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Abstract

Cranial foramina are holes in the skull through which nerves and blood vessels pass to
reach both deep and superficial tissues. They are often overlooked in the literature; however
they are complex structures that form within the developing cranial bones during
embryogenesis and then remain open throughout life, despite the bone surrounding them
undergoing constant remodelling. They are invaluable in assigning phylogeny in the fossil
record and their size has been used, by some, to imply function of the nerve and/or blood
vessel that they contained. Despite this, there are very few studies investigating the
development or normal function of the cranial foramina. In this review, we will discuss the
development of the cranial foramina and their subsequent maintenance, highlighting key
gaps in the knowledge. We consider whether functional interpretations can be made from
fossil material given a lack of knowledge regarding their contents and maintenance. Finally,
we examine the significant role of malformation of foramina in congenital diseases such as

craniosynostosis.

1. Cranial Foramina

The cranial foramina are small holes that are found within the skull bones of all craniate
vertebrates. They are the conduits for nerves and blood vessels passing through the bones,
which provide innervation and nutrition to both deep and superficial cranial tissues. These
bony cavities ensure that the nerves and blood vessels are not compressed or occluded by
surrounding skeletal tissue. The foramina arise during embryonic development and once
formed, normally remain open throughout the life of the organism. However, in a number of
syndromes and diseases, the foramina can fail to form or they form and then close which
can result in nerve and blood vessel damage. Thus, it is important to understand how they

develop and are maintained throughout life.
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The term foramen means an “opening” and is used to describe a number of other anatomical
structures both within skeletal tissue, such as the apical foramen of the tooth, and non-skeletal
tissues such as the foramen ovale of the foetal heart and the foramina of Monro which are
channels connecting the ventricles of the brain. With regards to the cranial foramina, the
largest is the foramen magnum which allows the passage of the spinal cord, spinal and
vertebral arteries and veins through the skull base. This cavity forms in the embryo at the
boundary between 4 individual elements that comprise the occipital bone (basi-occipital,
supra-occipital and paired exo-occipital bones) rather than within a skeletal element itself.
These separate elements later fuse to form the occipital bone. In contrast, the majority of other

cranial foramina are found within individual skeletal elements.

The cranial foramina develop in precise topographical locations that are typical to specific
species. The literature contains a considerable array of nomenclature for the adult cranial
foramina and there is variation in the described nerve and blood vessel contents between
different species, particularly in birds. However, most cranial foramina appear to contain both

a nerve and a blood vessel [1-5].
2. Development of the Cranial Foramina
2.1 Cranial foramina develop in skeletal elements of differing embryological origin

The vertebrate skull is a complex structure; whilst seemingly one unit, it comprises the
viscerocranium (facial skeleton), the chondrocranium (the skull base) and the
dermatocranium (skull vault), which have different developmental origins. In contrast to the
mesodermally derived axial and appendicular skeletons, the skull has contributions from the
neural crest as well as somitic and cranial paraxial mesoderm [6-7]. A number of fate
mapping studies using quail/chick chimeras [8-9] as well as retroviral labelling [10] have
shown that the majority of the chick facial skeleton (viscerocranium) and part of the rostral
frontal bone (a component of the dermatocranium) are of neural crest origin with the
remaining dermatocranium being of cranial mesodermal origin (Fig. 1). Similar studies using
genetic labelling of neural crest with wnt1-cre and somitic mesoderm with Mesp1-cre in mice
[11-13] and zebrafish neural crest with Sox10-cre [14] have shown the conserved evolution
of this pattern in other vertebrates. The chondrocranium (skull base) has also been
extensively mapped using quail-chick chimeras [6, 15]. The basi-occipital, exo-occipital and
basi-postsphenoid bones are largely derived from the first five somites in the chick [6, 16],
with the supraoccipital bone having a cranial paraxial mesoderm (non-somitic) origin [6]. In
the both chick and mouse, the otic capsule is partially derived from head mesoderm and

