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ABSTRACT
The coelacanth Latimeria is the only extant vertebrate in which
the neurocranium is divided into an anterior and a posterior portion
which articulate by means of an intracranial joint. This articulation is
thought to allow an elevation of the snout up to 20-degree angle,
which is supposed to enhance mouth gape and velocity, in turn allowing for a powerful suction. Several functional models have been proposed to explain the skull movement in Latimeria, but they disagree
on the mechanisms responsible for mandibular depression and intracranial elevation, and more precisely on the role and mobility of the hyoid
apparatus during these processes. We here show that the m. coracomandibularis spans ventrally to the palate-mandible joint, and is likely
involved in mandibular depression. The hyoid apparatus is sheathed by
several layers of ligaments, rendering extensive movements of the
hyoid bones in the anteroposterior direction unlikely. Together with the
manipulation of the 3D virtual model of the skull, these observations
suggest that the hyoid arch is less mobile than previously proposed,
and that the movements proposed in previous models are unlikely. In
the light of our new observations, we suggest that the mechanisms
proposed for explaining the intracranial elevation are incomplete. Moreover, we suggest that the extensive movements of the hyoid arch elements, which were thought to accompany intracranial elevation, are
unlikely. In the absence of intracranial elevation, we propose that the
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movements of the hyoid mainly take place in the transverse plane,
allowing the lateral expansion of the orobranchial chamber. Anat Rec,
C 2014 Wiley Periodicals, Inc.
298:579–601, 2015. V
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The coelacanth genus Latimeria, comprising the two
species L. chalumnae and L. menadoensis, is the only
extant representative of a group of lobe-finned vertebrates (sarcopterygians) the Actinistia, that originated
in the Devonian (410–365 million years ago). It is the
only extant vertebrate that bears a neurocranium
divided into two portions: the ethmosphenoid portion
anteriorly, and an otoccipital portion posteriorly. These
two portions articulate by means of an intracranial joint.
Among vertebrates, this feature is otherwise only present in fossil sarcopterygian fishes and was lost independently in tetrapods and in lungfishes (Ahlberg et al.,
1996; Friedman and Brazeau, 2010). The intracranial
joint is thought to play a role in prey capture by allow-

ing an elevation of the anterior portion of the skull (i.e.,
the palate and ethmosphenoid complex, Fig. 1) up to 20degree angle (Robineau and Anthony, 1973), thus
enhancing the gape and mouth opening velocity allowing
animal to perform powerful suction (Forey, 1998).
Several biomechanical models have been proposed
(Thomson, 1966, 1967; Cracraft, 1968; Thomson, 1969,
1970; Alexander, 1973; Robineau, 1973; Robineau and
Anthony, 1973; Thomson, 1973; Millot et al., 1978;
Lauder, 1980a) to explain the functioning of the skull in
Latimeria, but these studies relied on 2D models that
entail important simplifications. The lack of information
on some key anatomical structures combined to the lack
of in situ observations of the actual movements of the

Fig. 1. Cranial osteology in the coelacanth Latimeria chalumnae Smith (1939). (A–C) Left lateral view
and (D) ventral view of the skull showing the different skeletal elements of the skull. The cartilaginous portions are colored in blue. The posterior tip of the urohyal is show by transparency on (D).
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cranial elements during feeding has led to the proposition of a number of conflicting hypotheses on the role of
each musculoskeletal structure of the head during feeding, and the role of the intracranial joint therein.
All previous functional models of the skull of Latimeria during prey capture consider that the depression of
the mandible is accompanied by the elevation of the
anterior portion of the skull. In these models, both of
these movements are always associated with movements
of the elements forming the hyoid arch, that is, the ceratohyal, symplectic, interhyal and hyomandibula (Fig. 1).
Indeed, the hyoid arch was considered as a key element
involved in the transmission of the force(s) generated by
the hypobranchial musculature and responsible for the
elevation of the anterior portion of the skull (Thomson,
1966, 1967; Cracraft, 1968; Thomson, 1969, 1970;
Alexander, 1973; Robineau, 1973; Robineau and
Anthony, 1973; Millot et al., 1978; Lauder, 1980a). Moreover, the hyoid arch elements were thought to move
extensively in the sagittal plane as the mandible is lowered and the ethmosphenoid portion of the skull elevated. However, the different models disagree with
respect to the mobility of each element of the hyoid arch,
and in turn their role in the elevation of the anterior
portion of the skull.
Another controversy between previous functional models concerns the position and the role of two hypobranchial
muscles
in
mouth
opening:
the
m.
coracomandibularis and the m. sternohyoideus. Whereas
Millot and Anthony (1958) considered the m. coracomandibularis as responsible for mandibular depression,
Lauder (1980a) argued that rather the m. sternohyoideus is responsible for triggering this movement. This
aspect is important for the understanding of the functioning of the skull during mouth opening. Indeed, in
the models where the m. coracomandibularis is considered as driving the mandibular depression, the elevation
of the posterior tip (i.e., the postarticular part) of the
mandible initiates the movements of the hyoid arch and
the mechanism leading to the elevation of the anterior
portion of the skull (Thomson 1966, 1967; Cracraft,
1968; Thomson, 1969, 1970; Alexander, 1973; Robineau,
1973; Robineau and Anthony, 1973; Millot et al., 1978).
By contrast, Lauder (1980a) suggests in his model that
the contraction of the m. sternohyoideus triggers the
movements of the hyoid arch, which subsequently result
in the depression of the mandible and the elevation of
the anterior portion of the skull. In an evolutionary context, the model of Lauder (1980a) implies that the jawopening system in Latimeria retains ancestral features
of the osteichthyan feeding mechanism, that is, a mandibular depression driven by the m. sternohyoideus via a
ligamentous network between the hyoid arch and the
mandible (Lauder, 1980b, 1982).
A re-evaluation of the hyoid arch anatomy and its
associated musculature of Latimeria is needed to better
understand the skull mechanics in this species during
feeding. We here redescribe the anatomy of the hyoid
arch, as well as the hypobranchial, hyoid, mandibular
and cervical musculature of Latimeria in the light of a
recent dissection and mCT scanning of a specimen stored
in the Collections de Pièces anatomiques en Fluides at
the Museum national d’Histoire naturelle, Paris, France.
Based on the three-dimensional (3D) virtual model of
the skull, we assess whether the movements of the hyoid
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arch proposed in previous models are anatomically possible given the conformation of these elements, and estimate the range of movement of the hyoid arch under
different skull configurations. Based on these new anatomical observations, we discuss previous functional
models of the skull mechanics of Latimeria during feeding. Finally, we provide a new hypothesis for the movements of the hyoid arch elements and the mouthopening mechanism that remains to be tested in future
work based on in vivo observations.

MATERIAL AND METHODS
Specimen Studied
The specimen of L. chalumnae used in this study
(MNHN C24) is stored in the Collections of the Pièces
anatomiques en Fluide of the Museum national d’Histoire naturelle (MNHN), Paris, and referenced as CCC27
by the Coelacanth Conservation Council (Nulens et al.,
2011). The specimen was caught on August, 4, 1961 offshore Grande Comoro, Comoro Islands. The specimen is
an adult male, measures 132 cm, weighs 38 kg (measured on March 1971). After capture the specimen was
eviscerated and fixed in 8% formalin solution. The specimen was immersed in water for one month before dissection. Photographs were taken at all stages of the
dissection; the muscles and ligaments as well as their
insertions and origins were photographed in situ before
being removed.

CT-Scanning and Imaging
After dissection of one side of the head, the specimen
was immersed for one month in a solution of phosphomolybdic acid (5 in 70% ethanol) to increase the contrast
of the soft tissues. The specimen was scanned at the
AST-RX facility of the Museum national d’Histoire
naturelle, Paris, France, using the following scanning
parameters: voltage, 200 kV; current, 200 mA; number of
slices, 1,289; voxel size, 0.260 mm; field of view,
262.34 mm. A 3D reconstruction of the coelacanth head
was performed using MIMICS 15 (Materialise, Leuven,
Belgium). STLs were then imported in Studio Geomagic
(Geomagic, Research Triangle Park, NC) for editing.
Since the left lower jaw and palate were removed during
dissection, the STLs of their antimeres were copied and
reflected in Geomagic Studio to reconstruct these elements. The right side of the cartilage forming the otoccipital portion of the skull was also reconstructed based
on its antimere since it was not clearly observable on
the l-CT acquisition due to the low contrast on the right
side of the posterior portion of the skull. Cinema 4D Studio 15 (Maxon Computer, Friedrichsdorf, Germany) was
used for rendering the virtual 3D model of the skull and
for approximating the range of movement of the hyoid
elements when the mandible is depressed, as well as
when the anterior portion of the skull is elevated. To do
so, the hyomandibula and the symplectic-interhyal complex were rotated around their joints with the neurocranium and the mandible, respectively. The interhyal then
was moved in order to remain in contact with the hyomandibula. The elements of the hyoid arch were moved
until they were disarticulated (i.e., loss of bone-to-bone
contact) or in extensive bone-to-bone contact at different
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TABLE 1. List of anatomical abbreviations
Abbreviation
a.An
a.Cat
Acl
Ang
ant.pr
ap
a.Pa
Aut
Art
art.Cb3–5
art.Ch
art.Hy
a.w.Par
Bb
Bb.t.p
Boc
Bsph
Cb1–5
ci
Ch
Cla
co.pr.Ang
De
Dpl
Ecl
Ecpt
ET
Exo
f.VII.m
Gu
hn
Hy
ih
Ihy
i.j
L.e
l.j
L.r
lig.AMH1–2
lig.CH1–2
lig.CP
lig.IP
lig.HP
lig.MS
lig.PMH
lig.PP1–2
lig.SH1–4
lig.SI
m
m.add.Hy
m.a.lev.Hy
m.ccmd
m.c.s
m.c.p
m.ep
m.hyp
m.ih
m.im
m.p.lev.Hy
m.sth
Mpt
Na
Op
OT
ot.sh
Par
Part

