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Abstract The coelacanth Latimeria is the only extant representative of the Actinistia, a group of sarcopterygian fishes
that originated in the Devonian. Moreover, it is the only extant
vertebrate in which the neurocranium is divided into an anterior and a posterior portion that articulate by means of an
intracranial joint. This joint is thought to be highly mobile,
allowing an elevation of the anterior portion of the skull
during prey capture. Here we provide a new description of
the skull and jaw-closing system in Latimeria chalumnae in
order to better understand its skull mechanics during prey
capture. Based on a dissection and the CT scanning of an
adult coelacanth, we provide a detailed description of the
musculature and ligaments of the jaw system. We show that
the m. adductor mandibulae is more complex than previously
reported. We demonstrate that the basicranial muscle inserts
more anteriorly than has been described previously, which has
implications for its function. Moreover, the anterior insertion
of the basicranial muscle does not correspond to the posterior
tip of the tooth plate covering the parasphenoid, questioning
previous inferences made on fossil coelacanths and other
sarcopterygian fishes. Strong ligaments connect the anterior
and the posterior portions of the skull at the level of the
intracranial joint, as well as the notochord and the catazygals.
These observations suggest that the intracranial joint is likely
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to be less mobile than previously thought and that its role
during feeding merits to be reexamined.
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Introduction
The coelacanth genus Latimeria, comprising the two species
Latimeria chalumnae and Latimeria menadoensis, is the only
extant representative of a group of lobe-finned vertebrates
(sarcopterygians), the Actinistia, which originated in the
Devonian about 400 million years ago. It is moreover the only
extant vertebrate that retains anatomical features which are
otherwise only present in fossil lobe-finned fishes and were
subsequently lost in tetrapods (land-dwelling vertebrates) and
in lungfishes (Ahlberg et al. 1996; Friedman and Brazeau
2010). Notably, the neurocranium of Latimeria is divided into
two parts, an anterior (i.e., ethmosphenoid) and a posterior
(i.e., otoccipital) portion that articulate by means of an intracranial joint. This joint is associated with a large muscle
spanning ventrally along the neurocranium which is referred
to as the basicranial muscle. The intracranial joint is thought to
play a role in prey capture by allowing an elevation of the
snout up to 20°, thus enhancing mouth gape and contributing
to a powerful suction (Alexander 1973; Cracraft 1968; Lauder
1980; Millot and Anthony 1958; Robineau 1973; Robineau
and Anthony 1973; Thomson 1966, 1967, 1970). Although
several models have been proposed, the kinetics of this joint
remain poorly understood, not only because of the lack of
in vivo data on the actual movement of the skull during prey
capture but also because of the scarcity of detailed descriptions of the anatomy of this species.
The overall anatomy of Latimeria was described in the
extensive monographs of Millot, Anthony, and Robineau
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(Millot and Anthony 1958, 1965; Millot et al. 1978).
However, the principal aim of this work was to describe the
different anatomical structures and their topological relationships rather than addressing their functional significance.
Indeed, the first functional models of the skull mechanics in
L. chalumnae by Robineau (1973) and Robineau and
Anthony (1973) were published 15 years after the publication
of the first volume of the monograph and 7 years after the first
four-bar linkage model for the skull mechanics in the coelacanth proposed by Thomson (1966). As such, a reevaluation
of the skull anatomy of L. chalumnae is needed to better
understand the jaw system in this species. Moreover, a functional anatomical study of the jaw system may shed light on
the feeding ecology of the species, which remains poorly
known.
In an evolutionary context, Latimeria is a pivotal taxon
since it is the only extant genus that bears anatomical features
that are otherwise present only in fossil sarcopterygian fishes.
An in-depth knowledge of the cranial anatomy of Latimeria
represents a prerequisite for understanding the functional significance of cranial features such as the intracranial joint in
fossil coelacanths and other sarcopterygian fishes. By comparison with other fossil sarcopterygian fishes and early tetrapods, these new data may shed light on the functional implications of the changes observed in the cranial anatomy during
the fish–tetrapod transition during the Devonian.
Here, we redescribe the anatomy of the jaw-closing system
of Latimeria in light of a recent dissection of a specimen
stored in the Collection of Pièces anatomiques en Fluides at
the Muséum national d'Histoire naturelle (MNHN), Paris.
Moreover, we provide quantitative data on the jaw system
needed to interpret the functional role of the intracranial joint
and its implications in the feeding ecology of this poorly
known yet enigmatic species.