partially derived from neural crest [7, 17] (Fig. 1).
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In addition to the complexity of tissue of origin, there are also two different mechanisms of
ossification at play in the vertebrate skull. The first; endochondral ossification occurs in a
number of cranial skeletal elements as well as those in the axial and appendicular skeleton.
It involves the formation of bone via a cartilage template that is laid down early in
development [18]. This process is initiated by the condensation of uncommitted
mesenchyme, driven by the expression of the SRY transcription factor Sox9 [19-22].
Commitment to the cartilage phenotype involves the expression of Sox 5 and 6 [23] followed
by expression of genes such as aggrecan which drive chondrocyte differentiation and
production of extracellular matrix [24]. The final step is hypertrophy of this template to allow
the invasion of blood vessels and the deposition of osteoblasts that will differentiate into
bone [25]. It has recently been discovered that some of the hypetrophic cartilage cells
transdifferentiate into osteoblasts rather than being removed through apoptosis or autophagy
[26, 27].

In contrast, intramembranous ossification involves direct differentiation of mesenchyme into
osteoblasts without a cartilage template. The mesenchyme is initially dormant for a long period
of time in development before the differentiation process commences. BMP, Wnt, Ihh and
PTHrP (parathyroid hormone related protein) signalling play roles in intramembranous
ossification [28-29].

However, both models of ossification are very similar when it comes to the formation of bone.
The osteoblasts mature into osteocytes and secrete a bony matrix. The molecular pathways
involved in osteocyte differentiation involve the expression of runx2, osterix, osteopontin and

osteocalcin [30-32].

Therefore, cranial foramina in the head can be sub-divided depending on the origin of the
tissue they develop in and the mode of ossification. Table 1 details the location, subtype and
timing of development of key cranial foramina in the chick embryo as an illustration of the
variety of cranial foramina. Thus examples of foramina within neural crest derived
intramembranous bones are the infraorbital and palatine, developing in the palatine and
maxillary bones of the viscerocranium respectively (Fig. 2A and B). In contrast, hypoglossal,
carotid and jugular foramina forming in the occipital bones of the chondrocranium are within
mesodermal endochondral bones. These foramina initially develop in the cartilaginous
template (Fig. 2C) and remain open as the template is replaced by bone (Fig. 2D). These

differing origins may have a major impact on the cellular and molecular mechanisms
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controlling the formation of each sub-type of cranial foramina and may also have impact
upon the mechanisms that maintain them throughout life. This differing origin could also
explain why sub-sets of foramina may develop abnormally or close in specific congenital
syndromes and diseases while others are unaffected. However, currently little is known
about the overall mechanisms of development of foramina and sub-type differences have not

been investigated.

2.2 Mesenchymal clearance in the developing cranial foramina.

At present, there is little published literature available concerning the development of
foramina in any species. We have used the chick embryo model to examine the
development of the foramina of the occipital bones; the jugular, the carotid and the
hypoglossal that develop in mesodermally derived skeletal elements formed through
endochondral ossification (Fig. 2, Table 1). They are first visible in section at HH31 (Day 7 of
development) as a region of mesenchyme surrounding a blood vessel and/or nerve that is
less dense than the surrounding mesenchyme that will form the basi- and exo-occipital
cartilages [43]. By HH 34 (Day 8 of development), the mesenchyme immediately adjacent to
the nerve and blood vessel has become more sparse and is bordered by cells with a
flattened morphology that resemble a perichondrium. The jugular foramen appear more
distinct than the hypoglossal foramen at this stage of development (Fig 3 A, B). By HH 35
(Day 9), there is a distinct foramen with a boundary between the condensing mesenchyme
(that will become cartilage) and the sparse undifferentiated cartilage of the foramen itself
(Fig 3 C, D). The shaping of the jugular foramen conforms to that of the blood vessel
however the relationship between hypoglossal foramen shape and contents does not appear
to be as close at this stage of development. The foramen at HH 43 (Day 17) is well

developed with little mesenchyme now present in the cavity (Fig3 E, F).

A similar clearing of mesenchyme is also seen in the development of the limb synovial joint,
a skeletal cavity that has been studied in some detail. This cavity is thought to develop by
either cavitation of proliferating cells, apoptosis of mesenchymal cells within the joint space
or a combination of these mechanisms [33-36]. In contrast, in the cranial foramina, analysis
of cell proliferation patterns indicate that increased cell proliferation does not coincide with
formation of the cavity but that it may play a role in refinement of the size of the cavity once
formed. Similarly, apoptosis does not seem to play a role in clearing mesenchyme from the
foramina [37]. Thus there appears to be other, as yet unidentified, cellular mechanisms

involved in the clearance of mesenchyme of the foramina space.

