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Genetically induced abnormal cranial development
in human trisomy 18 with holoprosencephaly:
comparisons with the normal tempo of
osteogenic-neural development
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Abstract

Craniofacial malformations are common congenital defects caused by failed midline inductive signals. These
midline defects are associated with exposure of the fetus to exogenous teratogens and with inborn genetic
errors such as those found in Down, Patau, Edwards’ and Smith-Lemli-Opitz syndromes. Yet, there are no
studies that analyze contributions of synchronous neurocranial and neural development in these
disorders. Here we present the first in-depth analysis of malformations of the basicranium of a
holoprosencephalic (HPE) trisomy 18 (T18; Edwards’ syndrome) fetus with synophthalmic cyclopia and alobar
HPE. With a combination of traditional gross dissection and state-of-the-art computed tomography, we
demonstrate the deleterious effects of T18 caused by a translocation at 18p11.31. Bony features included a
single developmentally unseparated frontal bone, and complete dual absence of the anterior cranial fossa and
ethmoid bone. From a superior view with the calvarium plates removed, there was direct visual access to the
orbital foramen and hard palate. Both the eyes and the pituitary gland, normally protected by bony structures,
were exposed in the cranial cavity and in direct contact with the brain. The middle cranial fossa was shifted
anteriorly, and foramina were either missing or displaced to an abnormal location due to the absence or
misplacement of its respective cranial nerve (CN). When CN development was conserved in its induction and
placement, the respective foramen developed in its normal location albeit with abnormal gross anatomical
features, as seen in the facial nerve (CNVII) and the internal acoustic meatus. More anteriorly localized CNs and
their foramina were absent or heavily disrupted compared with posterior ones. The severe malformations
exhibited in the cranial fossae, orbital region, pituitary gland and sella turcica highlight the crucial involvement
of transcription factors such as TGIF, which is located on chromosome 18 and contributes to neural patterning,
in the proper development of neural and cranial structures. Our study of a T18 specimen emphasizes the
intricate interplay between bone and brain development in midline craniofacial abnormalities in general.

Key words: basicranium; cranial fossae development; HPE; mesoderm derivatives; neural crest derivatives;
neurocranium; osteogenic-neural development; trisomy 18.

Introduction

Trisomy 18 (T18), Edwards’ syndrome, is one of the two most
common autosomal aneuploidies in humans, second to
Down syndrome (trisomy 21; Hui et al. 2012), and is often
associated with malformations of midline structures. In
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1960, Edwards et al. first described a newborn with multiple
malformations and cognitive impairments. However, due to
difficulties in differentiating the pair of autosomal chromo-
somes, the syndrome was given the ambiguous name of
'17-18 trisomy’ (Edwards et al. 1960; Hui et al. 2012). Shortly
thereafter, it was shown that an additional copy of chromo-
some 18 would later form several other chromosomal consti-
tutions associated with Edwards’ syndrome, such as T18
mosaicism, double aneuploidy (i.e. T18 associated with other
numerical changes of autosomal and sexual chromosomes),
as well as translocations (Smith et al. 1960; Rosa et al. 2013).

The prevalence of T18 is relatively high: studies from pop-
ulations in North America, Europe and Australia estimate its
incidence to be between 1:3600 and 1: 8500 of live births
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(Weber et al. 1967; Young et al. 1986; Embleton et al.
1996; Root & Carey, 1994; Rasmussen et al. 2003). With the
increased use of prenatal diagnosis, more recent account-
ing for non-viable fetus and voluntary pregnancy termina-
tion cases place this overall incidence closer to 1:2500-1:
2600 (Crider et al. 2008; Irving et al. 2011; Cereda & Carey,
2012). Patients born with T18 have a considerably dimin-
ished survival rate that averages approximately eight days
(Rosa et al. 2013). Although three copies of chromosome
18 is the classic definition of T18, a free trisomy of chromo-
some 18 associated with nondisjunction during maternal
gametogenesis is often presented (Rosa et al. 2013).
Although most cases of T18 occur as a result of de novo
meiotic nondisjunction of the maternal meiosis phase Il
(Rosa et al. 2013), it is important to note that T18 can also
occur as a post-zygotic event caused mainly by mitotic non-
disjunction, possible at any phase of embryogenesis or
development (Paskulin et al. 2011). Furthermore, T18 shows
a female bias, with an incidence ratio of roughly one male
to two females (Weber et al. 1967; David & Glew, 1980; Lin
et al. 2006).

Cyclopia and holoprosencephaly (HPE) are intriguing phe-
nomena caused by severe disruption of genes necessary for
the specification of midline and anterior-most cephalic
structures. Because the brain develops in close apposition to
the skull, we posit that in T18, failed interactions between
bone development of skull and neural development may
elicit severe cranial malformations. To evaluate this hypoth-
esis, we investigated the interior of the cranium of a T18
human fetus at 28 weeks compared with a non-trisomy 29
week old, with particular focus on the skeletal structure of
the cranial fossae, the presence of cranial nerves (CNs), as
well as their respective cranial foramina. With fine gross dis-
sections of the cranium and facial skeleton combined with
three-dimensional (3D) reconstructions of computed
tomography (CT) scans, we demonstrate severe primary
malformations in bone development. This study is the first
of its kind to analyze in detail the features of the interior of
the skull in a case of HPE and synophthalmia, a form of cycl-
opia. Additionally, we provide comments on osteogenic—
neural relationships in normal development.