Material and methods
Specimens studied
The specimen of L. chalumnae MNHN used in this study
(MNHN C24) is stored in the Collections of Pièces
anatomiques en Fluide of the Muséum national d'Histoire
naturelle, 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, and
weights 38 kg (measured on March 1971). After capture, the
specimen was eviscerated and fixed in a formalin solution.
The specimen was immersed in water for 1 month before
dissection. Additional specimens prepared by Millot and
Anthony were also examined. Parasagittal slices of the cranium made on CCC5 (Nulens et al. 2011) and coronal cross
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section of CCC6 (Nulens et al. 2011) were used to better
understand the morphology of anatomical structures that were
difficult to observe during dissection, such as intracranial joint
and the cranial base.
Morphology
Muscles were dissected and separated into functional groups
based on their position and the manipulation of the dissected
specimen. Photographs were taken at all stages of the dissection; the muscle in situ as well as its insertion and origin was
photographed before the muscle was removed. Muscles were
measured and placed in a 70 % aqueous solution of ethanol.
Small muscles were blotted dry and weighed to the nearest
0.01 g using a Mettler EA100 microbalance (Mettler Toledo
Inc., Colombus, OH, USA). Larger muscles were blotted dry
and weighed to the nearest gram using an Ohaus Balance
Traveller (Fisher Scientific, Pittsburgh, PA, USA). Next, muscles were placed for 24 to 72 h in a 30 % aqueous nitric acid
solution (Loeb and Gans 1986). Nitric acid was removed and
replaced by a 50 % aqueous glycerin solution once the connective tissue surrounding the muscle fibers had been
digested. Fibers were separated gently, and 10 to 15 were
selected haphazardly and photographed using a Sony Cybershot DSC-F828. Fiber length was measured using ImageJ
(version 1.45). The volume of each muscle bundle was calculated based on the mass of the bundle and assuming a density
of 1.06 g cm−3 (Mendez and Keys 1960). A physiological
cross-sectional area (PCSA) was then calculated by dividing
the muscle bundle volume by the average fiber length. The
cosine of the pennation angle was taken into account for the
calculation of the PCSA of the MAMP 3 (bundle 3 of the m.
adductor mandibulae profundus) and MAMP 6 (bundle 6 of
the m. adductor mandibulae profundus). The PCSA of the
basicranial muscle was directly measured on the CT scan since
the presence of short fibers in series throughout the length of
the muscle overestimated the PCSA. The PCSA of the anterior
adductor of the palatoquadrate as well as that of the MAMP 7
were also measured on the CT scan slices since they were
damaged during the dissection.
CT scanning and imaging
After dissection of one side of the head, the specimen was
immersed for 1 month in a solution of phosphomolybdic acid
solution (5 % in 70 % ethanol) to increase the contrast of the
soft tissues. The specimen was scanned at the AST-RX facility
of the Muséum national d'Histoire naturelle, Paris, France,
using the following scanning parameters: voltage, 200 kV;
current, 200 μA; number of slices, 1,289; voxel size,
0.260 mm; field of view, 262.34 mm. A 3D reconstruction
of the coelacanth head was manually performed using
MIMICS 15 (Materialise, Leuven, Belgium). STLs were then
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imported in Studio Geomagic (Geomagic, Inc., Research
Triangle Park, NC, USA) for editing. The left lower jaw and
palatoquadrate were symmetrized since their antimeres were
removed during dissection. The right side of the cartilage
forming the otoccipital portion of the skull was also symmetrized since it was not clearly observable on the μ-CT acquisition due to the low contrast on that side. An estimation of the
range of motion of the intracranial joint was performed using
MIMICS 15. The range of movement at the intracranial joint
was estimated using a method similar to that of Pierce et al.
(2012). The processus connectens was moved along the otic
shelf from its resting position by rotating the joint around the
y-axis until it was nearly disarticulated. The distance between
the tip of the sphenoid condyles and their resting position on
the otic shelf as well as the distance between the notochordal
pit and the notochord were measured for an intracranial joint
angle set at −5°, 15°, and 20° (angles suggested in the literature based on four-bar linkage models and manipulations).

Results
The following description is primarily based on the dissection
of the specimen CCC27. CT scan slices of the same specimen,
as well as sections made by Millot and Anthony in 1961 of
other specimens that are available in the MNHN, were used
for the description of anatomical structures that were difficult
to observe during dissection.
Osteology of the jaw-closing system
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 anterior portion,
which encloses the nasal capsules and the eyes) and
otoccipital portion (i.e., the posterior portion, which encloses
the otic capsules and the brain), which are articulated by
means of the intracranial joint. In the dorsal aspect, the intracranial joint spans transversally between the posterior pair of
parietals and the pair of postparietals.
The ethmosphenoid portion of the neurocranium consists
of paired lateral ethmoids, the parasphenoid, and the
basisphenoid. 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 with the basisphenoid, which is a prominent median
bone. The basisphenoid bears two lateral paired processes: a
dorsal one, the antotic process, which articulates with the
palatoquadrate; and a ventral one, the processus connectens,
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articulating with the otoccipital portion of the skull. The deep
suprapterygoid fossa lies anterior to the antotic process. The
notochord spans 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 spans anteriorly from the basisphenoid to
the tip of the snout. It is covered by the dermal bones dorsally
and associated with the parasphenoid and the lateral ethmoid
ventrally. The ethmosphenoid cartilage forms the orbital septum and encloses the braincase, the nasal capsules, and the
rostral organ anteriorly.
The otoccipital portion of the skull is formed by the prootic,
which is a large bone. The prootic bears a prominent anterior
apophysis, the otic shelf, whose medial surface forms a sliding
joint. The entire posterior half of the otoccipital portion of the
skull is made up of dense cartilage. This cartilage covers the
ventral surface of the dermal bones of the skull roof as well as
the medial surface of the prootic anteriorly. Posteriorly, the
cartilage is embedded in the supraoccipital, a medial ossification, and the paired exoccipitals. The base of the otoccipital
portion of the skull presents a large embayment referred to as
the basicranial fenestra. The anterior and posterior anazygals
as well as the anterior and posterior catazygals are small
median bones that lie dorsally and ventrally to the notochord,
respectively.
A complete division between the ethmosphenoid and
otoccipital portions of the skull is a feature unique to
sarcopterygians (Friedman and Brazeau 2010). This separation is recognized as being formed by two components, the
intracranial joint dorsally and the ventral fissure ventrally.
Basal actinopterygians (Gardiner 1984) and chondrichthyans
(Maisey 2001), as well as Acanthodes (Brazeau 2009; Davis
et al. 2012; Miles 1973a, b) also possess a transverse cleft on
the ventral division of the neurocranium posterior to the
hypophyseal region, but their neurocranium is not divided
dorsally. The homology between the ventral fissure and the
intracranial joint of Latimeria and the ventral fissure observed
in these taxa has been debated between paleontologists, notably in the context of the segmentalist theory of the vertebrate
head (see Janvier (1996) for a review). While Bjerring (1978)
rejected the homology between the ventral fissure of
sarcoptergygians (which he called “infracerebral division”)
and that observed in other gnathostomes, current views rather
consider these structures as homologous (Friedman and
Brazeau 2010; Gardiner and Bartram 1977). The dorsal division of the neurocranium and the dermal bones of the skull
roof, the intracranial joint stricto sensu, are thus considered as
being a derived feature of sarcopterygians that arose from the
preexisting ventral fissure. In this paper, what we refer to as
the intracranial joint includes the entire junction between the
ethmosphenoid and otoccipital portions of the skull.
The suspensorium is composed of the palatoquadrate and
hyoid apparatus. The palatoquadrate (Fig. 1) is composed of
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Fig. 1 Cranial osteology in the
coelacanth L. chalumnae Smith
1939. a Left lateral view of the
skull showing the different
skeletal elements of the skull. b
Left lateral view of the
neurocranium showing the
isolated ethmosphenoid and
otoccipital portions. c Ventral
view of the neurocranium. The
cartilaginous portions are colored
blue. a.An anterior anazygal,
a.Cat anterior catazygal, Ang
angular, ant.pr antotic process,
a.Pa anterior pair of parietals, Aut
autopalatine, Art articular,
a.w.Par ascending wing of the
parapshenoid, Bb.t.p
basibranchial tooth plate, Boc
basioccipital, Bsph basisphenoid,
Ch ceratohyal, co.pr.Ang
coronoid process of the angular,
De dentary, Ecpt ectopterygoid,
Exo exoccipital, Hy
hyomandibular, Ih interhyal, i.j
intracranial joint, L.e lateral
ethmoid, L.r lateral rostral, me.fos
Meckelian fossa, Mpt
metapterygoid, Na nasals, ot.sh
otic shelf, Par parasphenoid, Part
prearticular, p.Cat posterior
catazygal, p.Co principal
coronoid, Pmx premaxillary, Pp
postparietal, p.Pa posterior pair
of the parietals, Pt pterygoid,
pr.con processus connectens, Pro
prootic, Q quadrate, Rart
retroarticular, So supraorbital
series, Soc supraoccipital, sph.co
sphenoid condyle, Spl splenial,
spt.fos suprapterygoid fossa, Stt
supratemporal, Sy symplectic, Te
tectals, Vo vomer, v.pr.p.Pa
ventral descending process of the
posterior pair of parietals