2.3 The role of nerves and blood vessels in formation of the cranial foramina
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The question of what is directing this cavitation process is still unanswered, however the
nerves and blood vessel are likely candidates. The innervation of the head is complex and
comprises motor, sensory, parasympathetic and sympathetic innervation [38-39]. The timing
of axonal outgrowth from each nerve population is varied but the majority of major nerves
have grown into the developing chick head regions by HH19-23 [40], prior to mesenchymal
condensation or differentiation and foramina development. In contrast, myelination of nerves
occurs later in development, after condensation of the mesenchyme (e.g. around HH29 for
the hypoglossal nerve) [37, 41]. Thus it is clear that the nerves are present prior to
skeletogenesis and do not tunnel through condensing, differentiating or differentiated
mesenchyme, suggesting a role for them in creating a “zone of inhibition” of developing
cartilage and bone to allow a cavity to develop. This zone of inhibition can be seen in the
developing occipital foramina using the expression of the prechondrogenic gene Sox9. The
mesenchyme that is adjacent to the cranial nerves blood vessels initially expresses Sox9
prior to any changes in the mesenchyme (between HH 21-27, Day 3.5-5.5 of development in
the chick embryo). However, just prior to the change in mesenchyme density, Sox9
expression is lost in this population while it is maintained in the denser mesenchyme, more
distant to the blood vessel and nerve [37]. These Sox9 negative cells are subsequently
cleared during foramina development. This may suggest that the blood vessel and nerve
have some role in controlling the fate of mesenchymal cells closest to them, preventing them

from progressing along the cartilage differentiation pathway.

We have used the developing chick model to directly test whether nerves play a role in
foramina induction. Unilateral ablation of the hypoglossal nerve, through removal of one half
of the neural tube at the level of somite3/4 to the base of the heart loop, results in loss of the
ventral nerve rootlets that normally traverse the basi-occipital through the hypoglossal
foramina, a group of 3 foramina each side of the midline. We found that this ablation also
resulted in maintained Sox9 expression in the mesenchyme, a lack of mesenchymal clearing
and cavitation and the absence of foramina (unpublished observation). This suggests that

nerves are likely to play a significant role in foramina development.

The direct role of the vasculature in the development of the cranial foramina is less clear as
similar ablation experiments have not been performed in the chick model. However,
evidence does come from human syndromes where there is malformation of the vasculature,
such as Persistent Stapedial artery (PAS) syndrome, a rare anomaly that is due to failure of
regression of the embryonic stapedial artery that is associated with alterations in the course

of the internal carotid artery and absence of the normal middle meningeal artery. The middle



meningeal artery normally traverses the foramen spinosum however in PAS syndrome, this
foramina is absent which is attributed to the loss of the artery [42]. Congenital agenesis or
hypoplasia of the internal carotid artery also occurs in humans, which can involve narrowing
or even absence of this artery and this is accompanied by a narrowed or absent carotid
canal (foramen) [43], again suggesting that the vasculature plays a direct role in foramina
development and maintenance. However, this evidence should be viewed with some caution
as the cause of these vascular abnormalities are typically unknown and an underlying
abnormality in the developing bone that could account for the abnormal foramina cannot be

completely ruled out.

Interestingly, a recent paper investigating the postnatal development of meningeal lymphatic
vessels in mice, has shown that these vessels form around the cranial foramina before
extending [44]. This could mean that there is an intriguing interplay between the vascular
system and foramina such that the development of the foramina may be regulated by
arteries and veins and in turn, the foramina may act to direct formation of lymphatic vessels,

although more functional work is required to substantiate this theory.

