positioned on the 
ventral surface (compare Figure 7, A and C with Figure 7, D and F). 
Histological analyses indicated that despite its abnormal position 
and small size, the premaxilla maintained its articulations with the 
maxillary and palatine bones (Figure 7, G and H). More proximal 
skeletal elements were hypoplastic and foreshortened, but again, 
their anatomical relationships to one another were unaltered (com-
pare Figure 7, B and G with Figure 7, E and H). Thus, perturbing 
Shh signaling did not eradicate distal skeletal elements in the mid 
and upper face but rather altered their location and size.

Discussion
A clinically ingrained edict states, “The face predicts the brain” 
(41). This tenet presupposes that certain types of forebrain malfor-
mations can be predicted by closely scrutinizing a patient’s facial 
phenotype. This type of inductive reasoning is predicated on the 
idea that the brain serves as a scaffold upon which the face devel-
ops. Neuroimaging studies now reveal that even in the presence of 
abnormal forebrain morphology, patients can have a normal facial 
form (42). Conversely, our own data and clinical observations 
show that normal forebrain morphology can accompany abnor-

mal facial morphology. Con-
sequently, one is confronted 
with an apparent paradox: how 
can the face develop properly 
if the frame on which it forms 
is misshapen? It was this ques-
tion that instigated our inves-
tigation into the link between 
forebrain and facial develop-
ment. In this study we used the 
condition of HPE as a model 
because the forebrain and facial 
malformations associated with 
this syndrome are well-charac-
terized and because the genetic 
basis for a heritable form of the 
disease has been identified (3).

A phenotypic spectrum of HPE 
defects is created by varying the tim-
ing of Shh signal blockade. A grow-
ing body of evidence indicates 
that HPE is a multifactorial 
disease whose phenotypic 
presentation may represent a 
combination of genetic and 
epigenetic influences (15, 16, 
43, 44). The molecular basis for 

the variable expressivity and reduced penetrance of HPE has not 
been identified, but one appealing hypothesis is that environ-
mental agents act in conjunction with an autosomal dominant 
mutation to compromise Shh signaling. In such a scenario, one 
could envisage that variations in the time of teratogen exposure 
could elicit different phenotypes, which in turn might reflect 
the function of the signaling pathway during that specific devel-
opmental window. Clinical observations and our experimental 
evidence lend indirect support for this theory. For example, 
blocking Shh signaling during neural plate patterning (e.g., St. 
4) causes cyclopia, while inhibiting the pathway after subdivi-
sion of the eye field (around St. 10) causes synophthalmia with a 
fused telencephalon (see Figure 3I). These phenotypic alterations 
can be ascribed to defects in midline patterning of the neural 
plate. If Shh signaling is blocked slightly later, then embryos still 
have a fused telencephalon, as well as severe hypotelorism and 
hypoplastic maxillae (Figure 3G). In this case, the craniofacial 
defects are attributable to deviations in patterning the ventral 
forebrain region.

If Shh signaling is blocked after Shh has patterned the ventral 
forebrain but before the gene is expressed in the face, then the 
phenotypic alterations are limited to the face (Figure 3E and Fig-
ure 4E). These embryos also exhibit hypotelorism, but we suspect 
that the basis for the hypoteloric phenotype is different between 
these two groups. Hypo- and hypertelorism are typically por-
trayed as the facial manifestation of an underlying brain anom-
aly. This explanation makes sense for embryos treated at St. 15, 
whose close-set eyes and truncated premaxillae are accompanied 
by a fused telencephalon. But in embryos treated at St. 17, the 
hypotelorism and premaxillary deficiencies are not found in con-
junction with gross brain malformations. In fact, the forebrain 
appears to be morphologically and molecularly intact (Figure 4 
and Figure 6). We propose that the malformations are due to 

Figure 4
The teratogenic consequences of cyclopamine exposure are a reflection of the dynamic nature of Shh expres-
sion. (A and B) Whole-mount and histological assessments following cyclopamine exposure at St. 15 illustrate 
that both brain and facial structures are affected. Embryos exposed to cyclopamine have a single telencephal-
ic vesicle (dotted yellow line, asterisks) and severe hypotelorism that results from a lack of expansion in the 
mediolateral facial axis (red arrows) and approximation of the maxillary primordia (black and white arrowheads; 
compare with HBC controls in C and D). (E and F) In contrast, embryos exposed to cyclopamine at St. 17  
have defects that are limited to facial structures. The telencephalon appears normal (yellow dotted lines, 
asterisks) compared with HBC controls (G and H), but treated embryos still exhibit hypotelorism (red arrows) 
that results in the near-approximation of the maxillary primordia (black and white arrowheads). Scale bars: 
200 μm (A, C, E, and G); 100 μm (B, D, F, and H).
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a primary defect in facial patterning rather than an abnormal 
brain shape. We are scrutinizing this possibility further by test-
ing whether cyclopamine treatment specifically compromises the 
actual function of a frontonasal organizing center (39).