three ossified elements, the pterygoid, the quadrate, and the
metapterygoid. The pterygoid is sutured anteriorly to the
autopalatine. The palatoquadrate articulates with the lower
jaw by means of the quadrate and with the ethmosphenoid
portion by means of the metapterygoid. Anteriorly, the
palatoquadrate is sutured to the autopalatine, as well as to
the ectopterygoid and the dental tooth plates. The complex
formed by these bones is here referred to as the palate. The
hyoid apparatus is composed of the hyomandibular, which
articulates with the otoccipital portion of the skull, the

interhyal, and the symplectic, which articulates with the posterior tip of the retroarticular. The ceratohyal articulates with
the symplectic and the interhyal posteriorly and with the
basibranchial anteriorly.
The mandible of the coelacanths has been well described in
both extant and fossil species (Forey 1998). The
palatoquadrate articulates with the lower jaw by a condyle
formed by the articular and the retroarticular. The latter also
articulates with the symplectic in its posterior portion
(retroarticular process). A deep Meckelian fossa is present
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between the articular and the prearticular, which forms the
medial side of the mandible. It is flanked medially by the
principal coronoid, which is sutured to the prearticular. The
symphysis between the two mandibles is not fused anteriorly.
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–

Palatoquadrate–neurocranium joint

posteriorly, and inserts on the dorsomedial margin of the
retroarticular
Anteromedial ligament of the quadrate–mandible joint:
originates on the anterior surface of the median condyle
of the quadrate and inserts on the posterior margin of the
principal coronoid as well as on the medial edge of the
articular

The palatoquadrate is connected to the neurocranium posteriorly and to the autopalatine anteriorly (Figs. 1, 2, and 3). Two
muscles associate the palatoquadrate with the neurocranium:
–

–

The anterior adductor of the palatoquadrate (Figs. 2 and 3)
originating at the suprapterygoid fossa and inserting on the
medial surface of the metapterygoid. Proposed function:
adduction of the palatoquadrate
The posterior adductor of the palatoquadrate (Fig. 2):
originates on the posterodorsal margin as well as on the
medial surface of the metapterygoid. The fibers run
posterodorsally and insert in the temporal fossa.
Proposed function: adduction of the palatoquadrate

Posteriorly, the saddle-shaped metapterygoid forming the
dorsal portion of the palatoquadrate is closely associated with
the antotic process of the basisphenoid by a robust ligamentous capsule (Figs. 2 and 3) formed by the suprapterygoid
ligament. The anterodorsal extension of the palatoquadrate
inserts in the suprapterygoid fossa where the short anterior
adductor of the palatoquadrate maintains it.
The dorsal surface of the autopalatine is capped by cartilage
and firmly associated to the neurocranium at the level of the
ventrolateral fossa of the lateral ethmoid. These two connections do not allow any movement of the palatoquadrate, apart
from some mediolateral movement at the level of its posterior
articulation.
Palatoquadrate–mandible joint

Jaw-closing muscles
The m. adductor mandibulae (Fig. 5) is massive and extends
anterolaterally to the lateral surface of the palatoquadrate. It
consists of two distinct parts, the m. adductor mandibulae
superficialis (MAMS) and the m. adductor mandibulae
profundus (MAMP) which can be separated based on their
line of action. Each part can be separated into different bundles. The fiber lengths of the bundles forming the MAMS are
longer than those of the bundles forming the MAMP
(Table 1).
The MAMS is divided into two bundles that are arranged
sequentially along the posterior margin of the palatoquadrate
(Fig. 5):
–

–

The palatoquadrate articulates with the mandible by means of
the quadrate (Figs. 1 and 4). Four ligaments stabilize the
palatoquadrate–mandible joint (Fig. 4):
–

–

–

Anterolateral ligament of the quadrate–mandible joint:
originates on the anteroventral surface of the quadrate,
just dorsal to the condyle and inserts laterally on the
articular, just at the base of the articulation
Posterolateral ligament of the quadrate–mandible joint:
originates on the posterior surface of the quadrate and
posteriorly envelops the lateral condyle of the quadrate. It
inserts on the dorsolateral surface of the retroarticular
Posteromedial ligament of the quadrate–mandible joint:
originates on the medial side of the palatoquadrate, runs
over the crest posterior to the area covered by tiny denticles, envelops the medial condyle of the quadrate

The posterolateral bundle of the MAMS is bulky and
covers the ventrolateral surface of the palatoquadrate. In
lateral view, the origin of the muscle extends over 7 cm
from the middle of the cartilaginous posterior margin of the
palatoquadrate to the condyle of the quadrate. The fibers
are directed anteroventrally and insert on the medial margin of the articular and prearticular by means of an aponeurosis. The insertion surface extends anteroposteriorly
over 4 cm from the base of the articulation between the
quadrate and the mandible.
The anterolateral bundle of the MAMS originates just
dorsally to the posterolateral bundle on the posterior
cartilaginous margin of the palatoquadrate. The
ventralmost point of origin is situated 8.5 cm from the
base of the quadrate. The fibers run anteroventrally and
insert fleshy into the Meckelian fossa, just anterior to the
coronoid process of the angular. The anterolateral bundle
represents the anteriormost insertion of the m. adductor
mandibulae on the mandible.