There may also be multiple mechanisms controlling the formation and maintenance of the
foramina cavity at different stages of development. Evidence points to this in the
endochondral occipital foramina (jugular, carotid and hypoglossal) where there is a steady
increase in diameter of each from the time they first appear in the mesenchyme on day 6/7
of incubation (HH 29/30) up to day 9/10 (HH35/36) in the chick embryo. This is followed by a
considerable reduction in diameter for several days before the foramen widens again [37].
This period of narrowing coincides with the transition from cartilage to bone in the occipital
skeleton (Fig. 2D), suggesting that the mechanisms preventing cartilage formation may not
be sufficient to initially prevent the encroachment of bone and other mechanisms may be

required to keep the endochondral foramina patent.

3. Do cranial foramina play a role in interpreting function in fossil evidence?

Cranial foramina are well preserved in fossil skulls and are one of a number of features that
are commonly used to assign phylogeny in a broad range of vertebrate species (see for
example [45-47] and references within these papers). In particular the important role of the
cranial foramina, amongst a number of other craniovascular imprints on the endocranial
cavity, in human bioarcheology and anthropology has recently been extensively reviewed by
Pisova et al 2017 [48]. These and a number of other studies suggest that foramina size,

shape and area can imply functionality of the nerves that they housed during the lifetime of
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the animal. For example, the size of the carotid foramen has been employed as a proxy for
blood flow to the brain to determine if disproportionate increases in the blood flow rate, and
thus metabolism, contributed to increased brain volume during hominin evolution [49]. The
carotid foramen houses the internal carotid artery that carries blood to the brain; it has been
proposed that internal carotid arterial size (and thus blood flow and metabolic rate) is closely
linked to cognitive ability [49]. While the internal carotid artery diameter is itself dynamically
regulated by the rate of blood flow, this analysis relies on the assumption that the size of the
bony foramen is determined solely by the diameter of the artery and that other contents
(nerve and/or extracellular matrix) play no role in the regulation of foramen size in the adult.
However, we know little of how foramina size is regulated in normal developing or adult bone

and how dynamic this process may be.

Similarly, Bird et al have investigated foramina as a proxy for olfactory ability in the fossil
record [50]. The cribriform plate of the ethmoid bone contains numerous small foramina that
allow passage of olfactory sensory neuron axons from the olfactory epithelium of the nose to
the olfactory bulb of the brain. These neurons undergo constant turnover in adult life and are
replaced by neurons generated by stem cells in the olfactory epithelium [51]. The axons of
these regenerating neurons are thought to track through existing foramina, established
during development of the cribriform plate, to reach the olfactory bulb. Bird et al concluded
that cumulative cribriform plate foramina area measured in fossil skulls could be a useful
correlate to olfactory ability in carnivora. However, these foramina may close due to loss of
neurons, such as with head trauma, neurodegenerative disease [52] or with age [53] and an
age related decrease in cribriform plate foramina area has been identified in humans [54].
Thus without detailed information about the age of the animal and any potential injuries that
could have led to significant neuronal loss, it is difficult to conclude that there is a direct

relationship.

The validity of using foramina in these functional interpretations when their contents are not
well documented across species is questionable. The infraorbital foramen houses the
maxillary branch of the trigeminal nerve, a sensory nerve that innervates much of the upper
jaw, including the sensory vibrissae present in many mammals. The size of the infraorbital
foramen has previously been used to infer sensory function in both an ecological and
evolutionary context. However there is conflict in the literature regarding the contents of this
foramina and whether it contains both a vein and artery as well as the maxillary nerve in all
mammals [45]. Muchlinki examined the infraorbital foramen in a range of extant mammalian
species using fresh cadavers, investigating the content as well as the relationship between

the size of the infraorbital foramen and the nerve. In this case, there was a close correlation
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between the two, indicating that infraorbital foramen size is a good proxy for maxillary nerve
size and by implication, function. However this foramina only contains a small artery and
vein so it is not clear if this relationship would hold in species where there are variations in
the contents of this foramen. Equally, it is not clear how strong this relationship would be in
other foramina, where there are larger blood vessels in addition to the nerve. In many
species, neither the actual contents nor the sizes of the blood vessels and nerves within the
foramina are well documented which can lead to misinterpretation. Indeed Muchlinki points
out that the size of the hypoglossal canal that houses axons of the motor hypoglossal nerve
innervating the tongue had previously been implied as an anatomical proxy for the
appearance of humanlike speech in the fossil record [55]. It was suggested that the larger
size of this foramen in humans was due to increased hypoglossal nerve area allowing for
fine motor control of the tongue [55]. However, further investigation in humans demonstrated
that the nerve was a minor component of the content, with the venous plexus being a much
bigger contributor [56]. Thus, the vascular contents and not the nerve likely dictate the

overall size of this foramen.