Materials and methods

Specimen

Only cadaveric specimens were used in the current study and, as
such, no human subject approvals from the Institutional Review
Board are required. Nonetheless, these specimens were handled
with the utmost care and attention to the rules governing scientific
research. Although the fetus showed external characteristics consis-
tent with a 25-week-old fetus, the gestational age was determined
based on the last menstrual period of the mother, which was 28
weeks. The age-matched 29-week-old control fetus was graciously
provided by Dr Rui Diogo’s laboratory in the Department of Anat-
omy, Howard University College of Medicine.

Genotype

Fresh tissue was referred to Quest Diagnostics for analysis by stan-
dard cytogenetic analysis and by fluorescence in situ hybridization.
The fetus was diagnosed as having a pseudoisodicentric chromo-
some 18 around band 18p11.31 with a loss of short arm material
from 18p11.31 to the p terminus.

CT scans and 3D reconstructions

Computed tomography images were acquired using a GE Light-
Speed VCT system (General Electric Company, CT, USA). One scan
was acquired consisting of 80 contiguous 3.75 mm slices, 15 x 15 cm
field of view, 512 x 512 matrix, 120 kVp, 100 mA. Images were
reconstructed for 3D analysis with the NIH Image) software and
with the VCT software. Image intensity thresholds were adjusted to
allow for bone-only reconstruction.

Dissection

Dissections were carried out using gross dissection and micro-dissec-
tion tools, a three-power-lighted lens and, as needed, a binocular
dissecting microscope (Nikon SMZ1500). The calvarium was carefully
opened using scissors, and the brain and brainstem were removed
according to the dissection instructions in the Grant's Dissector
(Tank, 2013). Meninges were removed using Watchmaker forceps,
and CNs were observed leaving the cranial fossae through foram-
inaffissures. Terminology follows Grant’s Atlas of Anatomy, (Agur
and Dalley, 2008). Dissections were recorded by photographs (Nikon
digital camera D90). A standard centimeter was included in each
photograph for comparative measurement of dimensions.

Results

In the normal fetus, the cranial fossa can be divided into
anterior, middle and posterior cranial fossae (Fig. 1A). A
border defines each cranial fossa anteriorly and posteriorly.
For the anterior cranial fossa, the frontal bone defines the
anterior border and the lesser wing of the sphenoid bone
defines the posterior. The middle cranial fossa is bounded
by the posterior margins of the lesser wings of the sphe-
noid bone and the petrous portion of the temporal bone
posteriorly. The posterior cranial fossa is defined anteriorly
by the clivus and posteriorly by the occipital bone
(Fig. 1A).

Remarkably, several hallmark features of the anterior
cranial fossa were absent in T18 (Fig. 1B). The significant
lack of features in the anterior portion of the cranium, in
T18, results in the complete elimination of an anterior cra-
nial fossa (Table 1). The cribriform plate of the ethmoid
bone and orbital part of the frontal bone are absent in
T18 (Fig. 2A). Normally, these two bony structures function
as the support for the overlying prefrontal cortex.
Although some middle cranial fossa features were
observed, they showed a unique unilateral presentation,
as evidenced in the size and shape of the superior orbital
fissure. Abnormal bony features are summarized in
Table 1.

© 2015 Anatomical Society
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Fig. 1 Reconstructed CT scans showing a
superior view of the cranial floor in a control
and a T18 fetus. The heterotopic shift of the
temporal bone anteriorly is due to a shift in
the greater wing of the sphenoid bone.
*Holes appear due to thinness of the bone,
this is an artifact of the 3D reconstruction.
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Table 1 Summary of cranial fossae features and findings in the T18
fetus at 28 weeks.

T18 Cranial fossae

Cranial fossa shifted anteriorly

Anterior cranial fossa
Sphenoid bone

Lesser wing Absent on right side,

reduced on left side

Ethmoid bone

Crista galli

Cribriform plate

Orbital part of the frontal
bone (forms roof of orbit)

Middle cranial fossa

Sphenoid bone
Superior orbital fissure

Hypophyseal fossa
Anterior clinoid process
Optic canal

Posterior clinoid process
Dorsum sellae

Absent
Absent
Absent

Present on left side,
absent on right
Cartilaginous, incomplete
Highly reduced

Singular, centrally located
Highly reduced
Diminutive

Greater wing of sphenoid bone
Foramen rotundum
Foramen ovale

Temporal bone
Squamous part

Size reduced
Size reduced

Underdeveloped,
anteriorly located
Superior border Malformed, highly enlarged
of petrous part
Trigeminal ganglion
Internal carotid artery
Internal acoustic meatus

Highly reduced
Not observed in gross view
Enlarged, bony protuberance

All structures were present in the control fetus at 29 weeks.