The MAMP consists of seven bundles of which the line of
action is oriented dorsoventrally. Each bundle inserts onto a
tendon attached to the mandible in the Meckelian fossa between the principal coronoid and the articular.
–

MAMP 1 originates on the posterodorsal margin of the
metapterygoid. The fibers run anteroventrally and insert
onto the long MAMP–mandible tendon that inserts in the
Meckelian fossa. In lateral view, the insertion point is
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Fig. 2 Articulation of the palatoquadrate with the neurocranium in the
coelacanth L. chalumnae Smith 1939. a Left lateral view of the skull.
Dotted lines indicate the area of insertion of the adductor of the
palatoquadrate on the medial surface of the metapterygoid. b Left ventrolateral view of the medial side of the palatoquadrate–neurocranium
joint. c Left lateral view of the specimen showing the articular surface of
the metapterygoid after the dissection of the palatoquadrate–

neurocranium joint. ant.pr antotic process, art.Mpt-nc articulation of
the metapterygoid–neurocranium, art.surf.ant.pr surface for articulation
with the antotic process, Aut autopalatine, lig.spt ligament
suprapterygoid, m.a.add.Ptq anterior adductor muscle of the
palatoquadrate, m.p.add.Ptq posterior adductor muscle of the
palatoquadrate, Mpt metapterygoid, Par parasphenoid, Pro prootic, Pt
pterygoid

situated just posteriorly to the coronoid process of the
angular.
MAMP 2 is a unipennate muscle that originates on the
lateral surface of the metapterygoid by means of an
aponeurosis. The fibers run dorsoventrally and insert on
the MAMP–mandible tendon as those of the MAMP 1.
MAMP 3 originates on the anterior surface of the cartilage
forming the posterior portion of the palatoquadrate. Its fibers
run anteroventrally and insert on the lateral side of the
MAMP–mandible tendon and insert at an angle of 30°–40°.
MAMP 4 originates on the MAMP 7 by means of an
aponeurosis. Fibers run dorsoventrally and insert on the
dorsoposterior margin of the principal coronoid.
MAMP 5 is a short fusiform bundle that originates on the
anterior portion of the lateral surface of the metapterygoid,
runs dorsoventrally, and inserts on the lateral side of the
MAMP–mandible tendon.
MAMP 6 is a unipennate bundle that originates just posterior to the dorsoventral ridge that runs over the lateral
surface of the palatoquadrate. Fibers run anteroventrally
and insert on the lateral side of the MAMP–mandible
tendon. Fibers of MAMP 6 are inserted more ventrally
on the MAMP–mandible tendon than those of MAMP 3.
MAMP 7 originates on the dorsal portion of the anterior
surface of the basisphenoid as well as on the dorsal
portion of the palatoquadrate. Fibers run dorsoventrally
by following the dorsoventral ridge of the palatoquadrate
up to the middle of the pterygoid and insert on the
MAMP–mandible tendon.

to the middle of the angular. The m. intermandibularis
anterior presents an anterior bundle that originates on the
ventromedial margin of the splenial. The fibers of this
bundle run posterolaterally and insert on the anterior tip
of the gular plate.
The m. intermandibularis posterior is a thin bundle that
originates on the dorsal portion of the lateral surface of
the urohyal. It runs dorsoventrally under the opercular
membrane and widens at its ventral portion.

–

–

–
–

–

–

The buccal floor is sheathed by the m. intermandibularis.
This muscle consists of two bundles which were already
described by Millot and Anthony (1958, Fig. 17 p. 58):
–

The m. intermandibularis anterior originates on the ventral
margin of the mandible, from the anterior tip of the splenial

–

The fibers of the m. intermandibularis anterior and m.
intermandibularis posterior merge and insert by means of an
aponeurosis on the dorsal surface of the gular plate.
Intracranial joint anatomy
The intracranial joint (Fig. 1) is situated between the posterior
pair of parietals and the pair of postparietals, which form most of
the skull roof of the otoccipital portion of the skull. The posterior
margin of the posterior parietals and the anterior margin of the
pair of postparietals are straight. The postparietals are roughened
in their anterior portion and bear an apophysis, which anteriorly
covers the cartilage that caps the descending process of the
posterior parietal. We observed on the parasagittal slices of
CCC5 that a ligament stretches across this joint and links the
otoccipital and ethmosphenoid portions of the skull (Fig. 6).
The processus connectens and the sphenoid condyles of the
basisphenoid are capped by cartilage. The sphenoid condyles
articulate posteriorly with the anterior anazygal (Figs. 3 and
6). Also, the entire posterior surface of the basisphenoid is
tightly connected to the notochord (Figs. 3 and 6), and ligaments associate these elements at their surface (Fig. 7).
The ventral side of the notochord is covered by two elements (Figs. 1 and 6): the anterior and posterior catazygals.
Several ligaments embed the catazygals and the notochord
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Fig. 3 a–e Coronal cross sections through the intracranial joint of the
coelacanth L. chalumnae Smith 1939. ant.pr antotic process, Bsph
basisphenoid, e.c endocranial cavity, i.j intracranial joint, lig.spt ligament
suprapterygoid, m.b basicranial muscle, Par parasphenoid, m.a.add.Ptq
anterior adductor muscle of the palatoquadrate, MAM m. adductor
mandibulae, MAMP m. adductor mandibulae profundus, MAMS m.
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adductor mandibulae superficialis, Mpt metapterygoid, nch notochord,
ot.sh otic shelf, Pp postparietal, pr.con processus connectens, Pt pterygoid, Pt.cart posterior cartilage of the pterygoid, Q quadrate, spt.fos
suprapterygoid fossa, t.MAMP-md tendon of the m. adductor mandibulae
profundus-mandible, v.pr.p.Pa ventral descending process of the posterior pair of parietals
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Fig. 4 Jaw articulation (quadrate–mandible) in the coelacanth L.
chalumnae Smith 1939. a Left dorsolateral and b right posterolateral
views showing the position of the ligaments of the quadrate–mandible
articulation, c–d left lateral views, e dorsal view after the dissection of the
mandible, f dorsal view of the quadrate-mandible joint. Ang angular, Art