Cyclopamine is an effective inhibitor of hedgehog signaling in 
general, and therefore the craniofacial malformations could have 
arisen because of a blockade in desert hedgehog or Indian hedge-
hog signaling, acting either separately or in conjunction with Shh. 
The cyclopamine-elicited malformations shown here, however, 
do not phenocopy the Ihh–/– craniofacial defect, which is primar-
ily restricted to ossification defects in the skull vault (45), or the 
Dhh–/– phenotype, which is restricted to the testis (46). Another 
possibility is that some craniofacial malformations may be due 
to disruptions in the vascular supply to the head tissues. Peri-
cytes (47) express Ptc and they, along with endothelial cells (48), 
are responsive to hedgehog signaling. Consequently, craniofacial 
defects resulting from perturbations in Shh signaling may be fur-
ther exacerbated by angiogenic defects.

The continuum of cyclopamine-induced malformations in 
birds created here bears a close resemblance to the spectrum of 
HPE phenotypes in humans, and therefore raises the possibility 
that epigenetic disruptions in a single molecular pathway can 
produce an enormous range of dysmorphologies. The extent 
to which these avian anomalies accurately reflect homologous 

human malformations is not entirely clear, but the conserved 
nature of the hedgehog signaling pathway (49, 50), and the fact 
that the arrangement of the cranial skeleton is preserved in most 
vertebrates (51), would suggest that the phenotypes are far more 
alike than they are dissimilar.

A molecular basis for the spectrum of HPE phenotypes. Cyclopa-
mine-mediated inhibition of Shh signaling leads to a molecular 
mispatterning of facial ectoderm and neural crest–derived mes-
enchyme (Figure 6), but it remains a mystery how such changes 
in gene expression actually manifest as structural defects in the 
craniofacial architecture. One possibility is that blocking Shh 
signal transduction disrupts the integrity of an organizing center 
in the forebrain, which alters the proliferation of neural tissues 
(52, 53). Another possibility is that the cyclopamine-induced 
mid and upper facial defects are the consequence of massive cell 
death in the facial mesenchyme, as has been observed following 
alcohol exposure (54). Our TUNEL analyses argue against this 
latter etiology (Figure 4). A more probable hypothesis is that the 
loss of Shh in the face is compensated for by the expanded func-
tion of Fgf8. In a number of developmental scenarios, Fgf ’s serve 
as survival factors (55) and thus prevent excessive cell death, at 
least within the first few days following teratogen exposure. This 
may explain why we failed to detect excessive apoptosis even 
after the loss of Shh signaling. In any case, the ectopic expres-
sion of Fgf8 in ventral facial ectoderm, coupled with the loss of 
Shh, causes a shift in the dorsoventral boundary of the fronto-
nasal ectodermal zone, an organizing center that regulates pat-
terned outgrowth of the frontonasal primordium (39). Other 
investigators have noted similar shifts in expression boundaries 
that result in the aberrant position of tissues. For example, ten 
Berge and colleagues showed that jervine exposure caused a shift 
in the domains of Dlx2, Alx3, and Fgf8, which resulted in the for-
mation of a medial incisor (56). We speculate that disruption of 
the frontonasal ectodermal zone adversely affects cell prolifera-
tion and/or differentiation in the chondrogenic and osteogenic 
condensations in the frontonasal primordium, and thus results 
in the aberrantly positioned and diminutive skeletal elements 
we observed. This remains conjecture, and studies in this area 
will greatly improve our understanding of how perturbations 
in any gene pathway materialize as structural abnormalities in a 
given tissue or organ.