The majority of the cranial base in T18 appeared soft and
translucent, indicative of cartilage. The T18 cranial base also
lacks well-defined anterior and middle cranial fossae. By
contrast, the cranial base in the control is bone/partially
bony and has clearly completed the endochondral ossifica-
tion process. As a component of the posterior cranial fossa,
the temporal bone normally exhibits a smooth appearance
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Control T18

By Orbital plate

Sphenoidbone:
- Lesserwing

and defines the lateral aspects of the fossa. However, in
T18, there is a heterotopic displacement of the temporal
bone anteriorly (Fig. 1B, red box) compared with the con-
trol (Fig. 1A, below the red box).

Prominent anterior cranial fossa structures such as the
orbital plates of the frontal bone, crista galli and cribriform
plate of the ethmoid bone are absent in T18 (Fig. 2B). Thus,
a defined anterior cranial fossa fails to form in T18. Instead,
a single orbital foramen is present in the interior of the cra-
nium (Fig. 2B). The right lesser wing of the sphenoid bone
(Fig. 2B), which normally forms the boundary of the ante-
rior cranial fossa, is absent. The absence of the lesser wing
on the right side and a malformed lesser wing on the left
side creates a prominent open space in the region of the
orbital fossa (Fig. 2B). The middle cranial fossa is shifted
anteriorly in T18 where the anterior cranial fossa should
have been. This shift contributes to the shortening of the
T18 cranial base along the antero-posterior axis; as evi-
denced by a T18 middle cranial fossa that occupies 75% of
a 4 cm cranium compared with a control middle cranial fos-
sa that takes up 46% of a 6.5 cm cranium from anterior to
posterior (Fig. 2B). Without the orbital plates of the frontal
bone, which normally form the roof of the orbit (Fig. 3A,0),
the hard palate is exposed directly under the orbital fora-
men (Figs 2B and 3D). Figure 2C and D illustrates the
regions analyzed in Figs 3-7.

Malformations are also present in the sella turcica,
located in the sphenoid bone, the cornerstone of the mid-
dle cranial fossa. Usually, the infundibulum of the pituitary
gland pierces the well-formed sellar diaphragm (Fig. 4A),
but the sellar diaphragm is absent in T18, allowing for the
pituitary gland to directly contact neural tissue (Fig. 4A vs.
B). Compared with the sharp angle characteristic of the
greater wing of the sphenoid bone, the curvature is more
shallow in T18, indicated by the dashed line in Fig. 4A, B.
Posteriorly, aberrations in the cranial fossa of T18 also
exhibited a sharp angle in the clivus compared with the typ-
ical shallow depression in the control (Fig. 4C, D). Due to
asymmetrical lesser wings of the sphenoid bone, the sella
turcica fails to form anteriorly, while posteriorly the dorsum
sellae remains (not shown).
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Control

Ethmoidbone:
Crista galli

Cribriformplate
with CNI
(missinginT18)

Frontalbone:
Orbital plate
(missinginT18)

Superior orbital
fissure

Sphenoidbone:
Lesserwing

Infundibulum of ¢
pituitarygland
(missinginT18)
Internal acoustic

meatuswith
CNVII &CNVIII

Figure3AC

FiguredAC

Figure7A

Figure8A

Orbital foramen (eye
emoved)

(fused; anterior crania

fossamissing)

Sphenoidbone:
Lesserwing
(presentonleft
side, absenton
right side)

nternal acoustic
meatus
(enlarged)

Figure3B,D

Figure4B,D

Fig. 2 Superior view of gross dissected interior of the cranium. Malformations in the cranial floor of T18 with orbital foramen exposing the hard
palate (B) compared with control (A). (A and C) vs. (B and D). (C) and (D) represent regions depicted in figures. Scale bar: 1 cm.

The T18 viscerocranium lacks a glabella, a hallmark fea-
ture of the underlying frontal bone normally found above
the nasal bone, which is absent in T18 (Fig. 5A). Moreover,
the palatine process of the maxilla, which contributes to
the hard palate, sits immediately inferior to the orbit
(Fig. 5B), rather than inferior to the nasal cavity as would
be expected in normal fetuses. Remarkably, there are no
anterior nasal apertures in T18, and the anterior nasal spine
shows a minimal distance to the alveolar process of the
maxilla (Fig. 6B).

The morphological development of CNs in T18 displayed
variability even as some foramina were conserved (Table 2).
CNs I, Il, V, VI, VII and VIII were either grossly abnormal or
absent. Only a single, centrally located optic canal devel-
oped (Fig. 6A,B), and the optic nerve (CN Il) appeared as a
fused, single nerve. The maxillary division of the trigeminal
nerve (CNV2) was detected coursing via a circuitous path to
the foramen rotundum (Fig. 7). We further observed its exit

from this foramen. After its exit, CNV2 does not course
through the pterygopalatine fossa as expected nor does it
branch. Rather, CNV2 descends directly on either side of the
hard palate (Fig. 6A). The mandibular division of the tri-
geminal nerve (CNV3) in T18 follows an indirect path to
foramen ovale (indicated by dashed lines, Fig. 7B) as it
branches from the trigeminal ganglion (Fig. 7B). Yet, the
inferior alveolar nerve was noted as retaining a normal
course inferiorly toward the mandible during dissection
(not shown).