articular, lig.alat anterolateral ligament of the quadrate–mandible joint,
lig.amed anteromedial ligament of the quadrate–mandible joint, lig.plat
posterolateral ligament of the quadrate–mandible joint, lig.pmed
posteromedial ligament of the quadrate–mandible joint, Part prearticular,
Pt pterygoid, Q quadrate, Rart retroarticular

and insert dorsally on the medial surface of the prootic as well
as on the posterior portion of the basisphenoid over 0.5 cm
(Fig. 7). Five superficial ligaments have been dissected away,
but the deeper ones that closely associate the catazygals with
the notochord were inseparable (Fig. 7):

–

–

–
–

–

Ligament 1 of the cranial base: it originates on the lateral
surface of the prootic (over 4.5 cm) as well as on its
medial surface, runs dorsoventrally, and inserts on the
anterior margin of the anterior catazygal.
Ligament 2 of the cranial base: it originates on the ventral
crest of the prootic, runs dorsoventrally, and embeds the
posterior portion of the anterior catazygal.
Ligament 3 of the cranial base: it is overlapped laterally by
ligament 2. It originates on the medial margin of the
prootic, anteriorly to the ventral crest, runs posteroventrally,
and inserts laterally on the posterior margin of the anterior
catazygal.
Ligament 4 of the cranial base: it originates on the median
surface of the prootic and embeds the posterior
catazygals.

Ligament 5 of the cranial base: it originates on the anterior catazygal as well as on the notochord and inserts on
the ventroposterior tip of the ethmosphenoid portion of
the skull.

The 3D virtual model built based on the μ-CT scan was
used to estimate the range of motion of the ethmosphenoid
portion along the groove of the otic shelf (Fig. 8). In resting
position, the basisphenoid and the notochord are in close
contact (Figs. 3, 6, and 8). When the ethmosphenoid portion
is elevated through an angle of 20° relative to its resting
position (as suggested by Robineau and Anthony (1973)),
the processus connectens moves 1.8 cm along the otic shelf,
nearly disarticulating the joint. Moreover, the distance between the notochord pit on the posterior surface of the
basisphenoid and the tip of the resting notochord increases
by about 2 cm. Similar observations were made when the
ethmosphenoid portion is elevated through an angle of 15°,
as suggested in the model of Thomson (1966): the
basisphenoid and the notochord are separated by about
1.7 cm as the processus connectens slides at mid-length along
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Fig. 5 Jaw-closing musculature in the coelacanth L. chalumnae Smith
1939. a–f Left lateral views showing the different layers of the m.
adductor mandibulae. a.MAMS anterior bundle of the m. adductor
mandibulae superficialis, p.MAMS posterior bundle of the m. adductor
mandibulae superficialis, MAMP1 first bundle of the m. adductor
mandibulae profundus, MAMP2 second bundle of the m. adductor
mandibulae profundus, MAMP3 third bundle of the m. adductor

mandibulae profundus, MAMP4 fourth bundle of the m. adductor
mandibulae profundus, MAMP5 fifth bundle of the m. adductor
mandibulae profundus, MAMP6 sixth bundle of the m. adductor
mandibulae profundus, MAMP7 seventh bundle of the m. adductor
mandibulae profundus, t.MAMP-md tendon of the m. adductor
mandibulae profundus-mandible

the otic shelf. The ventroflexion of the ethmosphenoid portion
involves a posterior displacement of about 0.6 cm of the

notochordal pit. This displacement makes the notochordal
pit merge with the notochord, suggesting that a small
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Table 1 Summary of the morphological data collected in this
study

a

Physiological cross-sectional area measured on the coronal slices
from CT scan acquisition
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Muscle

Weight (g)

Mean fiber length (cm)

PCSA (1/cm2)

Anterior adductor of the palatoquadratea
Posterior adductor of the palatoquadrate
Posterolateral bundle of the MAMS
Anterolateral bundle of the MAMS
MAMP 1

–
9.250
26.000
15.000
14.000

–
3.734
5.039
5.698
3.089

1.061
2.337
4.867
2.483
4.275

MAMP 2
MAMP 3
MAMP 4
MAMP 5
MAMP 6
MAMP 7a
Basicranial musclea

3.090
2.790
8.600
1.760
8.080
16.000
63.000

2.814
3.840
3.209
3.082
2.524
2.316
2.589

1.036
0.685
2.528
0.538
1.426
2.481
5.943

compression of the notochord would occur during the
ventroflexion of the ethmosphenoid portion of the skull.
Neurocranium-associated musculature
M. basicranialis (Figs. 3, 6, and 9) is a paired muscle that
originates on the ventral surface of the posterior wing of the
prootic by means of an aponeurosis. Fibers run anteroposteriorly

Fig. 6 Intracranial joint anatomy in the coelacanth L. chalumnae Smith
1939. a Left lateral view of a medial parasagittal cross section of the head.
b Left lateral view of a parasagittal cross section of the right half of the
head. a.An anterior anazygal, a.Cat anterior catazygal, ant.pr antotic
process, br brain, Bsph basisphenoid, e.c endocranial cavity, i.j intracranial joint, lig.i intracranial ligament, m.a.add.Ptq anterior adductor

and merge into a long tendon (11 cm in length) that attaches on
the ventroposterior surface of the tip of the palate. A short
aponeurosis also associates the tendon of the basicranial muscle
with the ascending wing of the parasphenoid, laterally to the
toothed area. The tendon is embedded into a fibrous tissue that
inserts on the palate as well as on the parapshenoid. Function
proposed is ventroflexion of the ethmosphenoid portion of the
skull.