4. Diseases and Syndromes in involving the cranial foramina

A number of congenital syndromes and other diseases involve the cranial foramina. Failure
to form in the embryo, abnormal morphological development or narrowing/closure during
adulthood can lead to blindness, deafness, facial paralysis and raised intracranial pressure

which can result in death, depending on which foramina are affected [57-59].

Understanding the contribution of the cranial foramina to disease can be complicated by the
large amount of normal anatomical variation in location, shape, size and content of the
cranial foramina in humans. These variations are best described for cranial foramina that
have surgical significance such as the lingual [60-61] and the mental foramen [62-63], where
significant variations are reported. It is likely that there are similar normal variations in other

cranial foramina.

4.1 Craniosynostosis and achondroplasia

Craniosynostosis syndromes involve premature fusion of cranial sutures. The majority of
these are due to FGFR mutations, although mutations in other genes such as TWIST1 are
also reported [64-68]. What is less well known is that both humans with these syndromes
and animal models of craniosynostosis typically present with either smaller and/or
malformed cranial foramina. In particular, narrowing of the jugular vein and foramen occurs

frequently in FGF receptor related syndromic craniosynostosis (e.g. Aperts, Pfeiffers and



Crouzons) and this typically results in raised intracranial pressure that is not alleviated by
surgery upon the fused sutures [69]. Fgf signalling is involved in multiple steps of both
cartilage and bone development and the dominant active receptor mutations that cause
these syndromes result in premature differentiation of skeletal tissue [70]. Thus these
foramina phenotypes suggests that the dynamic interplay between the bony foramina and
the vascular contents that normally ensure that the vessels are not compressed is lost in

these syndromes and must involve aspects of FGF signalling.

Individuals with TWIST1 mutations present with Saethre-Chotzen syndrome which features
synostosis of the coronal suture; raised intracranial pressure is also commonly associated
with this condition although this had not been specifically attributed to jugular vein or
foramen stenosis [71]. A recent paper by Tischfield et al 2017 [72] highlighted the complex
relationship between the developing cranial skeleton and vasculature in craniosynostosis. In
this study they demonstrate that both humans with Saethre-Chotzen syndrome and mouse
models of the disease have abnormal cranial venous development secondary to abnormal
cranial bone development with associated jugular foramen stenosis and features of raised
intracranial pressure. Using mouse models they demonstrated that TWIST1 normally
regulates BMP signalling in skeletal progenitor cells, which in turn, directs the formation of
the cranial venous vessels through paracrine signalling. This interplay is lost in Saethre-
Chotzen syndrome where there is TWIST1 haploinsufficiency causing abnormal cranial
skeletal development, resulting in cerebral vein malformations. However, from these models,
it is not clear if the jugular foramen malformations identified are due to skeletal malformation,
vascular abnormalities or both and further investigations are required to identify the detailed

mechanisms that underlie raised intracranial pressure in this syndrome.

Achondroplasia is a form of short limb dwarfism in humans and over 95% of cases are due
to a gain of function mutation in the FGFR3 gene which, similar to craniosynostosis, leads to
premature differentiation of cartilage. As a consequence, individuals with achondroplasia
have reduced stature and other pathologies. Both humans with achondroplasia and mouse
models of this disease have a high incidence of cranial foramina malformations [73, 59] such
as stenosed jugular and hypoglossal foramina which can lead to jugular venous

hypertension and associated difficulties with breathing, amongst other symptoms.

Therefore components of craniosynostosis and achondroplasia syndromes such as hearing
loss, visual loss and raised intracranial pressure may be, at least in part, due to abnormal

foramina rather than due to fusion of sutures alone.