In the temporal bone, T18 displays an elevated and
grossly enlarged internal acoustic meatus that measures
four times larger at 118 mm compared with 28 mm in the
control (Fig. 2A, B). The petrous part of the temporal bone
appears as a protuberance and lacks smooth, rounded mar-
gins like the control (Fig. 8A,B). Although the internal
acoustic meatus does display a nerve entering the foramen,
the facial nerve (CNVII) and vestibulocochelar nerve (CNVIII)

© 2015 Anatomical Society
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Fig. 3 Superior view of anterior cranial fossa. The cribriform plate of the ethmoid bone (A) and the orbital plate of the frontal bone (C) are fully
formed in the anterior cranial fossa, whereas a single orbital foramen (B) and clivus (D) display an anterior displacement in T18. Scale bar: 1 cm.

Control Ti8

Sphenoidbone: 1 )

Lesserwing €S5erwing
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Ti8) rightside)
Pituitarygland

Sellaturcia (infundibulum

{absentinT18) absent)
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pituitarygland
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Wi NS Sphencidbone:
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Greaterwing
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Fig. 4 Superior view of middle cranial fossa. Infundibulum of the pituitary gland piercing sellar diaphragm (A) of well-formed sella turcica (C),
while sellar diaphragm and sella turcica are absent in T18 (B) and (D), respectively. Scale bar: 1 cm.

are indistinguishable and underdeveloped compared with limited to, the following lesions: absent anterior cranial fos-
the clear division of the CNs in the control (Fig. 8A,B). sa with missing orbital plates of the frontal bone; exposed
underlying hard palate; anteriorly shifted middle cranial
fossa; fused eyes; absent sella turcica; and a pituitary gland

Discussion . . : . .
in direct contact with overlying neural tissue. The gross dis-

This study provides a novel assessment of the anatomical section revealed underdeveloped CNs and uncharacteristic

findings of the cranial floor of a T18 fetus with synophthal- foramina. Abnormalities involving CNs of the anterior and

mic cyclopia and alobar HPE. With CTs and gross dissections, posterior cranium varied in severity.

we demonstrated adverse effects in the cranial and neural Given that midline malformations of the skull and central

patterning of the T18 genetic anomaly, including, but not nervous system are among the most frequent phenotypic

© 2015 Anatomical Society
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phenoid bone:
Lesser wing (lacks

Expected location of
optic canal)

glabella (absent)
Orbital foramen

Orbital foramen (eye removed)

(synophthalmia in situ) Zygomatic bone

Anterior nasal spine
(nasal bone absent
in region of orbital

Anteriornasal spin
foramen)

Sphenoid bone:
Lesser wing Frontal bone
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“centrally”

Maxillary division
of trigeminal (V2)
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Maxilla; bone

Palatine

process Maxilla:
Palatine
process

Anterior nasal
spine
Anterior nasa
spine

Fig. 6 Frontal view of orbital foramen. Maxillary division of trigeminal (V2) on either side of the hard palate (A) courses inferiorly to a single, cen-
trally located optic canal (B) in the dorsum sella of T18. Scale bar: 1 cm.

Control

.
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division (V2)

Mandibular - L1

division (V3) “  Trigenfnal

(indirect path
inT18)

Mandibular
division (V3)
(indirect path
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Fig. 7 Superior view of the trigeminal ganglion (surrounded by dotted line), right side of the cranium. Branches (dotted) of the trigeminal ganglion
exhibit a normal branching pattern (A), whereas the maxillary (CNV2) and mandibular division (CNV3) follow an indirect path (B) to the foramen
rotundum and ovale, respectively, indicated by dashed lines in T18. Scale bar: 1 cm.
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Table 2 Presence or absence of CNs and their respective foramina in T18 at 28 weeks.

CN* Presence Foramen Comments
Olfactory nerve (1) N N CN I not observed due to the absent cribriform plate of the ethmoid bone
Optic nerve (I1) X X CN Il fused, forming a single nerve and is in direct contact with neural tissue
due to absent orbital part of the frontal bone
Optic canal is a single foramen
Oculomotor nerve (I11) X X Superior orbital fissure on the right side not bordered superiorly by lesser
wing of sphenoid bone
Trochlear nerve (V) N/O X N/O
Trigeminal nerve (V) X X Branches are thin compared with the control
Ophthalmic division (V1)
Maxillary division (V2) V3 has indirect course to foramen ovale
Mandibular division (V3)
Abducent nerve (VI) N X N/O
Facial nerve (VII) X X Internal acoustic meatus - large and pronounced within the temporal
bone presenting bilaterally
Vestibulocochlear nerve (VIII) X X CN VIII in close association with CN VIII upon entry into the foramen
Glossopharyngeal nerve (IX) X X Jugular foramen size is significantly reduced, partially occluded
by dense petrous bone
Vagus nerve (X) X X CN X rootlets are in close association with CN IX
Accessory nerve (XI) N X CN XI, specifically the cervical root, obstructed due to the poorly defined
foramen magnum in the posterior cranial fossa
Detection of cervical root in jugular foramen obstructed, tightly packed
Hypoglossal nerve (XII) N/O X N/O

N = structure absent.
X = structure present.CN, cranial nerve.

*All CNs and foramina are as expected in control. Abnormalities of T18 are only shown above.