muscle of the palatoquadrate, m.b basicranial muscle, Mpt
metapterygoid, nch notochord, n.p notochordal pit, Par parasphenoid,
p.Cat posterior catazygal, p.Pa posterior pair of parietals, Pp
postparietal, pr.con processus connectens, sph.co sphenoid condyle,
spt.fos suprapterygoid fossa. Scale bar = 5 cm
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Fig. 7 Ligaments of the cranial base in the coelacanth L. chalumnae
Smith 1939. a Left lateral views of the neurocranium showing the
superficial (left) and internal (right) layers of the cranial base ligaments.
b–d Left ventrolateral views of the intracranial joint. a.Cat anterior

catazygal, Boc basioccipital, lig1–5.cb ligaments 1 to 5 of the cranial
base, ot.sh otic shelf, Par parasphenoid, p.Cat posterior catazygal, Pro
prootic

Fig. 8 Estimation of the range of mobility of the intracranial joint in L.
chalumnae Smith 1939. Three-dimensional reconstruction of the
neurocranium and the notochord (green) of Latimeria with the intracranial joint set at different angles in left lateral (left) and parasagittal section
(right). a Intracranial joint in resting positon, b at an angle of −20°, and c

at an angle of 5°. a.An anterior anazygal, Boc basioccipital, Bsph
basisphenoid, c.ros cavity for the rostral organ, e.c endocranial cavity,
h.f hypophysial fossa, i.j intracranial joint, nch notochord, n.p notochordal pit, ot.sh otic shelf, p.An posterior anazygal, Pro prootic, sph.co
sphenoid condyle
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Fig. 9 Basicranial muscle in the coelacanth L. chalumnae Smith 1939. a
Left lateral and b ventral views of the skull. The purple coloration
represents the areas of origin and insertion of the basicranial muscle