Meaning of abbreviation
Anterior anazygal
Anterior catazygal
Anocleithrum
Angular
Antotic process
Aponeurosis
Anterior pair of parietals
Autopalatine
Articular
Articulations for the ceratobranchial 3 to 5
Articulation for the ceratohyal
Articulatory surface for the hyomandibula
Ascending wing of parapshenoid
Basibranchial
Basibranchial tooth plate
Basioccipital
Basisphenoid
Ceratobranchial 1 to 5
Ceratohyal-interhyal joint
Ceratohyal
Clavicle
Coronoid process of the angular
Dentary
Dermopalatine
Extracleithrum
Ectopterygoid
Ethmosphenoid portion of the skull
Exoccipital
Foramen for the mandibular ramus of the facial nerve
Gular plate
Hyomandibula-neurocranium joint
Hyomandibula
Interhyal-hyomandibular joint
Interhyal
Intracranial joint
Lateral ethmoid
Lower jaw
Lateral rostral
Anterior mandibulohyoid ligament 1 and 2
Ceratohyal-hyomandibular ligament 1 and 2
Ceratohyal-pterygoid ligament
Interhyal-pterygoid ligament
Hyomandibula-palate ligament
Mandible-symplectic ligament
Posterior mandibulohyoid ligament
Pterygoid-postorbital ligament 1 and 2
Symplectic-hyomandibular ligament 1 to 4
Symplectic-interhyal ligament
Mandible
M. Adductor hyomandibularis
M. Levator hyomandibularis anterior
M. Coracomandibularis
M. Cervicis superficiali
M. Cervicis profundi
M. Epaxialis
M. Hypaxialis
M. Interhyoideus
M. Intermandibularis
M. Levator hyomandibularis posterior
M. Sternohyoideus
Metapterygoid
Nasals
Opercle
Otoccipital portion of the skull
Otic shelf
Parasphenoid
Prearticular
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TABLE 1. (continued).
Abbreviation

Meaning of abbreviation

p.Cat
p.Co
p.f
p.g
Pmx
Pp
p.Pa
Pt.
pl
pm
pr.con
Pro
Q
Rart
Scc
si
sm
So
Soc
sph.co
Spl
spt.fos
Stt
Sy
Te
Uh
Vo
v.pr.p.Pa

skull configurations
mobility.

Posterior catazygal
Principal coronoid
Pectoral fin
Pectoral girdle
Premaxillary
Postparietal
Posterior pair of parietals
Pterygoid
Palate
Palate-mandibular joint
Processus connectens
Prootic
Quadrate
Retroarticular
Scapulocoracoid
Symplectic-interhyal joint
Symplectic-mandibular joint
Supraorbital series
Supraoccipital
Sphenoid condyle
Splenial
Suprapterygoid fossa
Supratemporal
Symplectic
Tectals
Urohyal
Vomer
Ventral descending process of the posterior pair of parietals

to

explore

maximal

potential

RESULTS
Osteology of the Coelacanth Skull
A short description of the osteological elements of the
coelacanth skull is provided here (Fig. 1). A more extensive description of these features in both extant and fossil coelacanths is available in the literature (Millot and
Anthony, 1958; Forey, 1998).
The skull of the coelacanth (Fig. 1) is divided into two
portions, the ethmosphenoid portion (i.e., the portion of
the skull anterior to the intracranial joint) and the otoccipital portion (i.e., the portion of the skull posterior to
the intracranial joint). These two portions are articulated by means of the intracranial joint. In dorsal aspect,
the intracranial joint spans transversally between the
posterior pair of parietals and the pair of postparietals.
To avoid controversy about the homology of the intracranial joint and the ventral fissure we will follow in this
paper the nomenclature of Dutel et al. (2013), who refer
to the “intracranial joint” as the entire division between
the two portions of the neurocranium.
Within the ethmosphenoid portion of the skull, the
lateral ethmoids form the lateral and ventral wall of the
nasal capsules, and are sutured to the anterior portion
of the parasphenoid. Posteriorly, this median bone is
sutured to the basisphenoid, which is a prominent,
median bone. The basisphenoid bears two lateral processes; a dorsal one, the antotic process, which articulates
with the palate, and a ventral one, the processus connectens, which articulates with the otic shelf of the otoccipital portion of the skull. The deep suprapterygoid

fossa lies anterior to the antotic process. The notochord
extends ventromedially to the otoccipital portion and
ends in contact with the posterior surface of the basisphenoid. The ethmosphenoid portion of the skull bears
a large cartilaginous portion, which extends from the
basisphenoid to the tip of the snout. It is covered by the
skull roof dermal bones dorsally, and is associated with
the parasphenoid and the lateral ethmoids ventrally.
The ethmosphenoid cartilage forms the orbital septum,
and encloses the braincase, the rostral organ and the
nasal capsules anteriorly.
The prootic forms the largest ossification of the otoccipital portion of the skull (Fig. 1). The prootic bears a
prominent anterior apophysis, the otic shelf, the medial
surface of which forms a sling joint for the processus
connectens of the basisphenoid. The entire posterior half
of the otoccipital portion of the skull is made of dense
cartilage. This cartilage covers the ventral surface of the
dermal bones of the skull roof anteriorly, as well as the
medial surface of the prootic. Posteriorly, the cartilage
embeds the supraoccipital, which is a medial ossification,
and the paired exoccipitals. The base of the otoccipital
portion of the skull is poorly ossified, and formed by four
small median bones: the anterior and posterior catazygals, and the anterior and posterior anazygals, are small
median bones that are lying ventrally and dorsally to
the notochord, respectively.
The palate (Fig. 1) is formed by four main ossified elements: the pterygoid, the quadrate, the metapterygoid,
and the autopalatine (Forey, 1998). Additionally, two
small tooth-bearing bones, the dermopalatine and the
ectopterygoid, are associated with the pterygoid and the
autopalatine. The palate articulates with the lower jaw
by means of the quadrate, and with the ethmosphenoid
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portion by means of the metapterygoid. Anteriorly, the
palate is attached to the lateral ethmoid by means of the
autopalatine (Dutel et al., 2013).
The hyoid arch lies free from the palate. The cartilaginous hyomandibula, the interhyal, the symplectic and
the ceratohyal (Forey, 1998) form an arch, which associates the mandible with the otoccipital portion of the
skull. The hyomandibula articulates by means of a
hinge joint onto the cartilage forming the rear of the
otoccipital portion of the neurocranium. The hyomandibular canal opens on the medial and lateral surface of
the bone, where the facial nerve emerges. The symplectic articulates to the mandible ventrally and with the
interhyal and the ceratohyal dorsally. Neopterygians
and chondrosteans actinopterygians also possess an
interhyal, but it is not homologous to that of coelacanths (Patterson, 1982). The ceratohyal is a curved
and laterally compressed bone, the anterior tip of which
articulates with the basibranchial. The latter bone lies
medial, is diamond-shaped, and covered by dermal tooth
plates. The series of ceratobranchials articulate ventrally along the lateral surface of the basibranchial (not
represented on Fig. 1) and dorsally with the neurocranium by means of the epihyals. The urohyal is a median
bone that attaches ventrally on the basibranchial. It is
elongated and dorsoventrally flattened. Its posterior tip
is bifid and overlaps the junction between the clavicles.

Anatomy of the Hyoid Arch
Five ligaments were described by Millot and Anthony
(1958): the anterior mandibulohyoid ligament, the posterior mandibulohyoid ligament, the inferior quadratohyoid ligament, the superior quadratohyoid ligament,
and the superior ligament of the symplectic.
The hyoid arch is covered by connective tissue and
numerous ligaments (Figs. 2 and 3). This complex network of ligaments makes the hyoid arch very rigid with
little mobility between the elements that compose it. The
connective tissue inserts at the base of the symplectic and
expands anteriorly to form a lateral sheet covering the
hyoid arch. Medially, a stiff fibrous tissue caps the ceratohyal and the interhyal. This fibrous tissue inserts medially on the ventral portion of the hyomandibula.
Anterior mandibulohyoid ligament 1 (Fig. 2, lig.AMH1): it is long and flat. It originates on the lateral
surface of the retroarticular, overlaps the symplecticmandible articulation as well as the anterior portion of
the symplectic, and inserts on the lateral surface of the
hyomandibula.
Mandible-symplectic ligament (Fig. 2, lig.MS): it is a
short ligament that originates on the retroarticular. It
sheathes the posterolateral surface of the symplecticmandible articulation, and inserts on the posterior side
of the symplectic.
Posterior mandibulohyoid ligament (Fig. 2, lig.PMH):
it originates on the ventral margin of the retroarticular,
posterior to the symplectic-mandible articulation. It
inserts on the anterolateral face of the ceratohyal, posterior to the dorsal tip of the symplectic. A sesamo€ıd cartilage is embedded in the dorsal tip of the ligament. This
ligament is put under tension when the ceratohyal
moves posteriorly (Fig. 3).
Ceratohyal-hyomandibular ligament 1 (Fig. 2,
lig.CH1): it originates on the ventrolateral surface of the

Fig. 2. Ligaments of the hyoid arch in Latimeria chalumnae Smith
(1939). Left lateral view of the skull.

head of the ceratohyal, runs anterodorsally, and inserts
on the lateral surface of the hyomandibula, as well as on
the ventral margin of the opercula.
Ceratohyal-hyomandibular ligament 2 (Fig. 2,
lig.CH2): it originates on the posterior margin of the
head of the ceratohyal, and inserts on the lateral surface
of the hyomandibula.
Medial mandibula-interhyal ligament (not shown on
Fig. 2): it originates on the medial surface of the posterior portion of the retroarticular, and inserts on the base
of medial surface of the interhyal. This ligament is
closely associated with the medial surface of the
symplectic.
Symplectic-interhyal ligament (Fig. 2, SI): it originates on the lateral surface of the symplectic, runs
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Fig. 3. Dissection of the hyoid arch in Latimeria chalumnae Smith (1939). (A–B) left lateral view of the
coelacanth head. Note the posterior mandibulohyoid ligament in tension (B) when the ceratobranchial
rotates around its joint with the symplectic.