Shh regulates its own expression in craniofacial tissues. By varying the 

Figure 5
Cyclopamine blocks Shh signal transduction in the craniofacial com-
plex. (A) Within 16 hours of cyclopamine exposure at St. 17, Ptc is 
downregulated in the diencephalic (di) and telencephalic (te) neuro-
ectoderm, in frontonasal mesenchyme, and in facial ectoderm (arrow) 
relative to HBC controls (B). (C) Gli1 is similarly downregulated in the 
craniofacial tissues compared with HBC controls (D). (E–J) Despite 
these molecular changes, few cells within the frontonasal primordium 
undergo programmed cell death. (E) Within 6 hours of cyclopa-
mine treatment, there is little evidence of DNA fragmentation in the 
craniofacial region, as indicated by TUNEL staining (arrow); compare 
with HBC control embryos (F). (G) Within 12 hours of treatment, few if 
any TUNEL-positive cells are detectable in the frontonasal primordium, 
although TUNEL staining in the mandible was increased relative to 
HBC-treated embryos (H). (I) Sixteen hours after treatment, TUNEL-
positive staining is evident in diencephalic and telencephalic neuroec-
toderm and in ventral facial ectoderm (arrows) compared with HBC-
treated controls (J). Scale bars: 200 μm.
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timing of cyclopamine treatment, we found that Shh mediates its 
own expression within the neuroectoderm and facial ectoderm. 
Similar to Shh regulation in other embryonic tissues (57), this 
regulation likely involves at least one intermediate molecule. For 
example, Shh-positive neuroectoderm is in direct contact with 
presumptive facial ectoderm, but despite this proximity, the 
induction of Shh in facial ectoderm does not occur for another 
60 hours (Figure 1, A–D). In addition, Shh induction in fronto-
nasal ectoderm correlates with the arrival of neural crest cells at 
the midline of the primordium, and previous data from our lab 
shows that neural crest cells can regulate Shh expression in the 
face (58). A third line of evidence arguing for an intermediate 
regulator of Shh expression in the brain and face is that exog-
enous recombinant Shh protein does not induce endogenous 
Shh expression in the face (59). This may be due to a buffering 
system, as has been described in the limb bud, which may limit 
the number of Shh-expressing cells (60). Whether an intermediate 
molecule that modifies Shh activity actually exists, and whether 
an autoregulatory feedback loop regulates Shh function in the 
craniofacial tissues remains unresolved and is one focus of our 
ongoing studies. In either case, these data provide a previously 
unrecognized molecular link between brain and facial develop-
ment that is worthy of further exploration.

Craniofacial tissues exhibit varying sensitivity to disruptions in Shh 
signal transduction. This study and others (24, 30, 36) demon-

strate that tissues through-
out the body are differentially 
susceptible to the teratogenic 
effects of cyclopamine. For 
example, in the craniofacial 
c o m p l e x ,  t h e  l o w e r  j a w 
appears less sensitive than the 
premaxilla (Figure 3E, Figure 
7G, and ref. 56), a finding that 
correlates with clinical obser-
vations that the mandible is 
usually spared in HPE (42). 
This apparent insensitivity to 
cyclopamine is puzzling, since 
Shh is expressed in pharyngeal 
endoderm (see Figure 1), and 
mandibular patterning and 
growth is inf luenced by this 
tissue (61). When we exam-
ined embryos for changes in 
gene expression we found that 
cyclopamine delivered at St. 17  
did not alter Shh expression in 
pharyngeal endoderm (data 
not shown). Cyclopamine cer-
tainly diffuses far enough to 
affect the pharyngeal endo-
derm, since these embryos 
also had hindlimb malforma-
tions due to Shh inhibition 
in the limb bud zone of polar-
izing activity. Furthermore, it 
is unlikely that we missed a 
transient downregulation in 
Shh expression in pharyngeal 

endoderm since embryos were analyzed at multiple time points 
after exposure.

A more plausible explanation for the intransigent Shh domain 
in the pharyngeal endoderm is that newly induced domains of 
Shh expression are more sensitive to perturbation than those 
domains that are already established. When we went back and 
analyzed embryos with this thought in mind, we noted that 
Shh expression was noticeably altered only if the cyclopamine 
exposure occurred immediately before Shh induction in a par-
ticular tissue. For example, cyclopamine completely blocked 
the induction of Shh expression in facial ectoderm, but only if 
it was delivered before establishment of the Shh domain in this 
region. If cyclopamine was delivered after Shh induction in facial 
ectoderm, then there was no discernible downregulation in its 
expression (data not shown).