Control

Greater wing of
sphenoid bone

Temporal bone:
Petrous part

Internal acoustic
meatus (with
CNWVIT & CHVIIT
{malformed in
T18)

T18

Internal acoustic
meatus
(indistinguishable
CMWVII & CNVIITY

Greater wing of
sphenoid bone

Temporal
bone: enlarged
petrous part

Underdeveloped
nerve

Fig. 8 Posterior view of the internal acoustic meatus. T18 displays an abnormally pronounced internal acoustic meatus (B) within the petrous part

of the temporal bone. Scale bar: 1 cm.

characteristics of the T18 syndrome in particular, and HPE in
general, it was of particular interest to examine the cartilag-
inous portion of the neurocranium. Neural crest cells give
rise to the cranium, which can be divided into neurocrani-
um, i.e. calvaria, the case around the brain, and viscerocra-
nium, i.e. the skeleton of the face and mandible (Santagati
& Rijli, 2003). The base of the skull begins to develop as
separate cartilages. As those cartilages fuse and ossify by

© 2015 Anatomical Society

endochondral ossification, the cranial fossae become
defined. Cranial fossae receive contributions from mesoder-
mal sclerotomes and neural crest cells, and are defined by
their anterior or posterior proximity to the level of the pitu-
itary gland in the center of the sella turcica (Sadler, 2006).
The cartilage/skeletal structures of the cranial base anterior
to the pituitary gland are derived from neural crest cells
and form the prechordal chondrocranium, whereas those
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A Control

posterior to the pituitary are derived from occipital scleroto-
mes that arise from paraxial mesoderm and form the chor-
dal chondrocranium (Sadler, 2006; Fig. 9A,B). The
components formed anterior (prechordal) and posterior
(chordal) to the pituitary gland, fuse at the sella turcica
around the midsphenoidal synchondroses (Lieberman et al.
2000a,b; Jeffery & Spoor, 2004). Thus, the fetal cartilaginous
neurocranium, which includes the basicranium (cranial
base), develops into the scaffolding for the rapidly growing
brain.

The reciprocal interplay between bone development of
the skull and the inductive signaling that occurs in the
development of the human brain offers some insight into
the malformations we have observed in the T18 specimen.
This cross-talk between skull and brain development has
been noted in several other syndromes, e.g. trisomy 13
(Patau syndrome), trisomy 21 (Down syndrome), Apert syn-
drome, Treacher—Collins syndrome, and craniosynostosis
(Cohen, 2000). This has raised a deeper question concerning
the influence of skeletal structure, particularly the cranial
base, in relationship with the developmental tempo of
neural tissue. In general, the cranial base is influenced by
complex and multifactorial processes, including brain mor-
phogenesis, and muscle development. As a consequence,
the three endocranial fossae are not strictly integrated
according to specific morphological schemes, but rather are
influenced by distinct and local factors (Bruner & Ripani,
2008).

It has been suggested that the brain and connective
tensors of the dura layers drive neurocranial morphogene-
sis. They induce the neurocranial bones to undergo
structural arrangements at the outer and inner surface by
deposition and absorption of cartilage (Enlow, 1990), possi-
bly via soft-tissue-mediated signal transduction at the
suture boundaries (Ogle et al. 2004). Delimited by these
suture boundaries, local factors and their properties inde-
pendently impact the overall structure of the endocranial

Fig. 9 Schematic reconstruction of the
boundaries of cranial fossae and
developmental cellular origins. Schema of
anterior (blue), middle (green) and posterior
(red) cranial fossae and their cell origins
(neural crest cells, dotted; occipital
sclerotomes, striped) defined in proximity to
the center of the sella turcica in the control
(A) vs. T18 (B).

base by forming different functional modules (Stringer,
2002). For instance, cranial midline structures are relatively
independent of the lateral structures due to these bound-
aries (Bastir & Rosas, 2005).

The findings presented in our work have expanded the
discussion of the pathology involved in T18 to include reci-
procal osteogenic—neural interplay. Importantly, the cranial
base plays a major architectural role in primate ontogeny
and evolution (Lieberman et al. 2000a,b), and cranial mor-
phogenesis is particularly sensitive to bone deposition and
resorption associated with growth fields of osteoblasts and
osteoclasts (Martinez-Maza & Rosas, 2006). The case pre-
sented in this paper will add to our understanding of
human evolutionary development.

Development of the cranium

The cranial base has a multifactorial establishment involving
developmental, phylogenetic and functional interactions.
The anatomy of the cranial base is a major determinant of
the cranial architecture in primates, and a major constraint
of the overall cranial form (Lieberman et al. 2000a,b). Varia-
tions in cranial base shape have been documented in sev-
eral syndromes, including: Cri-du-chat syndrome, Apert
syndrome and Pfeiffer syndrome, in which shortness of the
anterior cranial fossa is observed (Cohen & Shiota, 2002).
The cranial base formation results from an intricate rela-
tionship between proliferation of migrating neural crest
cells and the regression of ectodermal and mesodermal
derived tissue. Neural crest cells begin to migrate before
neural folds fuse anteriorly to form the neural tube (Jiang
et al. 2002; McBratney-Owen et al. 2008). Neural crest cells
deriving from the anterior-most regions of the neural tube
(anterior to the notochord) give rise to the entire viscerocra-
nium (face) and the rostral part of the basicranium (Fig. 9A)
from the frontal bone to the midsphenoidal synchondroses
within the sella turcica (Nie, 2005; McBratney-Owen et al.