dorsoventrally over the ceratohyal-pterygoid ligament,
and inserts on the lateral surface of the interhyal.
Pterygoid-postorbital ligament 1 (Fig. 2, lig.PP1): it
originates on the posterior margin of the postorbital,
runs posteroventrally, narrows towards its ventral tip,
and inserts on the medial surface of the pterygoid.
Pterygoid-postorbital ligament (Fig. 2, lig.PP2): it originates on the ventral portion of the medial surface of the
postorbital by mean of a large base (4 cm), runs under
the posterior cartilaginous margin of the pterygoid, and
inserts on the medial surface of the pterygoid.
Interhyal-pterygoid ligament (Fig. 2, lig.IP): it originates posteriorly on the lateral surface of the interhyal
as well as on the medial surface of ceratohyal-pterygoid
ligament, runs anterodorsally, and inserts on the posterodorsal margin of the pterygoid by mean of a large insertion surface (3.5 cm).
Ceratohyal-pterygoid ligament (Fig. 2, lig.CP): it originates on the lateral surface of the head of the ceratohyal, runs anteriorly and inserts on the medial surface
of the cartilaginous portion of the pterygoid by mean of
a short and narrow insertion.
Anterior mandibulohyoid ligament 2 (Fig. 2, lig.AMH2): originates on the mandible and inserts on the
anterodorsal edge of the symplectic, as well as on the
anteroventral edge of the hyomandibula. This ligament
is sheathed by a fibrous tissue, which forms the wall of
the buccal cavity.
Symplectic-hyomandibular ligament 2 (Fig. 2,
lig.SH2): it originates dorsally on the lateral side of the
symplectic. It is fused with the symplectichyomandibular ligament 4 at its origin. The symplectichyomandibular ligament 2 runs dorsoventrally, and
inserts on the ventral margin of the hyomandibula.
Symplectic-hyomandibular ligament 3 (Fig. 2,
lig.SH3): it is a short and thin ligament that originates
anterodorsally on the lateral surface of the interhyal.
It runs anterodorsally, and medially to the symplectichyomandibular ligament 2, and inserts on the ventral
margin of the lateral surface of the hyomandibula
where it fuses with the symplectic-hyomandibular ligament 2.

Symplectic-hyomandibular ligament 4 (Fig. 2,
lig.SH4): it originates on the dorsal portion of the anterior half of the symplectic. It sheathes the anterodoral
portion of the symplectic, runs dorsally, and inserts
anteroventrally on the hyomandibula.
Hyomandibula-palate ligament (Fig. 2, lig.HP): it originates on the anterior edge of the hyomandibula, runs
anterodorsally, and inserts on the medial surface of the
palate as well as on the levator of the hyomandibula.

Myology
Hyoid musculature.

The musculature associated
with the hyoid arch (Fig. 4) is composed of four muscles,
the anterior and posterior m. levator hyomandibularis,
the m. adductor hyomandibularis, and the m.
interhyoideus.
M. levator hyomandibularis posterior: it originates on
the lateral surface of the otoccipital portion of the skull,
posterodorsally to the hyomandibula. The fibers run ventral and posterior and insert on the posterior portion of
the lateral side of the hyomandibula as well as on the
medial surface of the opercula. Proposed function: abduction of the hyomandibula.
M. levator hyomandibularis anterior: The fibers run
posterodorsally, and insert on the lateral margin of the
ventral process of the supratemporal bone by mean of a
short aponeurosis. This muscle is divided into two bundles, a superficial one and an internal one, the fibers of
which follow the same direction. The internal bundle is
much shorter and thinner than the superficial one. The
fibers insert on the lateral margin of the ventral process
of the supratemporal, anterior to the insertion of the
first bundle. Proposed function: abduction of the
hyomandibula.
M. adductor hyomandibularis: it originates on the cartilage forming the posterolateral portion of the otoccipital division of the skull, and inserts on the medial
surface of the hyomandibula. Proposed function: adduction of the hyomandibula.
M. interhyoideus: The m. interhyoideus (Fig. 5) originates on the gular plate via an aponeurosis posteriorly
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Fig. 4. Dorsal muscles of the hyoid arch in Latimeria chalumnae Smith (1939). (A–B) left lateral view of
the skull, the purple areas (B) indicate the origin on the skull (B, left) and insertion on the medial surface
of the hyomandibula (B, right) of the m. adductor hyomandibularis. (C) ventral view and (D) ventroposterior views of the skull.

to the m. intermandibularis. It inserts on the ceratohyal
and merge with connective tissues towards the opercle.
The left and right aspects of this muscle meet in a
median raphe dorsally to the gular plates. The m. interhyoideus was described as the “m. geniohyoideus” by
Millot and Anthony (1958), and it was later recognized
as the homologue of the m. interhyoideus of lungfishes
and salamanders (Diogo et al., 2008). We did not formally report the m. interhyoideus in our previous paper
(Dutel et al., 2013) since it was considered as the posterior bundle of the m. intermandibularis. Proposed function: elevation of the depressed hyoid apparatus,
compression of the buccal cavity, and adduction of the
ceratohyal during mouth closure.

Hypobranchial musculature. The hypobranchial
musculature (Fig. 5) is positioned ventromedially to the
buccal cavity and is composed of the m. coracomandibularis, the m. sternohyoideus.
M. coracomandibularis: is a paired median muscle
that originates on the posterior tip of the urohyal and
anterior tip of the clavicles. Fibers run anteroposteriorly
under the ventral surface of the urohyal and insert on

the symphysis of the mandible. Anteriorly, fibers are
medially separated in two bundles along 4 cm, and then
fuse into a single bundle. The m. coracomandibularis is
tightly connected to the membrane forming the buccal
floor in its anterior half by mean of its epimysium. The
dorsal side the m. coracomandibularis is associated with
the basibranchial by a short aponeurosis and connective
tissues. Its ventroposterior surface is covered by connective tissue that stretches towards the dorsal head of the
ceratohyal. Proposed function: mandibular depression.
M. sternohyoideus: it originates on the anterior surface of the clavicle and inserts on the posterior end of
the urohyal. Posteriorly, the m. sternohyoideus is connected to the m. hypaxialis by means of an aponeurosis.
Fibers run anteroposteriorly and insert over the dorsal
surface of the urohyal. The muscle is bulky in its posterior portion and narrows anteriorly. Proposed function:
retraction of the urohyal and basibranchial complex
resulting in the lowering of the buccal floor.

Mandibular musculature. The m. intermandibularis posterior we previously described (Dutel et al.,
2013) corresponds the m. interhyoideus. The m.
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Fig. 5. Ventral musculature of the skull in Latimeria chalumnae Smith (1939). (A–C) ventral and (D) left
lateral views of the skull and pectoral girdle. The asterisk on (D) highlights the joint between the quadrate
and the mandible, and the purple area (C) represents the insertion of the m. sternohyoideus on the dorsal
surface of the urohyal. Only the ventral aspect of the m. hypaxialis is represented. (E, F) ventral view of
the skull and (G) ventral view of the pectoral region.

intermandibularis originates on the ventral margin of
the mandible, from the anterior tip of the splenial to the
middle of the angular, insert on each side on the gular
plate through an aponeurosis. The left and right aspects
of this muscle meet in a median raphe on the dorsal side
of the gular plates. A short anterior bundle originates
laterally to the mandibular symphysis, and insert on the
anterior tip of the gular plate. Proposed function: elevation of the depressed hyoid apparatus and compression
of the buccal cavity during mouth closure.

Cervical and pectoral girdle musculature.
The shoulder girdle of coelacanths lies completely free
from the skull. Dorsally, the latter is firmly associated

with the cervical muscles and the epaxial muscles by
means of an aponeurosis. The cervical muscles (Fig. 6)
can be divided into two groups, the m. epaxialis, which
is situated dorsal to the notochord and the neural spine,
and the m. cervicis superficialis and profundus, which
are situated at the level of the ventral half of the notochord. The shoulder girdle is also associated posteriorly
with the m. hypaxialis, and anteroventrally with the m.
sternohyoideus.
M. cervicis superficialis: originates by means of an
aponeurosis on the anterior margin of the shoulder girdle and on the dorsal division of the m. hypaxialis.
Fibers run anteroposteriorly, ventral to the m. epaxialis,
and insert on the posteroventral portion of the lateral
surface of the cartilaginous neurocranium, as well as on
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Fig. 6. Cervical musculature in Latimeria chalumnae Smith (1939). Left lateral (A, B) and left posterolateral (C) views of the skull. The colored area on (C) indicates the insertion of the m. epaxialis (green), the
m. cervicis superficialis (blue) and the m. cervicis profundus (yellow). Only the dorsal aspect of the m.
hypaxialis is represented on (A, B).

the posterolateral margin of the basioccipital and the
exoccipital. Proposed function: stabilization and depression of the neurocranium.
M. cervicis profundus: is overlapped by the m. cervicis
superficialis. The m. cervicis pronfundus originates on the
surface of the notochord, as well as on the dorsal division
of the m. hypaxialis. Fibers run anteroposteriorly and
insert by means of an aponeurosis on the cartilage of the
surface of the posterior margin of the neurocranium. Proposed function: stabilization of the neurocranium.
M. epaxialis: originates on the lateral surface of the
vertebrae. Fibers run anteroposteriorly, dorsal to the
notochord, and insert on posterior cartilaginous portion
of the neurocranium, on the medial portion of the exoccipital as well as on the supraoccipital. Proposed function:
elevation of the neurocranium.
M. hypaxialis: it extends along the anteroposterior
axis ventral to the abdominal cavity. It can be individualized up to 19 cm away from the pectoral girdle. Fibers
run anterolaterally, and insert on the posterior surface
of the pectoral girdle, as well as on the posterior tip of
the urohyal by means of a tendon. In the recess made by
the medial flange of the pectoral girdle, the m. hypaxialis is connected to the m. sternohyoideus in its anterior
portion by means of an aponeurosis. Proposed function:
retraction of the pectoral girdle.