We also do not know how long teratogenic concentrations of 
cyclopamine exist within the embryo. The egg may act as a sink 
for steroidal alkaloids such as cyclopamine, and if this is the case 
then teratogenic levels may be present for only a brief period. We 
found that the expression of Ptc returned to pretreatment levels 
after approximately 30 hours (data not shown), which suggests 
that cyclopamine levels remain elevated for only a limited period. 
These data, however, must be interpreted in the context of qualita-
tive rather than quantitative changes in gene expression that can-
not be appreciated by in situ hybridization. Nonetheless, they do 

Figure 6
Cyclopamine disrupts Shh expression in facial ectoderm while leaving forebrain expression intact.  
(A) Cyclopamine exposure at St. 17 blocks Shh induction in ventral facial ectoderm but does not affect 
its expression in the diencephalon and telencephalon. Simultaneously with the elimination of Shh, Fgf8 
expands into the ventral facial ectoderm (arrow marks ventralmost extent of the domain). (B) The molecu-
lar changes described in A culminate in a loss of the Shh-Fgf8 boundary (arrow). (C) The expression 
domains of the transcription factor AP2 are shifted slightly in the ventral direction (arrow) compared with 
HBC controls (D), in which the ventral boundary of expression terminates distal to the optic recess (arrow). 
(E) The transcription factor Barx1 is not altered compared with its expression domain in controls (F). The 
expression domains of forebrain markers are largely unaffected by cyclopamine exposure at St. 17. (G) 
Dlx2 in the neuroectoderm of the telencephalon and diencephalon is not notably altered by cyclopamine 
administration relative to HBC controls (H). Otx2 (I) and Nkx2.1 (K), whose forebrain domains are indirectly 
regulated by Fgf8 or Shh, showed no evidence of an altered pattern of expression following cyclopamine 
exposure compared with HBC controls (J and L). Scale bars: 200 μm (A–F); 100 μm (G–L).
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suggest a mechanism that can explain the varying degrees of sus-
ceptibility of tissues, including those of the craniofacial complex, 
to the teratogenic effects of cyclopamine.

We have a very limited understanding of how mutations in 
one genetic pathway manifest as a range of physical deformities. 
In this study we explore one theory, that sequential disruption 
of Shh signaling in craniofacial tissues can recreate the pheno-
typic spectrum characteristic of HPE. By delivering cyclopamine 
during discrete developmental windows, we were able to iden-
tify several functions of Shh in erecting the normal architecture 
of the brain and face, and also separate the role of Shh in the 
brain from its function in the face. Our data suggest that once 
the molecular framework of the ventral forebrain is established, 
the tissue becomes relatively impervious to teratogenic disrup-
tions. At the same time, the facial structures retain their sensi-

tivity, perhaps because the facial “blueprint” has yet 
to be established. This model is in keeping with the 
observation that HPE patients can exhibit abnormal 
facial morphology despite normal brain architecture 
(62). These studies raise a number of new questions, 
the most pressing being to elucidate whether these 
mechanisms cause the phenotypic spectrum of HPE 
in humans.

Methods
Cyclopamine administration. Cyclopamine (11-deoxojervine) 
obtained from Veratrum californicum (63) was oxidized to the 
more potent cyclopamine-4-ene-3-one (64), and complexed 
with 2-hydroxypropyl-β-cyclodextrin (Sigma-Aldrich, St. 
Louis, Missouri, USA). Fertilized Rhode Island Red (Gallus gal-
lus) eggs (Petaluma Farms, Petaluma, California, USA) were 
incubated to stages 4, 10, 15, 17, 20, and 22 (65), windowed 
to expose the embryos, and injected with PBS, HBC in PBS, 
or various concentrations of cyclopamine-HBC suspended 
in PBS. Embryos were treated with either 0.3, 0.5, 5.0, 15.0, 
20.0, or 40.0 μg cyclopamine in a volume of 1.5 μl by either 
dropping the cyclopamine on the vitelline membrane (St. 4 
and St. 10) or by injecting cyclopamine beneath the vitelline 
membrane into the perifacial region with a glass micropipette 
(stages 15, 17, 20, and 22). Eggs were sealed with adhesive tape 
and incubated at 37.5°C until the desired stage of develop-
ment was reached. Embryos were examined for viability and 
morphological changes in the craniofacial region between 3 
hours and 72 hours after cyclopamine exposure. This infor-
mation was used to generate the data shown in Figure 2.