© 2015 Anatomical Society



2008). By contrast, the posterior cranial base originates from
the mesoderm, and is demarcated anteriorly by the dorsum
sellae of the sphenoid bone and apex of the petrous tem-
poral bone (Couly etal. 1993; Evans & Noden, 2006;
McBratney-Owen, 2008; Balczerski et al. 2012; Fig. 9A,B).

It is well documented that ossification of the cranial base
is initiated during week 5 of embryological development
(Vermeij-Keers, 1990), forming from at least 41 ossification
centers (Bruner & Ripani, 2008). Bilateral symmetry of
ossification is regulated by the centrally localized chordal
cartilage, which produces chordin, a regulator of bone mor-
phogenetic protein 7 (BMP-7; Santaolalla-Montoya et al.
2012). In rare cases, fibrous dysplasia alters ossification of
the skull, resulting in replacement of the bone structure
with fibrous tissue (Davies & Macpherson, 1991; Bowers
et al. 2014). This fibrous tissue may have been highly pro-
duced within the cranial fossae in the T18 specimen, and
could account for the relative soft, non-ossified texture of
the bone.

The development of the cranial base is regulated by a
variety of genes, for example, matrix metallopeptidase 9
(MMP 9), Indian hedgehog (IHH) and Sonic hedgehog (SHH;
Riccomagno et al. 2002; Nie et al. 2005a,b; Young et al.
2006; Balczerski et al. 2012). During normal embryonic
development, it was suggested that cranial base chondro-
genesis is delayed compared with that of the axial skeleton
due to its unresponsiveness to SHH signaling (Balczerski
et al. 2012). However, the timing of SHH signaling required
in formation of the cranial base and its specific role is still
unknown. Yet, it has been shown that in the absence of
SHH, the cranial base does not undergo chondrogenic com-
mitment as determined by the loss of Sox 9 expression (Balc-
zerski et al. 2012). There is such a fine biomechanical
balance associated with morphogenesis that small changes
in the biochemistry or structure of connective, osseous or
neural elements of the brain can exert direct influence on
the spatial relationship of endocranial components (Bruner
et al. 2014). However, none of the genes mentioned here is
located on chromosome 18. Yet, genes on this chromosome
(i.e. TGIF) are likely involved in the complex regulatory net-
work necessary for normal cranial and neural development
via dysregulation of SHH signaling.

In our specimen, there was an anterior shift of the lesser
wings and highly reduced expansion of the greater wings
of the sphenoid bone laterally. Indeed, this specimen has
severe reduction in cortical development indicative of par-
tial anencephaly. Nonetheless, the specimen holds an alobar
HPE classification, in which midline cleavage of the embry-
onic forebrain (prosencephalon) fails to occur, yielding
undifferentiated cerebral hemispheres, telencephalon, dien-
cephalon, olfactory tracts and bulbs. It should be noted that
HPE is causally heterogeneous and pathogenically variable
(Cohen & Shiota, 2002). There is a strong consensus that
mutations in several genes that control inductive signaling
during development directly result in HPE. These genes
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include SHH (Roessler et al. 1996, 1997; Nanni et al. 1999)
and its receptor, patched (PTCH; Ming et al. 1998), that is
master regulators of neural, skeletal and muscle precursors
at the midline. Additional transcription factors implicated in
HPE are TGIF and CRIPTO, necessary for neural patterning
(Gripp et al. 2000; Muenke & Beachy, 2001), ZIC2 and SIX3
for specific induction of the telencephalon (Wallis &
Muenke, 1999; Brown et al. 1998; Brown et al. 2001), and
DHCR7 for regulating cholesterol homeostasis (Kelley et al.
1996; Gondre-Lewis et al. 2006). Mutations in SHH account
for about 17% of familial cases and about 3.7% of all cases
of HPE (Cohen & Shiota, 2002). This case of T18 is due to a
pseudoisodicentric chromosomal translocation at 18p11.31;
the location of TGIF (Genecards, 2014). It was shown that
mutations in the human TGIF1 gene were associated with
HPE (Gripp et al. 2000). Thus, the HPE with cyclopia is
caused by both the partial loss of 18p where the HPE4 locus
resides (Nanni et al. 2000), and a triplication of 18q genes.

Cranial fossae

During human evolution, cranial base morphology is deeply
influenced by both facial and brain variations (Strait, 1999;
Bastir et al. 2010). It has been hypothesized that dysmorph-
ologies and craniosynostoses are actually the result of mor-
phogenetic imbalance between the cranial base and
connective tensors of the dura layers (Moss, 1959). These
connective tensors serve as a principal source of structural
integration between the endocranial elements and, if redis-
tribution of the tensile forces and growth vectors should
occur, will spur osteogenic responses, leading to an altered
balance in growth and development of the fossae (Bruner
& Ripani, 2008).