Observations on Hyoid Arch Mobility
Manipulation of the hyoid arch at different steps of
the dissection was performed to test for potential mobil-

ity. When the mandible was at resting position or
depressed, we did not observe any capacity for extensive
rotation of the elements in the anteroposterior direction
in the way suggested by previous models. However, the
arch could be moved in the mediolateral direction. Only
the ceratohyal can extensively rotate around a transverse axis at its joint with the symplectic and the interhyal when its anterior joint with the basibranchial is cut
(Fig. 3). We observed that the ligaments associating the
bones of the hyoid arch, as well as the hyoid arch with
the mandible and the palate, are put under tension
when the hyoid arch expanded laterally and the ceratohyal is depressed around its joint with the interhyal.
We used the 3D model to test whether the movements
of the hyoid arch proposed in previous models are feasible (Fig. 7, Video 1). Previous models (see Discussion)
suggested that extensive movements of the hyoid arch
along the sagittal plane accompany the elevation of the
anterior portion of the skull. We aimed at testing if the
contact between the symplectic and the rest of the arch
can be maintained as the anterior portion of the skull is
elevated, and to estimate the range of movement of the
hyoid bones and the mandible during this process. The
whole front of the skull was moved by 5-degree angle
increments around the intracranial joint until it was elevated by 20-degree angle (Robineau and Anthony, 1973).
For intracranial angles under 15-degree angle, the angle
of mandibular depression regarding the angle of intracranial elevation was adjusted based on the measurements made by Thomson (1970; Fig. 3). As the front of
the skull was elevated, the articulations between the
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Fig. 7. Three-dimensional reconstructions of the skull of Latimeria
chalumnae Smith (1939). Right lateral views of the skull in resting position (A), and the anterior portion elevated by an angle of 20-degree
angle, and the mandible depressed by 253-degree angle (B). Note
that the symplectic-mandibular joint remains posterior to the level of
the intracranial joint. Green circles on (A) indicate the position of the
hinge joint between the hyomandibula and the neurocranium. (C) Right
lateral view of the skull showing the positioning of the hyoid arch
when the intracranial joint is kept at resting position and the mandible

is depressed by 220-degree angle. (D) Posterior views of the right
half of the skull showing the configuration of the hyoid arch in resting
position (left) and when the mandible is depressed by 220-degree
angle (right) without intracranial elevation. The cartilaginous elements
of the skull are colored in light blue, and the ossified elements are in
light brown. The ceratohyal is not rendered since its distal tip and connection with the basibranchial were not modeled due to the low contrast of this area.

symplectic and the mandible, and between the hyomandibula and the neurocranium, were maintained. As a
consequence, the position of the hyoid arch was adjusted
with respect to the movements of the symplecticinterhyal complex and hyomandibula around the transverse and sagittal axis at their joints with the mandible
and the neurocranium, respectively.
When the anterior portion is elevated by 15-degree
angle, the contact between the bones forming the hyoid
arch cannot be maintained if the mandible is depressed
by 25-degree angle, contrary to what was suggested by
Thomson (1966). Indeed, keeping the bone-to-bone contact when the anterior portion of the skull is elevated by
15-degree angle requires the mandible to be depressed
at a greater angle, which is estimated to about 44degree angle. At the same time, the symplectic is
extended through an angle of 42-degree angle around
the transverse axis of its joint with the mandible, and
the hyomandibula is abducted by 29-degree angle at its
joint with the neurocranium (Fig. 8). We estimated that
the mandible needs to be further depressed to about 53degree angle when the intracranial joint is set at 20-

degree angle. This involves an anterodorsal rotation of
52-degree angle of the symplectic, and the abduction of
the hyomandibula by 35-degree angle (Fig. 8). As such,
any elevation of the anterior portion of the skull around
the intracranial joint requires extensive movements of
the hyoid arch along the sagittal plane.
One noticeable feature is that keeping the contact
between the hyomandibula, interhyal and symplectic
requires the mandible to be depressed as the anterior
portion of the skull is elevated. Moreover, the angle
through the mandible is depressed during intracranial
elevation is greater than the maximum angle at which
the mandible can be depressed when intracranial joint is
set at resting position (see below). It also worth noting
that keeping the contact between the hyoid arch elements when the anterior portion of the skull is elevated
necessitates a dramatic rotation of the symplectic
around the transverse axis, as well as of the hyomandibula abduction its joint with the neurocranium (Figs. 7
and 8).
In the model of Lauder (1980a), the elevation of the
anterior portion of the skull was thought to occur when
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Fig. 8. Estimation of the angles of rotation of the hyoid arch and
mandible under different skull configuration in Latimeria chalumnae
Smith (1939). (A) Right anterolateral view of the skull showing the
coordinate system used for estimating the rotation of the elements
around their joints. Only movements around the sagittal (x) and transverse (y) axis were considered, but we acknowledge that rotations
around the (z) of the symplectic and the interhyal might be possible to
some extant. The rotations around the sagittal axis (x) correspond to
movements of abduction (towards positive symbols) and adduction
(towards negative symbols). The rotations around the around the

transverse axis (y) correspond to movements of extension/elevation
(towards positive symbols) and flexion/depression (toward negative
symbols). (B) Diagram showing the amplitude of the angles of rotation
of the hyomandibula at its joint with the neurocranium, of the interhyal
at its joint with the symplectic, of the symplectic at its joint with the
mandible, and of the mandible at its joint with the palate, when the
intracranial joint is set at resting position (ij 5 0-degree angle), and elevated through an angle of 15-degree angle (ij 5 15-degree angle) and
20-degree angle (ij 5 20-degree angle).

the symplectic-mandibular joint is moved anterior to the
intracranial joint (see Discussion). This movement was
supposed to allow the transmission of a force arising
from the m. sternohyoideus from the hyoid arch to the
anterior portion of the skull, and causing the intracranial elevation. By contrast, our observations made on
the 3D model show that the symplectic-mandibular joint
remains posterior to the level of the intracranial joint
when the mouth is opened and the anterior portion of
the skull elevated (Fig. 7). A narrower gape would allow
this joint to be moved anterior to the intracranial joint
when the anterior portion of the skull is elevated. However, this would also involve the disarticulation of the
symplectic-interhyal joint.
The virtual 3D model was used to estimate the position of the hyoid elements when the mandible is
depressed relative to its resting position in the absence
of intracranial elevation (Fig. 7). The manipulation of
the hyoid arch elements suggests that its configuration
mostly allows mediolateral movements, and limited
anteroposterior movements by comparison with previous
models (Figs. 7 and 8). The double articulation facet of
the hyomandibula with the otoccipital portion of the
skull allows a rotation around an axis slightly divergent
from the sagittal one. This rotation results in the abduction the hyomandibula; its distal tip is moved anterodorsally. We observed that the abduction of the
hyomandibula through an angle of 25-degree angle
results in its interlocking with the pterygoid. When the
mandible is closed, a 215-degree angle adduction of the
hyomandibula from its resting position results in the

loss of bone-to-bone contact between the hyomandibula,
and the symplectic-interhyal complex. As such, we estimate the maximum range of movement of the hyomandibula to about 40-degree angle.
When the mandible is depressed, the posterior tip of
the mandible is lifted and the symplectic-mandibular
joint is translated to a slightly more medial position. In
the absence of intracranial elevation, the depression of
the mandible over an angle of 25-degree results in the
interlocking of the hyomandibula with the pterygoid, or
in the interlocking of the bones of the hyoid arch. As
such the maximum gape is estimated to about 20–25degree angle in the absence of intracranial elevation.
Keeping the contact between the symplectic and the
rest of the arch requires the extension and abduction of
the symplectic at its joint with the mandible. When the
mandible is depressed by 20-degree angle, the symplectic is estimated to rotate by an angle of 12-degree angle
around the sagittal axis and by 13-degree angle around
the transverse axis of its joint with the mandible (Fig.
8). The configuration of the arch only allows the flexion
of the interhyal at its joint with the symplectic and the
ceratohyal, which prevents its interlocking with the
hyomandibula (Fig. 7). We estimate that the raised portion of the cartilaginous head of the symplectic locks
the flexion of the interhyal at about 30-degree angle.
The movements of the ceratohyal were much more difficult to estimate, since its distal portion and its articulation with the basibranchial could not be
reconstructed due to the low contrast in this area on
the mCt-scan images.
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DISCUSSION
In this discussion, we first present a review of previous studies on the hyoid apparatus and the skull
mechanics of Latimeria. In a second section, we discuss
the implications of our observations on the mechanism
of mandibular depression. Then, we discuss in a third
section the implications of our observation on hyoid
mobility for previous models and the long-standing
hypothesis of intracranial elevation. Finally, we propose
in a fourth section a new hypothesis for the mouth opening mechanism in Latimeria.