In situ hybridization. Embryos were removed from the eggs, 
rinsed in ice-cold PBS, fixed in 4% paraformaldehyde over-
night at 4°C, and taken through a graded ethanol series to 
dehydration. All embryos were evaluated for phenotypic 
changes, following which representative embryos were sub-
jected to in situ hybridization. Subclones of Shh, Ptc, Gli1, 
Fgf8, AP2, Barx1, Dlx2, Otx2, and Nkx2.1 were linearized with 
appropriate restriction enzymes to transcribe antisense 35S-
labeled riboprobes. Tissues from control and cyclopamine-
treated embryos were hybridized overnight at 60°C with 
probes containing an equal number of counts per minute. 
Slides were washed at 60°C in 2× SSC, dipped in emulsion, 
and exposed for 4–6 days. Images are superimpositions of the 
pseudocolored hybridization signal overlaid with a nuclear 
stain (Hoechst 33258 dye, Sigma-Aldrich). Whole-mount in 

situ hybridization was performed as described (66).
Cell death assays. Untreated embryos, embryos treated with PBS and HBC 

(controls), and embryos treated with 15.0 μg cyclopamine were analyzed 
for evidence of fragmented DNA using TUNEL (Roche Diagnostics Corp., 
Indianapolis, Indiana, USA). Tissue sections were dewaxed in Hemo-De 
(Fisher Scientific Co., Pittsburgh, Pennsylvania, USA), rehydrated in a 
graded ethanol series, treated with 10.0 μg/ml proteinase K at room tem-
perature for 5 minutes, and rinsed in PBS. Positive control sections were 
treated with 3 U/ml DNase 1 (Invitrogen Corp., San Diego, California, 
USA). Terminal deoxynucleotidyl transferase (TdT) buffer containing fluo-
rescein-12-2′-deoxyuridine-5′-triphosphate (Roche Diagnostics Corp.) was 
added to the tissue sections; negative control sections did not receive TdT. 
Slides were incubated at 37°C in the dark for 1 hour and washed with 1× 
PBS containing Hoechst dye. Slides were mounted in 50:50 glycerol/PBS, 
coverslipped, and photographed using epifluorescence optics. The images 

Figure 7
Loss of Shh signaling causes dorsoventral displacement of distal skeletal elements. 
(A) Twelve days after cyclopamine administration, distal elements of the upper beak 
are malpositioned and misshapen while proximal skeletal elements, including the 
frontal (fr), prefrontal (pf), and nasal (n) bones and the nasal capsules (na) are 
relatively unaffected. For example, the dorsal component of the premaxillary bone, 
the nasal process of the premaxilla (pn), is intact while the body of the premaxillary 
bone is shifted ventrally (asterisk). Skeletal elements derived from the maxillary 
primordia, such as the jugal (ju) and maxillary bones, are medially positioned. The 
mandible is unaltered in cyclopamine-treated embryos compared with HBC con-
trols (D). (B) A ventral view shows that the palatine (pa), maxillary, and prefrontal 
bones form an atypical articulation in the ventral midline. The nasal process of the 
premaxilla aberrantly extends onto the ventral surface (asterisk). (C) A dorsal view 
reveals that the distal upper beak is truncated at the nasal capsule (dotted lines), 
thus the mandible becomes visible. (D) Normal craniofacial anatomy. (E) In controls, 
the premaxillary bone articulates with the palatine and maxillary bones. (F) A dorsal 
view illustrates the level of truncation (dotted line) at the premaxilla caused by cyclo-
pamine. (G) A parasagittal section reveals that in cyclopamine-treated embryos the 
premaxilla is positioned ventrally and the maxillary and palatine bones are posi-
tioned medially (red arrow). (H) Control sagittal section. Scale bars: 100 μm (A–F); 
1 mm (G and H). mc, Meckel’s cartilage; par, parasphenoid.
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were merged using Adobe Photoshop (Adobe Systems Inc., Mountain View, 
California, USA).

Skeletal and histological analyses. For visualization of the intact cranial skel-
eton, whole heads were fixed in 4% paraformaldehyde and then stained with 
alcian blue and alizarin red, cleared in 1% KOH, and transferred to solutions 
of decreasing KOH strength and increasing glycerol concentrations. For his-
tological analyses, heads were fixed as above, embedded in paraffin, sectioned, 
and stained using a modified Milligan’s trichrome per standard protocols.
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