Discussion
The m. adductor mandibulae in Latimeria was previously
described by Millot and Anthony (1958) and Forey (1998).
Based on the overall orientation of the muscle fibers, the
adductor was divided into three bundles: the anteroposterior
division, the middle division, and the posteroinferior division.
The anteroposterior division originates on the cartilage of the
antotic process as well as the dorsal edge of the
metapterygoid. Fibers were described to be oriented dorsoventrally and to converge onto a tendon, which inserts at the
medial edge of Meckel's cartilage. The middle division reported by Millot and Anthony (1958) and Forey (1998) was
described to originate on the posterior edge of the cartilage
forming the posterior edge of the palatoquadrate. The fibers
were described to run anteroventrally to join the fibers of the
posteroinferior division. This latter division was described to
originate on the cartilage forming the posterior edge of the
pterygoid as well as on the quadrate (Forey 1998, Fig. 7.3 p.
197). Millot and Anthony (1958) did not report any subdivision of the posteroinferior division, apart from the presence of
a slender superficial bundle which was thought to insert at the
base of the pseudomaxillary fold. On the contrary, Forey
(1998) identified three bundles in this division: a dorsal one,
which inserts on the pseudomaxillary fold; a thin middle
bundle, which inserts in the Meckelian fossa; and a large
ventral bundle which inserts also in the Meckelian fossa but
with a more oblique direction.
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The posterior division of Millot and Anthony (1958) and
Forey (1998) corresponds to the MAMS we describe here. We
did not consider in our study the retractor of the
pseudomaxillary skin fold, which corresponds to the most
dorsal group of fibers described by Forey (1998) in this
division. Apart from this muscle, we identified two bundles:
the posterolateral bundle of the MAMS, which corresponds to
the ventral bundle described by Forey (1998); and the
anterolateral bundle of the MAMS, which corresponds to the
middle bundle.
The middle and the anterosuperior divisions reported by
Millot and Anthony (1958) and Forey (1998) correspond to
the MAMP. The middle division was described as joining the
posteroinferior division ventrally. Yet we observed that this
bundle attaches to the dorsoventral tendon inserting in the
Meckelian fossa and that its fibers are not associated with
the MAMS. The complexity of the m. adductor mandibulae
might reflect a functional segregation, for instance, in activation and force generation. Whereas the entire adductor complex might be recruited for bite force generation during feeding on large prey, only a part of this complex muscle group is
likely recruited during movements of the mandible observed
during, for example, gill ventilation.
In addition to the m. adductor mandibulae, Millot and
Anthony (1958, p. 57, 59) described two muscles associating
the palatoquadrate with the neurocranium: the m. levator arcus
palatini and the m. adductor palatoquadrati. These muscles
were supposed to be antagonists by allowing respectively the
lateral extension and the retraction of the palatoquadrate. The
m. levator arcus palatini described by Millot and Anthony was
observed and corresponds to the m. posterior adductor
palatoquadrate we describe here (Fig. 2). The m. adductor
palatoquadrati of Millot and Anthony (1958) was described
as originating in the suprapterygoid fossa of the basisphenoid,
with fibers running transversally and inserting on the medial
surface of the metapterygoid (Millot and Anthony 1958, p. 59,
pl. IV, Fig. 21B, C). This muscle corresponds to the anterior
adductor of the palatoquadrate. The saddle-shaped dorsal
surface of the metapterygoid is firmly associated with the
antotic process of the basisphenoid by a ligament forming a
capsule around the joint (i.e., “ligament suprapterygoide” in
Millot and Anthony (1958, p.66)). The anterodorsal process of
the palatoquadrate inserts in the suprapterygoid fossa, where it
is maintained by a ligament. The range of motion of the
palatoquadrate–neurocranium joint is very limited, and no
movements in the anteroposterior plane with rotation around
a transverse axis are likely possible. Only some mediolateral
extension of the palatoquadrate appears possible and may take
place during mouth opening. Since the posterior adductor of
the palatoquadrate inserts on the dorsal edge as well as the
medial surface of the metapterygoid, it most probably results
in the retraction of the palatoquadrate and stabilizes the
palatoquadrate–neurocranium joint, together with the anterior
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adductor of the palatoquadrate when the animal closes its
mouth, rather than elevation of the palatoquadrate as suggested by Millot and Anthony (1958). However, the range of
motion induced by these muscles is likely to be very limited,
given their short moment arm about the palatoquadrate–
neurocranium joint.
The coelacanth Latimeria is the only extant vertebrate that
possesses a basicranial muscle. This muscle is considered to
be homologous with the m. retractor bulbi of tetrapods (Bemis
and Northcutt 1991; Northcutt and Bemis 1993) and has been
inferred in fossil sarcopterygian fishes (Janvier 1996; Lu and
Zhu 2010). Among vertebrates, the presence of the basicranial
muscle is considered as a synapomorphy of sarcopterygians,
which has been lost in modern lungfishes and tetrapods
(Janvier 1996). Millot and Anthony (1958) described the
basicranial muscle as inserting in a groove that extends over
the parasphenoid from the level of the foramen for the carotid
artery to the posterior tip of the toothed area. The tendon was
also described to insert throughout the lateral margin of the
toothed area of the parapshenoid. Forey (1991, 1998) described the basicranial muscle as inserting on the posterior
tip of the median tooth-covered area covering the
parasphenoid. Contrary to these previous descriptions, we
observed that the basicranial muscle does not insert on the
posterior tip of the toothed area of the parasphenoid but on the
anterior portion of the palate at the tip of the ethmosphenoid
portion of the skull, anterior to the palatoquadrate (Fig. 9).
Based on the descriptions for Latimeria, the posterior tip of
the toothed area on the parasphenoid was previously considered as the area of insertion of the basicranial muscle (Forey
1991, 1998) and was used as a proxy for inferring the position
of this muscle in fossil coelacanths and many sarcopterygian
fishes. Basal coelacanths such as Euporosteus (Forey 1998;
Jaekel 1927; Jarvik 1942; Stensiö 1937), Miguashaia
(Cloutier 1996), Diplocercides (Stensiö 1937), and
Styloichthys (Friedman 2007; Zhu and Yu 2002) have a broad
parasphenoid, most of the surface of which is covered with
teeth, whereas more crownward coelacanths such as
Axelrodichtys (Maisey 1986), Megalocoelacanthus (Dutel
et al. 2012), or Macropoma (Forey 1998) display the same
condition as that in Latimeria, i.e., a narrow parasphenoid
with a reduced median toothed area representing about onethird of its length. More generally, a short basicranial muscle is
described as inserting ventrally at the posterior tip of the
parasphenoid and posterior to the toothed area in fossil
sarcopterygian fishes, such as Eusthenopteron (Janvier
1996, Fig. 4.90 p. 219; Jarvik 1980, p. 172, Fig. 78 p. 109),
Ectosteorhachis (Thomson 1967), and Gogonasus (Long
et al. 1997). The reduction of the toothed area of the
parasphenoid and the expansion of the ascending wings of
the parasphenoid were considered to reflect the anterior migration of the insertion of the basicranial muscle throughout
coelacanth evolution. Among sarcopterygian fishes, this
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condition was thus considered as a derived feature (Lu and
Zhu 2010). Forey (1998) pointed out that in coelacanths these
changes are also associated with an increase in the length of
the ethmosphenoid portion relative to the otoccipital portion.
Additionally, Lu and Zhu (2010) suggested that the posterior
attachment of the basicranial muscle in both coelacanths and
onychodonts allowed an increase in length of the muscle and a
higher flexibility of the intracranial joint. Our observations
made on Latimeria question previous reconstructions of the
basicranial muscle in fossil coelacanths and sarcopterygian
fishes. Previous evolutionary scenarios about the extension
of the basicranial muscle throughout coelacanth evolution
must be interpreted with caution, and a reexamination of the
fossils is needed in order to identify putative insertion areas for
the basicranial muscle.
Millot and Anthony (1958) considered the basicranial muscle as the antagonist of the m. coracomandibularis, the contraction of which was thought to elevate the palatoquadrate.
The elevation of the palatoquadrate was supposed to push the
ethmosphenoid portion of the neurocranium forward. Like in