Previous Models of Mouth-Opening Mechanics
Among sarcopterygian fishes, the presence of a hyoid
arch that lies completely free from the palate is a feature unique to coelacanths (Janvier, 1996). The first
detailed descriptions of the hyoid apparatus of Latimeria
were made by Millot and Anthony (1958). In addition to
the description of the skeletal elements, they described
the ligaments and the musculature associated with this
arch. Five ligaments were described: the anterior mandibulohyoid ligament, posterior mandibulohyoid ligament,
the inferior quadratohyoid ligament, the superior quadratohyoid ligament, and the superior ligament of the
symplectic (Millot and Anthony, 1958). In their initial
description of the skull anatomy of Latimeria, Millot and
Anthony (1958) suggested that movement at the intracranial joint is either nonexistent or very limited. They
did not propose any mechanism for intracranial movements of the skull.
Based on the description of Millot and Anthony (1958)
and subsequent observations and manipulations of
thawed or fixed specimens (Thomson, 1966, 1967, 1969,
1970; Alexander, 1973; Robineau, 1973; Robineau and
Anthony, 1973; Thomson, 1973; Lauder, 1980a) or a moribund specimen (Thomson, 1973), several functional
models of skull kinesis of Latimeria were proposed (Fig.
9). All these hypotheses propose that the hyoid arch elements move as the mandible is lowered, and that mandibular depression is accompanied by the elevation of
the ethmosphenoid portion of the skull. However, the
different models disagree with respect to the role and
movements of the hyoid arch and other musculo-skeletal
elements of the skull in the elevation of the anterior portion of the skull.
Thomson (1966) first proposed a mechanical model for
explaining the elevation of the anterior portion of the
skull Latimeria. The models of Thomson (1966, 1967,
1969, 1970) associate the depression of the mandible with
the elevation of the anterior portion of the skull. In his
first contribution, Thomson (1966) assessed the range of
motion at the intracranial joint based on the frame-byframe analysis of the mouth opening he recorded by
manipulating a thawed specimen. He reported that a 15degree angle elevation of the anterior portion of the skull
is accompanied by the depression of the mandible through
an angle of 25-degree angle, which was suggested to be
driven by the m. coracomandibularis.
Thomson (1967) noticed that an important feature of
coelacanths lies in the separation of the hyoid arch and
the palate. Contrary to fossil sarcopterygian fishes, such
as Eusthenopteron (Jarvik, 1980), where the distal part
of the hyoid arch is associated with the palate, the hyoid
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arch of Latimeria and that of other fossil coelacanths
(Forey, 1998) articulates with the posterior tip of the
mandible via the symplectic (Fig. 1). Thomson (1967,
1969, 1970) thus proposed a four-bar linkage model for
the skull mechanics of Latimeria (Figs. 9A1, A2), which
involves four mobile joints: the intracranial joint, the
articulation between the palate and the mandible, the
articulation of the hyomandibula with the neurocranium, and the articulation between the symplectic and
the mandible. As the mandible is depressed by the m.
coracomandibularis, the elevation of its posterior tip lifts
the symplectic-mandibular joint and compresses the
hyoid arch. However, since the hyoid arch is considered
as a rigid bar, both the symplectic and the hyomandibula
rotate anterodorsally at their joint with the mandible
and the neurocranium, respectively. The joints between
the symplectic and the interhyal and the interhyal and
the hyomandibula were thought to remain immobile.
The four-bar linkage system allows the force generated
by the m. coracomandibularis to be transmitted “into a
force pushing the palate and the anterior portion of the
skull forward and upward” (Thomson, 1970 p. 2). The
elevation of the anterior portion of the skull and the
mandible around the intracranial joint displaces the
symplectic-mandibular articulation anteriorly, and compensates the elevation of the posterior tip of the mandible. Thomson (1966, 1967, 1969, 1970) thus considered
the m. coracomandibularis as the muscle triggering
intracranial movements.
Thomson (1973) was also the first to report in vivo
observations made on a young specimen after capture.
Based on the frame-by-frame analysis of the record
made of the specimen, Thomson (1973) reported
“intracranial flexure” movements and noticed “[. . .] all
movements of the mandible were accompanied by reciprocal movements of the anterior cranium, even though
the range of movement was as small as 10-degree angle
and 4-degree angle, respectively.” Based on these observations, Thomson (1973) suggested that the movements
of intracranial joint occur during respiration. However,
the protocols followed by Thomson (1973), as well as the
direction of the movements and the angles he measured
remain unclear. Notably, it is not mentioned whether the
small movements of the intracranial joint reported in
this study occur during both mandibular depression and
elevation, or solely during mouth closure. Based on the
manipulation of a thawed specimen, Thomson (1973)
also suggested that the posterior portion of the skull can
also be lifted up to 16-degree angle as the mandible is
depressed. Based on this observation, Lauder (1980a)
subsequently proposed that this movement is driven by
the epaxial musculature.
Alexander (1973) proposed a four-bar linkage model
(Fig. 9B) similar to that of Thomson (1966, 1967, 1969,
1970). Alexander (1973) argued for the mobility of the
different bones forming the hyoid arch, rather for the
mechanisms proposed by Thomson (1966, 1967, 1969,
1970) to explain the elevation of the skull. Alexander
(1973) pointed out that the articular capsules of the hyomandibula on the neurocranium form a hinge joint that
presents much less mobility than the joint between the
hyomandibula and the interhyal. Rather than allowing
the rotation of the hyomandibula around the transverse
axis, this articulation was considered to allow a lateral
tilting of the hyomandibula (i.e., a rotation around an
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axis slightly divergent from the sagittal one, with movement in the mediolateral direction). The joint between
the interhyal and the hyomandibula is considered to
play a pivotal role in the mechanism since it allows the
anterodorsal rotation of the interhyal-symplectic complex around the transverse axis relative to the hyomandibula. Moreover, the symplectic was considered to
rotate around the sagittal axis and to move in the
mediolateral direction at its joint with the interhyal, and
to rotate around the transverse axis and to move in the
sagittal plane at its joint with the mandible. As a consequence, the symplectic is thought to be pulled laterally
and to move anteriorly as the hyomandibula is abducted

at its joint with the neurocranium. The lateral expansion of these elements during jaw opening was thought
to be enhanced by the posterolateral displacement of the
ceratohyal when the m. sternohyoideus contracts.
Alexander (1973) also proposed a mechanism allowing
the expansion of the orobranchial chamber without any
elevation of the anterior portion of the skull and lowering the mandible.
Robineau and Anthony (1973) filmed the mouth opening and closure of a thawed specimen, and performed
radiographs at different skull configurations. In their
model (Fig. 9 C1–C3), the depression of the lower jaw is
driven by the m. coracomandibularis and the m.

Fig. 9.
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sternohyoideus acts posteriorly the ceratohyal. As a consequence, a force divided into two components is applied
to the hyoid arch; a dorsal one, transmitted via the symplectic, and arising from the posterior tip of the mandible which elevates during mouth opening, and a
posterior one generated by the m. sternohyoideus. This
force causes the symplectic and the ceratohyal to rotate
anterodorsally around the transverse axis at their joint
with the interhyal. The mechanism of Robineau and
Anthony (1973) also involves an anterodorsal rotation of
the symplectic around the transverse axis at its joint
with the mandible. The articulation between the interhyal and the hyomandibula is considered as fixed,
whereas the hyomandibula can rotate around the transverse axis at its joint with the neurocranium. As the
hyoid elements move, the anterior mandibulohyoid ligament was described as being pulled dorsally with the
rest of the hyoid arch, which amplifies the depression of
the mandible. Robineau and Anthony (1973) considered
like Cracraft (1968) the inferior quadratohyoid ligament
as being uncompressible. As the symplectic and the ceratohyal move dorsally they meet the resistance of the rest
of the hyoid arch, which results in its compression.
Then, the incompressible inferior quadratohyoid ligament was thought to transmit the force applied on the
hyoid arch to the ethmosphenoid-palate complex anteriorly. This mechanism was thought to trigger the elevation of the anterior portion of the skull, which was
estimated to rotate around the intracranial joint through
a maximum angle of 20–21-degree angle. However, the
observations made by Robineau and Anthony (1973)
must be taken with some caution. Although their experiments were made on a thawed specimen, the manipulation consisted in opening the mouth by pulling strings
that were hooked at the tip of the lower jaw and the ethmosphenoid portion of the skull (Fig. 10). The directions

of the forces applied on the skull are radically different
from those that can be predicted based on the observation of the cranial muscles, and their magnitude was
also considerable since the strings were tensed via a system of pulleys. As a consequence, both the direction and
the amplitude of the movements described may not
reflect those that can be observed in vivo.
The model of the hyoid arch movements proposed by
Lauder (1980a; Fig. 9D1–D5) is based on an analogy
with basal actinopterygians. Lauder (1980a) considered
only three ligaments in his functional model, the posterior mandibulohyoid ligament, the anterior mandibulohyoid ligament and the inferior mandibulohyoid
ligament. During the first phase of Lauder’s model, the
contraction of the m. sternohyoideus triggers the posterodorsal displacement of the ceratohyal. The force arising
from the m. sternohyoideus is then transmitted to the
rest of the arch and divided into two components. The
lateral component causes the lateral expansion of the
arch and makes the symplectic rotating around the sagittal axis at the interhyal-symplectic joint, with movement in the mediolateral direction. The posterodorsal
component causes the anteroventral rotation of the
interhyal and ceratohyal around the transverse axis at
the interhyal-hyomandibular joint. As a consequence,
the symplectic and the posterior mandibulohyoid ligament were supposed to be pushed backward, causing the
depression of the mandible. The second phase of
Lauder’s model (1980a) consists in the elevation of the
ethmosphenoid portion of the skull under the force
transmitted by the hyoid arch to the mandible. As the
mandible is depressed, the symplectic-mandibular joint
was supposed to move anteriorly relative to the intracranial joint. During this process, the symplectic achieves a
dramatic anterodorsal rotation around the transverse
axis at its joint with the mandible. When the symplectic-