The three endocranial fossae display weak reciprocal inte-
gration and relative independence from one another in
terms of morphology (Bruner & Ripani, 2008). Hence, the
morphology of a specific area of the cranial base is not nec-
essarily informative on the possible morphology of other
areas, because its morphogenesis is not channeled through
global processes, but rather molded by many local influ-
ences (Di leva et al. 2014). For instance, the anterior cranial
fossa is strongly constrained by the orbital and upper face
structures (Enlow, 1990; Bruner, 2007; Masters, 2012). Proper
formation of the anterior cranial fossa is achieved through
the rotation of the face inferiorly during development (Lie-
berman et al. 2000a,b; Bruner, 2007). As the rotation of the
face occurs, the frontal lobes enlarge. Abnormalities in the
anterior cranial fossa will be associated with both the pre-
frontal cerebral cortex and with spatial interactions of the
underlying facial system (Bruner & Ripani, 2008). Indeed, in
the case presented here, the most severe malformations
occurred anteriorly with an unseparated frontal bone and
absent orbital plates of the frontal bone (Fig. 2B).

By contrast, the morphology of the middle cranial fossa is
associated with the anatomy and biomechanics of the
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underlying mandibular ramus (Bastir & Rosas, 2005). The
posterior cranial fossa is sensitive to the parieto-occipital
integration schemes in the upper cranial vault and cerebro-
cerebellar dynamics (Jeffery, 2002; Gunz & Harvati, 2007). In
normal development, the three cranial fossae and their
components develop in a tight hand-and-glove configura-
tion, i.e. the anterior cranial fossa with prefrontal cortex,
the middle with the temporal lobes, the clivus with
brainstem structures, and the posterior fossa with cerebellar
lobes; thus these brain regions exert significant local influ-
ence on the bony features of each respective fossa of the
neurocranium (Richtsmeier and Flaherty, 2013).

Much of the development of the cranial base occurs in an
antero-posterior wave of maturation. This is an important
consideration in malformations, because structures that
develop anteriorly may constrain the development of those
that develop downstream. In terms of shape, the bones at
the midline in the middle cranial fossa mature first. From
the midline, the progression of maturation normally occurs
in a medio-lateral fashion (Bruner & Ripani, 2008). In this
specimen, the lesser wings of the sphenoid bone were ori-
ented antero-posteriorly (Fig. 3D), while the greater wings
of the sphenoid bone were reduced from left to right on
the horizontal plane (Fig. 3D). The part of the temporal
bone housing the internal acoustic meatus was positioned
far more anteriorly in the T18 specimen compared with con-
trol (Fig. 4D). Thus, we postulate that the absence of the
anterior cranial fossa, i.e. the loss of physical constraint,
caused the middle and posterior fossae to develop unhin-
dered anteriorly. The clivus was vertically oriented at a
sharp angle and accompanied by a laterally widened pos-
terior cranial fossa. (Figs 1B and 2B).

Eye/orbit development

Many ocular complications have been reported in patients
with T18, but major ocular defects are present in <10% of
cases (Geiser et al. 1986). The T18 fetus in the present study
has synophthalmic cyclopia, where the eye fields fail to fully
separate. Synophthalmia is due to a loss of midline tissue,
likely initiated between days 19 and 21 of gestation when
facial development begins (Sadler, 2006). Although true
cyclopia is even more rare than synophthalmic cyclopia,
many of the findings reported here are consistent with true
cyclopic features involving symmetric deformities of the
nose, skull, orbits and brain (Deftereou et al. 2013), and
suppression of the organogenic development of the two
separate eyes (Garzozi & Barkay, 1985).

Sonic hedgehog is expressed by the prechordal plate and
notochord in the ventral midline. It has a fundamental role
in the growth, differentiation and patterning of the devel-
oping central nervous system, viscera and craniofacial struc-
tures, and is crucial for the separation of the single eye field
into two optic primordia (Ingham & McMahon, 2001;
Chong et al. 2012). Based on the observation that separate

eye fields were present but fused, we posit that SHH signal-
ing was perturbed, resulting in synophthalmia. This may be
related to TGIF, as TGIF regulates SHH and is located at
18p11.31 where the T18 has its translocation.

The failure in proper eye development likely influences
the overlying anterior cranial fossa, which forms the supe-
rior border of the bony orbit. In T18, the orbit sits in the
presumptive space of the anterior cranial fossa with no
overlying frontal orbital plates separating the eye from the
forebrain. The only contributions to the orbit in this speci-
men are the left lesser wing of the sphenoid, and the zygo-
matic and frontal bones (Fig. 5B). This fetus exhibits
features consistent with a failure of the face to rotate
properly as the anterior cranial fossa forms.