4.2 Hyperostosis and Sclerosis

Mutations in the Sclerostin (SOST) gene lead to different forms of hyperostosis, a group of
pathologies associated with excessive bone deposition. The SOST gene codes for a
secreted protein that is produced by osteocytes and binds to the LRP5/6 receptor on the
surface of osteoblast cells. The resulting signalling inhibits bone formation through
suppression of Wnt signalling. Therefore loss of function of SOST results in increased Wnt
signalling, which in turn promotes differentiation of osteoblasts and the formation of bone

[31].Thus SOST is a potent regulator of bone formation.

The most severe hyperostosis syndrome associated with SOST, craniodiaphyseal dysplasia,
is a rare loss of function autosomal dominant disease that manifests as hyperostosis of the
skull and facial bones with excessive deposition of calcium in the cranial bones [74]. In this
syndrome, cranial foramina are narrowed from early childhood and eventually close,
resulting in compression of cranial nerves, typically leading to blindness and deafness, as
well as raised intracranial pressure [75]. Sclerosteosis and Van Buchem Disease are loss of
function autosomal recessive diseases caused by different mutations in the SOST gene but
present with milder symptoms than craniodiaphyseal dysplasia, although individuals with

these syndromes can also manifest with narrowed cranial foramina and compressed nerves.

4 .3 Chiari malformation

Chiari malformation type | is characterised as a protrusion of cerebellar tonsils towards the
spinal canal via the foramen magnum, due to a reduced volume of the posterior fossa of the
skull [76]. It is often associated with syringomyelia, a cavity in the spinal cord filled with fluid
[77]. It is a relatively common disease in humans with suggested incidence between 1:1000
to 1:5000 [78] but can be asymptomatic. The pathophysiology of Chiari malformation type 1
is complex. It is believed to be a polygenic trait and it often presents with other conditions,
such as craniosynostosis [79], thus it has proved difficult to dissect the pathological
mechanisms underlying the condition. Dogs also suffer from Chiari-like malformation [80-81].
In particular, specific breeds such as the Cavalier King Charles Spaniels have a very high
incidence; over 95% of this breed are thought to have this condition thus facilitating
understanding of the condition. Schmidt et al (2012) investigated the jugular foramen in this
breed and identified stenosis of this foramen, resulting in raised intracranial venous pressure

[82] suggesting abnormal foramina may also play a role in the pathology in dogs.
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Hydrocephalus and raised intracranial pressure also occurs in a subset of human Chiari
malformation type 1 patients and it has been hypothesised that stenosis of the jugular
foramen may contribute to these symptoms [83]. However a comprehensive study of

foramina morphology in humans with Chiari malformation type 1 has yet to be performed.

4.3.1 Osteopetrosis

Osteopetrosis is a disease in which bone resorption is defective due to abnormal osteoclast
function or a total absence of osteoclasts. There are at least 8 genes that have been linked
to an osteopetrotic pathology in humans (reviewed in [84]). There are both autosomal
recessive and dominant forms of the disease with the most severe phenotypes seen in the
recessive forms; some of these manifest in early childhood. The cranial bones seem to be
particularly affected and there are few treatment options other than haemopoetic stem cell

transplants [84].

One of the prominent features of osteopetrosis is the closure of the cranial foramina which
leads to compression of cranial nerves and blood vessels resulting in loss of vision and
hearing, other neuronal deficits and increased intracranial pressure [85]. This demonstrates
a significant role for the osteoclast in maintaining the patency of the foramina once formed.
However, what controls the function of these osteoclasts is not clear but, similar to the
developing foramina, the blood vessels and nerves are likely to exert some influence, either

through secreted molecules, variations in blood pressure or other mechanisms.

We have investigated whether osteoclasts also play a role in development of the occipital
foramina in the chick embryo. Tartrate Resistant Alkaline Phosphatase (TRAP) staining was
used to identify osteoclasts between HH31 to HH43 (Day 7-17). There was little TRAP
positive staining in the foramina at any stage except for HH34 (Day 8), where multi-
nucleated TRAP positive cells could be seen within the mesenchyme of the jugular,
hypoglossal and carotid foramina. At later stages, HH38-43 (D12-17) TRAP positive cells
were clearly visible in other areas of cranial bone, resorbing the bone matrix (unpublished
observations). Thus there does not appear to be a significant role for the osteoclast in the
development of the occipital foramina in the chick. In keeping with this, c-fos knockout mice,
which lack functional osteoclasts, still develop cranial foramina [86].