Fig. 9. Functional models of the skull mechanics in Latimeria chalumnae Smith, (1939). (A) Thomson (1966, 1967, 1969, 1970), (B)
Alexander (1973), (C) Robineau and Anthony (1973), (D) Lauder
(1980a). (A) Thomson (1966, 1967, 1969, 1970), the mouth opening
(A1 to A2) is driven by the m. coracomandibularis, and the hyoid arch
is compressed by the elevation of the posterior tip of the mandible.
However, this compressive force is balanced since the mandible is
pushed anteriorly and the front of the skull elevates. The hyomandibula rotates anterodorsally around its articulation with the neurocranium
(hn), and the symplectic-mandibular articulation (sm) is displaced
anteriorly as the hyoid arch pushes forwards the mandible, which
results in the elevation of the anterior portion of the skull (ij). The joints
between the symplectic and the interhyal and the interhyal and the
hyomandibula are immobile. (B) Alexander (1973) proposed a model
similar to that of Thomson (A), but the hyomandibula tilts laterally at
its articulation with the neurocranium (hn), and the interhyalsymplectic complex rotates anterodorsally around the transverse axis
of the interhyal-hyomandibula joint (ih). The symplectic rotates around
the anteroposterior axis and moves in the mediolateral direction at its
joint with the interhyal (si) as the hyomandibula is abducted. The lateral expansion of these elements during jaw opening is enhanced by
the posterolateral displacement of the ceratohyal under the action of
the m. sternohyoideus. The rotation of the symplectic around the sagittal axis with movement in the anteroposterior direction at its joint
with the mandible (sm) pushes up the anterior portion of the skull. (C)
Robineau and Anthony (1973), the m. coracomandibularis (m.ccmd)
triggers mouth opening (C1). The ceratohyal rotates at its joint with
the interhyal, moves posterodorsally and laterally under the action of

the m. sternohyoideus (sth). The elevation of the posterior tip of the
mandible results in the elevation and the compression of symplectic
and the ceratohyal (C2 vertical arrows) because of the resistance of
the interhyal-hyomandibular complex. The uncompressible inferior
quadratohyoid ligament (not shown on this figure) transmits the force
arising from the mandible to the palate (C3, horizontal arrow), which
triggers the elevation of the anterior portion of the skull (C3). During
this process, the symplectic rotates around the transverse axis with
anteroposterior motion at its joint with the interhyal (si) and mandible
(sm), and the hyomandibula rotates anterodorsally around the transverse axis at its joint with the neurocranium (hn) (C2, C3). (D) Lauder
(1980a), the m. epaxialis (m.ep), m. hypaxialis (m.hyp) and the m. sternohyoideus (m.sth) first contract (D1). The m. epaxialis and m. sternohyoideus lift the whole skull and depresses of the mandible,
respectively (D2, D3). The force generated by the m. sternohyoideus is
transmitted to the rest of the hyoid arch through the ceratohyal. This
force is divided into two components (D2): the lateral component
pushes laterally the symplectic and the interhyal, and the posterodorsal component causes the rotation of the ceratohyal and interhyal
around interhyal-hyomandibula joint (ih) (D3). Eventually, the posterodorsal movement of these element triggers mandibular depression via
the symplectic and the posterior mandibulohyoid ligament (not shown
on the figure). The elevation of the snout is achieved by the following
mechanism (D4, D5): as the hyoid elements continue to rotate around
their joints, the symplectic-mandible articulation was supposed to
move anterior to the intracranial joint (D4). As a result, dorsal component of the posterodorsal force arising from m. sternohyoideus elevates the anterior portion of the skull (D5).
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Fig. 10. Photographs of the manipulation of a thawed specimen at the MNHN for the functional model of
Robineau and Anthony (1973). The opening of the mouth (A) was performed by pulling strings that were
hooked at the tip of the lower jaw and the ethmosphenoid portion of the skull while the specimen was firmly
immobilized (B). Arrows on (A) indicate the intracranial joint (All photos, courtesy of the MNHN).
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mandibular joint moved anterior to the intracranial
joint, the dorsal component of the posterodorsal force
generated by the m. sternohyoideus was supposed to be
transmitted to the palate and the rest of the anterior
portion of the skull, which causes its elevation.

Implications of the Present Observations for
Mandibular Depression Mechanism
Previous authors debated the position, and in turn the
role, of the m. coracomandibularis as well as the m. sternohyoideus in Latimeria. Millot and Anthony (1958) first
described the m. coracomandibularis as originating on
the tip of the clavicle and inserting on the splenial, with
a line of action in resting position spanning under the
quadrate-mandible joint. Millot and Anthony (1958) and
subsequent functional models (Thomson, 1966, 1967,
1969; Cracraft, 1968; Thomson, 1970; Alexander, 1973;
Robineau, 1973; Robineau and Anthony, 1973; Millot
et al., 1978) thus considered the m. coracomandibularis
as responsible for the depression of the mandible. Additionally, Millot and Anthony (1958) considered the m.
coracomandibularis as the antagonist of the basicranial
muscle in their initial description of the cranial muscles
in Latimeria. In their subsequent functional models
(Robineau, 1973; Robineau and Anthony, 1973; Millot
et al., 1978), the mandibular depression triggered by the
m. coracomandibularis causes the elevation of the palate, and its resistance on the ethmosphenoid portion
was assumed to push forwards the snout and causes
intracranial elevation. On the contrary, Lauder (1980a)
described the line of action of the m. coracomandibularis
as spanning dorsally to the quadrate-mandible joint
based on the observation and manipulation of a partially
cleared and strained specimen (AMNH 32949). The role
of the m. coracomandibularis in mandibular depression
was also questioned by Lauder (1980a) because Thomson
(1970) observed that the distance between the insertion
and the origin of the muscle lengthens as the mandible
is depressed and the ethmosphenoid portion of the skull
elevated. Based on EMG records, Lauder (1980a, b) also
observed that the homologues of the m. coracomandibularis in basal actinopterygians are rarely activated during the mouth-opening phase. As such, Lauder (1980a)
concluded that the m. coracomandibularis cannot be
involved in mandibular depression in Latimeria, but is
rather responsible for its adduction and for the compression of the hyoid apparatus. Here, we observed that the
line of action of the m. coracomandibularis spans ventrally to the quadrate-mandible joint (Fig. 5), supporting
initial observations made by Millot and Anthony (1958).
Comparative functional analyses on basal actinopterygians such as Polypterus, Lepisosteus, Amia and the
sturgeon Scaphirhynchus have shown that the contraction of the m. sternohyoideus triggers mandibular
depression via movements of the hyoid apparatus which
is connected to the mandible via ligaments (Lauder,
1980a, b; Lauder and Norton, 1980; Lauder, 1982, 1985;
Grubich, 2001; Carroll and Wainwright, 2003). In teleosts, mandibular depression is complex and can be
achieved by several mechanisms at the same time,
which also involve the hyoid arch (Lauder, 1982, 1985;
Aerts et al., 1987; Aerts, 1991; Adriaens et al., 2001;
Westneat, 2004; Van Wassenbergh et al., 2005). The
homologue of the m. coracomandibularis in Amia and
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Polypterus is the m. branchiomandibularis (Lauder,
1980a). This muscle originates at the level of the mandibular symphysis as in Latimeria, but it inserts on the
third hypobranchial in Amia and Polypterus (Lauder,
1980a, b). This muscle is only active during the mouth
closure phase in these taxa and was proposed to compress the buccal floor (Lauder, 1980a, b). In the lungfish
Lepidosiren, mandibular depression is primarily driven
by the m. depressor mandibulae, which acts directly
lower jaw (Lauder, 1985; Bemis and Lauder, 1986). The
m. rectus cervicis (5 m. sternohyoideus) also activates
movements of the hyoid arch, and represents a secondary pathway for mandibular depression (Lauder, 1985;
Bemis, 1986a; Bemis and Lauder, 1986). It worth noting
that among lungfishes, only Lepidosiren and Protopterus
possess a m. depressor mandibulae, and its presence in
these taxa was considered as a convergence with tetrapods (Bemis, 1986a, b). In Lepidosiren, the role of the m.
geniothoracius (5 m. coracomandibularis) in mandibular
depression was suggested by Edgeworth (1931, 1935)
and Perkins (1972), and later discussed by Bemis and
Lauder (1986) because of its irregular on EMG activity
during mouth opening. However, Bemis (1986a) suggested that its homologue in Neoceratodus, the m. geniocoracohyoideus, could be involved in mandibular
depression since this genus lacks a m. depressor mandibulae (Edgeworth, 1935; Bemis, 1986a). In aquatic larval
and adult salamanders, the depression of the lower jaw
is also driven by an m. depressor mandibulae (Lauder
and Shaffer, 1985, 1988; Heiss et al., 2013). Based on
EMG records, Lauder and Shaffer (1985) showed that
the m. geniohyoideus (5 m. coracomandibularis) contributes in mandibular depression in larval Ambystoma
mexicanum. Moreover, this muscle also bursts during
the mouth-closing phase and also contributes to the compression of the buccal cavity and the protraction of the
hyoid apparatus (Lauder and Shaffer, 1985). The action
of the m. geniohyoideus is likely powered by the depression of the ventral elements of the hyoid apparatus
(basibranchial and urohyal) under the action of the m.
rectus cervicis (5 m. sternohyoideus; Lauder and
Shaffer, 1985; Deban and Wake, 2000). Furthermore, the
m. rectus cervicis is also suggested to contribute to mandibular depression via the movements of the ceratohyal
and the posterior mandibulohyoid ligament (Lauder and
Shaffer, 1985). Although it has been shown for several
cranial muscles that the pattern of motor control is conserved during metamorphosis (Lauder and Schaffer,
1988), this has never been investigated for the m. geniohyoideus. Nonetheless, its role in mandibular depression
in postmetamorphic salamanders was suggested based
on its anatomical position (Edgeworth, 1931, 1935;
Deban and Wake, 2000; Heiss et al., 2013).
Among sarcopterygians, the depression of the mandible and the suction feeding mechanism is thought to
have shifted from an ancestral hyoid-driven mechanism
present in basal actinopterygians, to mechanism where
the mandible is directly lowered by depressor muscles in
tetrapods, and probably in their fossil “elpistostegalian”
relatives (Heiss et al., 2013). By comparison with basal
actinopterygians, Lauder (1980a, b) suggested that Latimeria retains ancestral features of osteichthyan jawopening mechanism: the m. sternohyoideus retracts the
hyoid apparatus, and causes the depression of the mandible
via
the
ceratohyal
and
the
posterior