Pituitary gland and sella turcica

We focus on this region of the middle cranial fossa because
it defines the borders between the anterior and middle cra-
nial fossae and the degree of severity of malformations of
the interior of the cranium in T18. The development of the
pituitary gland and sella turcica also appear to be highly
influenced by an osteogenic-neural relationship, in which
the morphology of the sella turcica is highly dependent
upon the proper formation of the pituitary gland. Nor-
mally, the sella turcica develops from the most rostral part
of the area where the notochord ends cranially (Miller &
O’Rahilly, 2003). Whereas this bone’s development begins
at week 9 (O'Rahilly & Miiller, 1999), development of the
pituitary gland precedes that of the cartilaginous sella turci-
ca and occurs at 4-5 weeks gestation (Sheng & Westphal,
1999). The pituitary gland develops from two cell popula-
tions: the more posterior neuropituitary is of neural origin;
whereas the anterior adenopituitary gland is from an evagi-
nation of oral ectodermal cells, known as Rathke’s pouch.
Similarly, the walls of the sella turcica are derived from
two distinct developmental origins: the anterior wall from
neural crest cells; and the posterior wall (dorsum sella) from
para-notochordal (mesodermal) tissue (Fig. 9A). The poster-
ior wall is under direct influence of the notochord, which
secretes SHH to program ventral neural and skeletal struc-
tures (Kjaer et al. 2002). SHH secreted from the rostral end
of the notochord induces formation of the midaxial part of
the cranium extending from the anterior wall of the sella
turcica just anterior to the hypophyseal fossa (Schoenwolf
et al. 2009). Because the pituitary gland must be fully
formed prior to sella turcica development, deviations in the
tempo of pituitary gland development, as is likely in T18 and
HPEs in general, will greatly influence the morphology of
the sella turcica (Kjaer I, 2012). In this case, the dorsum sella
is the only structure present, and the superior, lateral and
anterior boundaries of it and the cavernous sinus are absent
(Fig. 4B). Thus, the undifferentiated pituitary gland was
exposed to the overlying brain with no apparent infundibu-
lum, and was held on dura mater, but not in bony material.
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Deviations in the morphology of the sella turcica appear
to vary according to the syndrome. As opposed to the aber-
rations in the posterior wall of the sella turcica seen in this
example of a severe case of T18, the anterior wall of sella
turcica can be affected to different degrees in other condi-
tions, especially trisomy 21, ranging from a slight depression
in the lower aspect of the anterior wall to more severe cases
where the anterior wall is completely separated from the
posterior wall (Kjaer et al. 1998a,b). This supports a closely
coordinated relationship between the pituitary gland and
sella turcica where divergent morphologies of the pituitary
gland influence malformations in the sella turcica.

Cranial foramina

There were obvious abnormalities in the presence, location
and size of foramina through which CNs enter and exit the
basicranium. Developing CNs follow paths set by neural crest
cells through the dense mesenchyme (Freter et al. 2013),
and cartilage development through mesenchymal conden-
sation takes place after CNs and blood vessels have devel-
oped. This results in the demarcation of a specific location
for foramina before bones are fully formed (McBratney-
Owen et al. 2008). Overlying neural tissue, such as CNs, pro-
vide inductive signals to the surrounding cartilage to form
osteogenic centers that will then ossify, forming a foramen.
Without proper CN development, guidance in formation of
the foramina is impaired. In addition, differentiating affer-
ent and efferent neural tissue also provide guidance for
bone development from cartilaginous precursors. As previ-
ously stated (see above: eye development), we found a sin-
gle optic foramen, and spaces that could represent an
absent superior orbital fissure on one side and an enlarged
superior orbital fissure on the other, resembling an open
space, i.e. not demarcated by the lesser wing of the sphe-
noid bone, where the optic canal is usually found. Further-
more, both foramen rotundum and foramen ovale are
displaced in the greater wing of the sphenoid bone, which
may be due to the absence of the constraints that would
have been provided by the sphenoid bone, producing
meandering paths of the maxillary (CNV2) and mandibular
(CNV3) divisions of the trigeminal nerve, respectively. The
petrous part of the temporal bone was abnormally large
and dense in the CT scans compared with controls, with
enlarged internal acoustic meatus detected in gross dissec-
tions. Compared with the controls, with a tight fit of CNVII
and CNVIII in the foramenal aperture, the T18 had small,
seemingly not fully differentiated nerves located in the
internal acoustic meatus opening (Fig. 8B). The more poster-
ior hypoglossal canal, although medially located, seemed no
different than the control (not shown), consistent with only
mild defects in the posterior cranial skeleton. The position
of the jugular foramen was also conserved in T18 compared
with the control. Much like the pituitary-sella turcica inter-
action, it seems neural formation dictates osteogenic activity
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for formation of foramina. Notably, the posterior cranial
fossa formed and was bordered by a widened foramen mag-
num that measured two-three times the width of the age-
matched control fetus, along with sparse occipital shelves.

Conclusion

The complex osteogenic-neural dynamics in craniofacial
development are integral in the understanding of the
pathophysiology of genetic malformations. The cranial base
is crucial for craniofacial patterning due to its remarkable
interactions with the bordering and resident brain, pituitary
gland, and eye. Its intricacy may be attributed to the conflu-
ence of signaling pathways and the vigorous interactions
that drive their functional and morphological properties. In
our presentation of a specimen with synophthalmia and
alobar HPE in a T18 background, we have given further
insight into the involvement of these multifaceted interac-
tions on the interplay between bone and brain. This speci-
men with a translocation at 18p11.31 provides further
evidence that transcription factors involved in neural pat-
terning, such as TGIF, are crucial for proper neural and cra-
nial development, and for the complexities of HPE.
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