Concluding remarks

Foramina are often overlooked structures, however it is becoming clear that there are
complex events involved in their development in the embryo and subsequent maintenance

during adult life. Their role in disease that can lead to severe occlusions of major cranial
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nerves and blood vessels leading to blindness, deafness and raised intracranial pressure
which can be fatal. This warrants further investigations into the mechanisms of development

and maintenance both in model species such as the chick embryo and in man.
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Table 1 Location and stages of development of key cranial foramina in the chick embryo

Name of chick | First overt | Endochondral | Location of cranial | Mesoderm or
cranial appearance  of | or Dermal foramina within | neural crest-
o cranial foramina cartilage/bone derived
in chick embryo

Carotid Day 7 - HH31 Endochondral Exo-occipital Mesoderm
Jugular Day 7 — HH31 Endochondral Exo-occipital Mesoderm
Hypoglossal Day 7 - HH31 Endochondral Basi-occipital Mesoderm
Optic canal | Day 7-HH31 Endochondral Sphenoid Dual origin
(Optic (Basi-post-sphenoid s
foramina) mesoderm derived, basi-

presphenoid is neural

crest derived)
Ophthalmic Day 7 - HH31 Endochondral Basi-post sphenoid Mesoderm
artery
foramina
Small optic | Day 9 — HH35 Endochondral Orbit - basi-pre- | Neural crest
foramina sphenoid
around the
eyes
Mandibular Day 10 — HH36 Dermal Angular Neural crest
Palatine Day 11/12 — | Dermal Palatine Neural crest

HH37/38
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Figure 1: Diagrams of the developing chicken skull, showing the mesoderm-derived
bones of the skull (blue) and the neural crest-derived bones of the skull (red) with key
foramina labelled. Part a shows the base of the chicken skull, Part b shows the side view of

the chicken skull [37].
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Figure 2

Figure 2 Subtypes of cranial foramina in the developing chick embryo.

Alcian blue and Alizarin red stained whole chick embryo skulls. A) The intramembranous
neural crest derived palatine foramen (pf) can first be identified at Day 12 (HH38) as a
prominent hole in the maxillary bone of the viscerocranium. B) Later in development,
these holes appear more discrete, suggesting remodelling occurs. C) Endochondral
mesoderm derived foramina form in the chick occipital skull of the chondrocranium from
day 8 of development — here we can see 2 of the 3 hypoglossal foramina (hf) and the
jugular foramina (jf). D) While the occipital foramina initially develop in the cartilaginous
template (Figure 2C), they remain open as the template (blue) is replaced by bone (red).
However there is temporary but significant narrowing of the foramina during the cartilage
to bone transition suggesting that there may be different mechanisms controlling

foramina development at different developmental stages.
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Figure 3

Figure 3 Histological sections of the developing occipital foramina in the chick
embryo

Sections through the developing chick embryo head between HH34 and 43 (Day 8-17)

stained with H&E. Jugular foramina (jf) and hypoglossal foramina (hf) are shown

A, B) Jugular and hypoglossal foramina at HH34, just after onset of foramina
development. The prominent blood vessel with adjacent nerves are surrounded by
mesenchyme. The mesenchyme more distant to the blood vessel and nerve is denser.
The intersection between the more sparse and dense mesenchyme is demarcated by

flattened cells (black arrowheads), reminiscent of a developing perichondrium.
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C, D) Jugular and hypoglossal foramina at HH35. The mesenchyme adjacent to the
blood vessel and nerve is now much sparser than at a distance and the edge of the
foramen is distinct in each case. The shape of each foramen is also distinct. In the case
of the jugular foramen, the shape conforms to that of the blood vessel (see also images
in [37]) although this relationship is less clear in hypoglossal foramina. Note that the

blood vessel is not always central within the developing foramina.

E, F) Jugular and hypoglossal foramina at HH 43. The foramina are now very distinct
with little mesenchyme within the cavity. The mesenchyme in the jugular foramen (E)
resembles a suspensory structure between the blood vessel and foramen edge. In
contrast the mesenchyme in the hypoglossal foramen shown (F) is not organised and is

loosely associated with the blood vessel.
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