596

DUTEL ET AL.

mandibulohyoid ligament (Figs. 2, 3). Our present observations and comparisons with other taxa suggest that
mandibular depression in Latimeria is likely achieved a
mechanism different from basal actinopertygians. The
m. coracomandibularis originates on the posterior tip of
the urohyal and on the clavicles, spans ventrally to the
quadrate-mandibular joint, and directly inserts on the
mandible. Moreover, a linear decrease in the length of
this muscle during mandibular depression was reported
in the absence of intracranial elevation (Thomson, 1970;
Fig. 5). We thus suggest that the m. coracomandibularis
is involved in mandibular depression. At the same time,
two other muscles are likely to participate to mandibular
depression: (1) the m. sternohyoideus, by retracting the
urohyal and basibranchial complex, (2) the m. hypaxialis, by retracting and stabilizing the pectoral girdle.
Both of these mechanisms could contribute to mandibular depression by increasing the mechanical advantage
of the m. coracomandibularis, as proposed for salamanders (Deban and Wake, 2000). Like salamanders (Lauder
and Shaffer, 1985) and lungfishes (Bemis, 1986a; Bemis
and Lauder, 1986), Latimeria has also potentially
retained ancestral mechanisms of mouth opening: the
posterolateral and dorsal movements of the ceratohyal
under the action of m. sternohyoideus are likely to contribute in mandibular depression if the posterior mandibulohyoid ligament is pulled. The m. coracomandibularis
can also be involved in the elevation of the buccal floor
and the protraction of the hyoid apparatus during mouth
closure, if its action is opposed by the m. adductors mandibulae. Exploring in more detail the role of the hyoid
arch and hypobranchial musculature in mandibular
depression is difficult based only on 3D reconstructions
only. To test these hypotheses in vivo records of prey
capture in Latimeria will be essential.

Implication of the Present Observations for
Hyoid and Intracranial Mobility
The observations and manipulation of the specimen
made during the dissection bring new insights on Latimeria hyoid arch anatomy and mechanics. We observed
the ligaments previously described by Millot and
Anthony (1958): anterior mandibulohyoid ligament (Fig.
2, lig.AMH1), posterior mandibulohyoid ligament (Fig. 2,
lig.PMH), the inferior quadratohyoid ligament (Fig. 2,
lig.CP), the superior quadratohyoid ligament (Fig. 2,
lig.HP), and the superior ligament of the symplectic
(likely corresponding to one of the ligaments we
described as lig.SH1–4 on Fig. 2). These ligaments were
playing a pivotal role in the model of Cracraft (1968),
Robineau (1973), Robineau and Anthony (1973), Millot
et al. (1978). As mentioned before, these ligaments were
considered to transmit of the force arising form the mandible to the anterior portion of the skull, which would
result in its elevation. However, they were supposed to
be incompressible, which is needed to be able to transmit
the force from the hyoid arch to the palate. During the
present dissection, we did not observe the presence of
any incompressible elements associating the hyoid arch
and the palate that would achieve this role. As previously suggested by Lauder (1980a), we think that these
models of intracranial elevation are unlikely.
In this study, we observed that the hyoid arch is
sheeted by a complex set of ligaments that was not

reported in previous anatomical descriptions (Figs. 2, 3).
These ligaments associate the different elements of the
arch between each other’s, as well as with the palate
and the mandible. Based on the manipulation of the 3D
model of the skull, we showed that the elevation of the
anterior portion of the skull during mouth opening
requires extensive movements of the hyoid arch along
the sagittal plane (Figs. 7, 8). However, the positioning
of the ligaments we observed and the manipulation of
the specimen at different steps of the present dissection
suggest that the movements of the hyoid arch are constrained along the transverse plane (Figs. 2, 3). We
observed that the lateral and medial layers of ligaments
associating the bones of the hyoid arch, as well as the
hyoid arch with the mandible and the palate, are put
under tension when the hyoid arch is expanded laterally
and the ceratohyal is depressed around its joint with the
interhyal. As such, the ligaments associating the hyoid
arch and the palate are likely to limit posterolateral
movements. In the light of observations and manipulation made during the dissection, the hyoid arch appears
to be less mobile than previously thought. We thus
believe the presence of this complex set of ligaments to
be inconsistent with the extensive movements along the
sagittal plane of the hyoid arch that are required to
keep the contact between the bones when the anterior
portion of the skull and the mandible are elevated
around the intracranial joint (Fig. 7, Video 1).
In the models of Thomson (1966, 1967, 1969, 1970)
and Alexander (1973), the m. coracomandibularis was
considered to activate, via the depression of the mandible, the four-bar linkage system that allows the elevation of the anterior portion of the skull. In his model,
Thomson (1967, 1969, 1970) considers that hyoid arch
rotates around the transverse axis at its joint with the
neurocranium as the anterior portion of the skull and
the lower jaw move around the intracranial joint. However, the double articulatory facet of the hyomandibula
with the otoccipital portion of the skull prevents any
rotation around a transverse axis with anteroposterior
movements of the hyomandibula at its joint with the
neurocranium (Thomson, 1966, 1967; Cracraft, 1968;
Thomson, 1969, 1970; Robineau, 1973; Robineau and
Anthony, 1973; Millot et al., 1978; Lauder, 1980a; present
study).
Moreover,
the
symplectic-interhyalhyomandibula complex was considered as a rigid bar
(Thomson, 1967, 1969, 1970), which is inconsistent with
our present anatomical observations, and those of previous authors (Thomson, 1966, 1967; Cracraft, 1968;
Thomson, 1969, 1970; Robineau, 1973; Robineau and
Anthony, 1973; Millot et al., 1978; Lauder, 1980a). We
observed during manipulation of the 3D model of the
skull that the elevation of the posterior tip of the mandible can be accommodated by the lateral expansion of the
hyoid arch. As such, we think that the four-bar linkage
mechanism proposed by Thomson (1967, 1969, 1970) and
Alexander (1973) for the elevation of the anterior portion
of the skull cannot be activated via the contraction of
the m. coracomandibularis and the depression of the
mandible.
Indeed, the triggering of the four-bar linkage mechanism proposed by Thomson (1967, 1969, 1970) and
Alexander (1973) implies that the hyoid arch opposes
the compressive force arising from the elevation of the
posterior tip of the mandible, so that the it can be
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Fig. 11. Comments on the models of skull mechanics in Latimeria
proposed by: (A) Thomson (1966, 1967, 1969, 1970) and Alexander
(1973), (B) Lauder (1980a). See Discussion for further comments. Colors indicate the main anatomical parts involved in the skull mechanism: the ethmosphenoid portion of the skull and palate (light blue);
the otoccipital portion of the skull (dark blue), which is considered as

being fixed; the symplectic-interhyal-hyomandibula complex (pink); the
mandible (green); the pectoral girdle (yellow), at the tip of which the
m. coracomandibularis (dotted arrow) originates. The outline of the
skull is based on a right lateral view of the 3D model reconstructed
from Ct-scan acquisition.

pushed forward and the anterior portion of the skull elevated. It is worth noting that we did not observe the
presence of any muscles that might be able to generate
such a force. The contraction of the m. sternohyoideus is
rather predicted to pull the ceratohyal and the rest of
the arch posterodorsally and laterally, as suggested by
Lauder (1980a). However, we here question whether
such a theoretical force could trigger intracranial elevation. An anteroventral force applied at the symplecticmandibular joint will be opposed to the force generated
by the m. coracomandibularis, and responsible for mandibular depression. Such a putative force (Fig. 11A, red
arrow) will tend to rotate the mandible in an anticlockwise direction around its joint with the palate, resulting
in its elevation. Thus, the elevation of the whole anterior
unit of the skull would necessitate the mandible to be
fixed at a depressed position, so that the force arising
from the hyoid arch can act on the intracranial joint
(Fig. 11A).
In a mechanism similar to that of Thomson (1967,
1969, 1970) and Alexander (1973), the first phase of the
jaw-opening mechanism would consist in the depression
of the mandible, and its locking to a depressed state by

the contraction of the m. coracomandibularis. The next
phase would involve the elevation of the front of the
skull under the action of the anteroventral force transmitted to the mandible through hyoid arch. In this
study, we have shown that keeping the connection
between the mandible and the hyoid arch during elevation of the front of the skull requires the mandible to
achieve a more extensive depression than when the
intracranial joint is set at resting position (Figs. 7, 8).
This large gape cannot be reached when the intracranial
joint is set at resting position since it would result in the
interlocking of the mandible and hyoid bones. As the
mandible cannot be maintained at a constant gape during intracranial elevation, the force arising from the
symplectic will oppose the rotation of the mandible
around its joint with the palate, which is likely driven
by the m. coracomandibularis. As a result, the effect of
such a force on the unit composed of the ethmosphenoid
portion of the skull and the palate will be null: the anterior portion for the skull will remain at resting position
relative to the intracranial joint (Fig. 11A). Moreover,
the elevation of anterior portion of the skull will result
in
the
dramatic
lengthening
of
the
m.
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TABLE 2. Proposed function of the cranial and cervical muscles in Latimeria
(Dutel et al., 2013; present study)
Functional group

Muscles

Head raising
Mandibular depression

M. epaxialis
M. coracomandibularis
M. sternohyoideus
M. sternohyoideus
M. hypaxialis
M. abductorhyomandibularis
M. adductormandibulae
M. coracomandibularis?
M. intermandibularis
M. interhyoideus
M. adductorhyomandibularis
M. basicranialis
M. cervicis
Posterior and anterior adductorsof the palatoquadrate

Hyoid depression and expansion
Mandibular elevation
Hyoid elevation and compression