the subsequent models (Alexander 1973; Cracraft 1968;
Lauder 1980; Millot and Anthony 1958; Robineau 1973;
Robineau and Anthony 1973; Thomson 1966, 1967, 1970),
the basicranial muscle was supposed to be involved in the
depression of the ethmosphenoid portion of the neurocranium
from its elevated state and in mouth closure together with the
m. adductor mandibulae. The limited mobility of the intracranial joint we observed suggests that a strong dorsiflexion is
unlikely, and as such, the basicranial muscle cannot contribute
to the depression of the ethmosphenoid portion from an elevated state. Due to its very anterior insertion on the skull, we
suggest that the basicranial muscle might be responsible for
the ventroflexion of the ethmosphenoid portion, thus contributing to bite force generation together with the m. adductor
mandibulae. However, for this mechanism to work, the
otoccipital portion of the skull needs to be stabilized. The
strong epaxial muscles, which insert on the posterior surface
of the otoccipital portion of the skull, may fulfill this role.
These muscles have been previously proposed to elevate the
whole skull, by analogy with the condition in actinopterygian
fishes (Lauder 1980). Yet, they may also function in stabilizing the posterior part of the skull. However, this hypothesis
needs to be tested using functional models and in vivo
observations.
Contrary to what can be observed in certain fossil
sarcopterygians fishes such as Powichthys (Jessen 1980) and
Eusthenopteron (Jarvik 1980), the intracranial joint of
Latimeria is not covered by the dermal bones of the skull
roof. This condition has been interpreted as allowing the
elevation of the ethmosphenoid portion of the skull through
an angle up to 20° (Robineau and Anthony 1973). Millot and
Anthony (1958) described four elements stabilizing the intracranial joint: (1) a ligament (“ligament intracrânien” (Millot
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and Anthony 1958)) that originates at mid-length of the
processus connectens and inserts on the anazygal (“pièce
pré-occipitale suschordale” in Millot and Anthony (1958);
(2) a fibrous strip (“ligament fronto-temporal” in Millot and
Anthony (1958)) stretching across the intracranial joint, which
associates the posterior pair of parietals and the pair of
postparietals; (3) the stiffness of the notochord; and (4) the
presence of thin fibrous tissues between the different elements
that are articulated. Based on these observations, Millot and
Anthony (1958, p. 25) suggested that the amplitude of movement at the intracranial joint is relatively limited. Thomson
(1966) was the first to propose an extensive intracranial mobility. By manipulating a thawed specimen which was frozen
after capture, he proposed a four-bar linkage model where the
ethmosphenoid portion of the skull rotates through a maximum angle of 15° relative to the posterior portion of the skull.
Thomson's model (1966, 1967, 1970, 1973) was subsequently
followed by those of Cracraft (1968), Alexander (1973),
Robineau (1973), Robineau and Anthony (1973), Millot
et al. (1978), and Lauder (1980). All of these models assume
a considerable mobility of the intracranial joint and were
aimed at explaining the mechanisms involved in the elevation
of the ethmosphenoid portion of the neurocranium.
Our observations, however, suggest a very limited intracranial mobility, as was suggested originally by Millot and
Anthony (1958). The postparietal dermal bones are associated
with the descending process of the postparietal as well as with
the posterior parietals by means of ligaments. Examination of
the cross sections made by Millot and Anthony on two specimens and a µ-CT scan made on the specimen we dissected
show that the entire posterior surface of the basisphenoid is
tightly connected to the notochord. The sphenoid condyles of
the basisphenoid are linked to the anterior anazygal by means
of a ligament. Ligaments also closely associate the
basisphenoid with the otic shelf of the prootic, as well as with
the notochord and the anterior catazygal. This complex set of
ligaments likely limits significant sliding of the processus
connectens along the medial groove of the otic shelf.
Moreover, observation and measurements made on the 3D
virtual model of the coelacanth skull show that the elevation of
the ethmosphenoid through an angle of 15° and 20° relative to
the otoccipital portion nearly disarticulates the processus
connectens relative to the otic shelf and disconnect the
basisphenoid from the notochord. On the contrary, a
ventroflexion of about 5° of the ethmosphenoid portion causes
a limited displacement of the processus connectens along the
otic shelf, as well as a slight compression of the notochord.
These observations made on the 3D virtual model are supported by the manipulation of the specimen during the dissection. We did not succeed in elevating the ethmosphenoid
portion of the skull by manipulating the specimen at different
stages of the dissection. Only a slight depression of the
ethmosphenoid portion was observed when the snout was
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manually depressed. How the fixation of the specimen affects
our manipulation is unclear, and thus, in vivo data will thus be
crucial to verify the lack of extensive dorsoflexion of the
anterior part of the skull. Yet, other musculoskeletal elements
such as the pectoral fin were highly mobile in this specimen
during the dissection, suggesting that preservation is unlikely
to have affected the mobility of the intracranial joint to an
extensive degree. Finally, our conclusions are consistent with
those of Johnston (2011), who showed that the elevation of the
ethmosphenoid portion of the skull is not possible by using
similar 3D approaches based on CT scans of a different
specimen.
The mobility of the intracranial joint in fossil sarcopterygians
has been the subject of considerable debate. This debate
concerns not only the actual mobility of the intracranial
joint and the kinetics of the skull in Latimeria and several
fossil sarcopterygian fishes but also the functional significance of cranial kinesis in the taxa where it has been inferred. The intracranial joint has been suggested in both
coelacanths and some fossil sarcopterygian fishes to play a
role in bite force generation, in the production of a powerful
suction feeding mechanism, and in dissipating the stresses
generated during biting. More generally, intracranial kinesis
has been inferred in various extant and fossil vertebrate taxa
based on the presence of musculoskeletal features and the
manipulation of dead specimens (Holliday and Witmer
2008). However, in vivo intracranial joint mobility has been
documented in surprisingly few taxa. In tetrapods, only
birds and some squamates display significant intracranial
mobility under in vivo loading conditions (Bout and Zweers
2001; Herrel et al. 1999, 2000; Meekangvan et al. 2006;
Schwenk 2000; Smith and Hylander 1985). Moreover, kinematic studies have demonstrated that the presence of
anatomical features indicating intracranial mobility is not
necessarily correlated to mobility at the joint in vivo
(Metzger 2002). Although Latimeria bears anatomical features that were interpreted as favoring a functional intracranial mobility (e.g., the intracranial joint between the posterior parietals and the postparietals, as well as the presence of
a sliding joint between the basisphenoid and the prootic),
our in-depth anatomical investigation suggests that an extensive elevation of the ethmosphenoid portion of the
neurocranium is unlikely. This hypothesis, however, awaits
a critical test based on in vivo observations of prey capture
in Latimeria .

Conclusions
Based on the dissection of a specimen of the extant coelacanth
L. chalumnae, as well as the observation of CT scan slices and
cross sections made on several coelacanth specimens, we
showed the following:
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–

–

The m. adductor mandibulae is more complex than previously described and is composed of seven bundles,
whereas previous descriptions reported only three.
The intracranial joint is likely less mobile than what has
been suggested by previous authors. A complex network
of ligaments closely associates the ethmosphenoid and
otoccipital portion of the neurocranium, as well as the
notochord. Our observations suggest that dorsiflexion of
the ethmosphenoid portion of the skull is unlikely, whereas a slight ventroflexion is more probable.
The basicranial muscle does not insert on the
parasphenoid. It inserts more anteriorly at the tip of the
ethmosphenoid portion of the skull. As such, the insertion
of the basicranial muscle is not related to the posterior end
of the toothed area of the parasphenoid, as previously
suggested. Our observations question previous inferences
on the position of the basicranial muscle in fossil coelacanths and sarcopterygian fishes as well as the evolutionary scenarios proposed for coelacanths.
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