Flexion of the anterior portion of the skull
Retraction and stabilization of the suspensorium

coracomandibularis (as noticed before by Thomson,
1970), whereas this muscle must contract to maintain a
constant gape, or contract and increase the gape to prevent the disarticulation of the bones.
In the model of Lauder (1980a), the dorsal component
the posterodorsal force transmitted by the hyoid arch
causes the elevation of anterior portion of the skull. In
this mechanism, the rotation of the symplectic, interhyal
and the abduction of the hyomandibula trigger the elevation of the anterior portion of the skull as the mandible is depressed. Indeed, these extensive movements of
the hyoid arch bones were thought to result in the translation of the symplectic-mandibular joint anterior to the
level of the intracranial joint. As the point of application
of the dorsal component of the force arising from the
hyoid arch is anterior to level of the intracranial joint, it
will cause the elevation of the anterior portion of the
skull. However, our observations made on the 3D model
of the skull have shown that the range of movements of
the hyoid arch and the mandible cannot result in the
translation of the symplectic-mandibular joint anterior
to the intracranial joint (Fig. 7, Video 1). As a consequence, such a dorsal force applied at posterior tip of the
mandible will only contribute to its lowering (Fig. 11B).
Moreover, even if the mandible is fixed at a depressed
position by contraction of the m. coracomandibularis,
this force will not elevate the anterior portion of the
skull since its line of action spans posterior to the intracranial joint (Fig. 11B). We thus think unlikely the
movements of the hyoid arch, and the mechanism of
intracranial elevation in Latimeria proposed by Lauder
(1980a).
In a previous study (Dutel et al., 2013), we observed
that a complex network of ligaments that tightly associates the ethmosphenoid and otoccipital portions of the
skull, as well as the notochord (Dutel et al., 2013). This
set of ligaments that closely associates these structures
was not described in detail before, and likely prevent
any intracranial elevation. Additionally, our present
observations contradict the movements of the hyoid
arch, and the mechanisms of intracranial elevation that
were previously proposed. All the previous functional
models explaining the skull mechanics of Latimeria consider that the elevation of the anterior portion of the
skull is associated with the depression of the mandible.
We think that there is no coupling between intracranial

elevation and mandibular depression in Latimeria.
Moreover, we think it unlikely for extensive movements
of the hyoid arch along the sagittal plane to occur, which
were thought to trigger the elevation of the anterior portion of the skull in previous models. We thus suggest
that there is no mechanism involving the hyoid arch and
any other element of the musculoskeletal system of the
skull that can result in the elevation of the anterior portion of the skull in Latimeria.

Hypothesis for Mouth-Opening in Latimeria
In the possible absence of intracranial elevation
(Dutel et al., 2013), we here propose a new model for the
mechanics of the hyoid arch of Latimeria during the
mouth-opening phase of prey capture (Fig. 7, Video 2).
Our goal here is to present a general outline of this
mechanism in the light of our new observations (Dutel
et al., 2013; present study); yet the mechanism remains
to be tested based on in vivo observations. A summary of
the proposed function of the cranial and cervical muscles
in Latimeria (Dutel et al., 2013; present study) is proposed in Table 2.
In our hypothesis, the movements of the hyoid arch in
the sagittal plane are more limited than in previous
models, and mostly restricted to the mediolateral direction. As previously proposed (Thomson, 1966, 1967; Cracraft, 1968; Thomson, 1969, 1970; Alexander, 1973;
Robineau, 1973; Robineau and Anthony, 1973; Millot
et al., 1978), the m. coracomandibularis is considered as
responsible for mandibular depression in our model. The
action of the m. coracomandibularis might also be aided
by the m. sternohyoideus and the m. hypaxialis, which
retract the hyoid apparatus and the pectoral girdle,
respectively. As suggested by Lauder (1980a) common
mouth opening mechanism conserved in actinopterygians (Lauder, 1980a, b; Lauder and Liem, 1980; Lauder,
1982, 1985; Van Wassenbergh et al., 2005), lungfishes
(Bemis and Lauder, 1986), and salamanders (Lauder
and Shaffer, 1985; Shaffer and Lauder, 1985; Reilly and
Lauder, 1992; Heiss et al., 2013) are expected to be
found in Latimeria: the skull is elevated by the m. epaxialis, the pectoral girdle retracted by the m. hypaxialis,
and the peak of hyoid depression is delayed by respect to
the maximum gape, so that a unidirectional flow of
water can be generated for suction feeding.
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The depression of the mandible is accompanied by the
lateral expansion of the hyoid arch. As suggested by Thomson (1967, 1969), the depression of the mandible results in
the compression of the symplectic between the posterior tip
of the mandible and the rest of the arch. We think that this
mechanism will prevent any rotations of the symplectic
around the transverse and sagittal axis in the range of
what has been previously suggested. The elevation of the
symplectic relative to its resting position might subsequently cause the compression of the interhyal between
the head of the symplectic and the hyomandibula, and its
rotation around the transverse axis of its articulation with
the symplectic. As suggested by Robineau and Anthony
(1958), Alexander (1973), and Lauder (1980a), the retraction of the urohyal and the basibranchial under the action
of the m. sternohyoideus will cause posterolateral and dorsal movements of the ceratohyal. These movements will
contribute to the lateral expansion of the hyoid arch, via
the ceratohyal-hyomandibular and the ceratohyal-palate
ligaments. As in basal actinopterygians (Lauder, 1980a, b,
1982, 1985), lungfishes (Lauder, 1985; Bemis, 1986a;
Bemis and Lauder, 1986), and aquatic salamanders
(Lauder and Shaffer, 1985; Deban and Wake, 2000), the
movements of the ceratohyal might also contribute to mandibular depression by pulling on the mandibulohyoid ligament. Together with the elevation of the mandible, the
action of the m. levator hyomandibularis (Fig. 4) is
expected to push up the ventral tip of the hyomandibula.
This would result in the abduction of the hyomandibula in
way similar to that proposed by Alexander (1973), and the
lateral expansion of the arch. The expansion of the hyoid
arch may cause the expansion of the mandible and the
abduction of the palate as in actinopterygians (Lauder and
Liem, 1980; Aerts and Verraes, 1984; Aerts, 1991; De
Visser and Barel, 1996; Diogo and Chardon, 2000; Van
Wassenbergh et al., 2004), thereby enhancing the buccal
volume. Indeed, the palate is associated to the hyoid arch
by series of horizontal ligaments (Fig. 2), and displays a
slight medio-lateral mobility (Dutel et al., 2013). The anterior and posterior adductors of the palate are proposed to
retract and stabilize the palate during mouth closure. We
suggest that the expansion of the hyoid arch and the
depression of the opercula will occur after the opening of
the mouth, so that an anteroposterior water flow is generated in the mouth for suction feeding.
The return to resting position of the arch is likely
driven by the elevation of the mandible towards its resting position by means of the action of the m. adductor
mandibulae (Dutel et al., 2013), and the adduction of the
hyomandibula under the contraction the m. adductor
hyomandibula (Fig. 4). The elevation and compression of
the depressed hyoid apparatus can be achieved by the
m. intermandibularis, the m. interhyoideus, and potentially the m. coracomandibularis (Fig. 5) as is observed
in salamanders and basal actinopterygians (Lauder,
1980a, b, 1985; Lauder and Schaffer, 1985). The relaxation of the m. sternohyoideus and of the m. hypaxialis is
expected to accompany the retraction of the arch, and to
reset the ceratohyal at its initial position. We suggest
that the basicranial muscle will depress the anterior portion of the skull from its resting position, since ventral
movements are anatomically possible (Thomson, 1973;
Dutel et al., 2013). This requires the posterior portion of
the skull to be stabilized, which can be achieved by the
m. cervicis profondus and superficialis (Fig. 6), as their

line of action in the ventral half of the articulation
between the skull and the axial elements (notochord and
vertebral column).
In the absence of intracranial elevation, we think that
the hyoid arch likely allows the expansion of the orobranchial chamber by movements in the mediolateral
direction during mouth opening. As the palate is solely
associated with the ethmosphenoid portion of the skull,
the hyoid arch would contribute to stabilize the suspensorium during mouth closure by being associated with
the otoccipital portion of the skull.

CONCLUSIONS
The aim of our study was to re-evaluate the anatomy
of the hyoid arch, as well as that of the hypobranchial
and cervical musculature of the extant coelacanth Latimeria. A re-evaluation of the position of the m. coracomandibularis shows that it inserts on the anterior tip of
the mandible, and that its line of action spans ventrally
to the palate-mandibular joint. As such, we suggest that
the m. coracomandibularis is likely involved in mandibular depression, together with the m. sternohyoideus.
Contrary to what was previously proposed, the jawopening mechanism of Latimeria appears to be different
from that of basal actinopterygians, where mandibular
depression is triggered by the m. sternohyoideus solely.
The redescription of the hyoid arch in Latimeria
shows that it is associated with a complex set of ligaments, most of which have not been reported in previous
descriptions. The 3D model of the skull allowed us to
estimate the movements of the hyoid arch and the mandible under different skull configurations, and to assess
the mechanisms that were suggested to cause the elevation of the anterior portion of the skull in previous models. Together with the recent observations made on the
anatomy of the intracranial joint (Dutel et al., 2013), the
observations we report in the present study contradict
the hypotheses of intracranial elevation in Latimeria.
We think that there are no mechanisms involving the
hyoid arch and any other elements of the musculoskeletal system of the skull that can result in the elevation
of the anterior portion of the skull in Latimeria.
In the absence of intracranial elevation, we propose
that the movements of the hyoid arch during mouth
opening are more limited than previously thought, and
mainly achieved along the transverse plane. The lateral
expansion of the arch may be driven by the compressive
action of the posterior tip of the mandible, which elevates during mouth opening, and the posterolateral force
exerted by the ceratohyal at its joint with the interhyal.
As it is unlikely that the hyoid arch triggers intracranial
elevation, we rather suggest that it permits the expansion of the orobranchial chamber, and may also stabilize
the mandible and palate during mouth closure. The new
functional hypotheses we propose here need to be confirmed with in vivo observations, however.
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