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Mammals are diagnosed by more than 30 osteological characters (e.g. squa-
mosal-dentary jaw joint, three inner ear ossicles, etc.) that are readily
preserved in the fossil record. However, it is the suite of physiological, soft
tissue and behavioural characters (e.g. endothermy, hair, lactation, isocortex
and parental care), the evolutionary origins of which have eluded scholars
for decades, that most prominently distinguishes living mammals from
other amniotes. Here, we review recent works that illustrate how evolu-
tionary changes concentrated in the cranial and dental morphology of
mammalian ancestors, the Permian–Jurassic Cynodontia and Mammalia-
formes, can potentially be used to document the origin of some of the
most crucial defining features of mammals. We discuss how these soft
tissue and behavioural traits are highly integrated, and how their evolution
is intermingled with that of craniodental traits, thus enabling the tracing of
their previously out-of-reach phylogenetic history. Most of these osteological
and dental proxies, such as the maxillary canal, bony labyrinth and
dental replacement only recently became more easily accessible—thanks,
in large part, to the widespread use of X-ray microtomography scanning
in palaeontology—because they are linked to internal cranial characters.

This article is part of the theme issue ‘The mammalian skull:
development, structure and function’.
1. Introduction
Craniodental traits, such as the presence of a large lower temporal fenestra and
enlarged caniniform teeth that separate the anterior and posterior dentition, are
pivotal for tracing the origin of modern mammals among the Permian–Jurassic
synapsids. Mammalia can be identified in the fossil record by the occurrence of
over 37 osteological characters, including a squamosal-dentary jaw articulation,
ossification of the maxillary turbinates, reduction of the postdentary bones to
form the inner ear ossicles, reduction or loss of the coronoids and absence of
quadratojugals and tabulars [1]. By contrast, the clade Mammalia has tradition-
ally been characterized by a suite of predominantly physiological, soft tissue
and behavioural traits, including endothermy, the presence of fur, mammary
glands, extensive parental care, an isocortex and endothermy [1–10]. Direct
evidence for these characters is rarely preserved in the fossil record, making
the task of tracing their evolutionary origins in mammalian forebears,
i.e. the mostly Permian–Jurassic non-mammaliaform cynodonts (NMC) and
their descendants the non-mammalian mammaliaforms (NMM), quite difficult
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Figure 1. Simplified cladogram of the Cynodontia and cranial morphology in dorsal view (modified from Ruta et al. [11]). Note the simplification of the circu-
morbital region and the posterior migration of the internal choanae compared to the orbit ( posterior extension of the secondary palate, marked by a red arrow).
Inset: skull and mandible of a cynodont in lateral view (top) and lower jaw in medial view (bottom) illustrating the dual jaw joint condition. Art, articular; D,
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Smx: septomaxilla; Sq: squamosal. Drawings not to scale. (Online version in colour.)
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(figure 1). Recent works have nevertheless shown that these
soft tissue and behavioural traits are directly related to ner-
vous structures, sense organs and other osteological and
dental structures that leave readily observable evidence on
the fossilized skulls of these taxa [6–8,10]. This literature
review paints an overview of the main cranial, mandibular
and dental transformations from the NMC and NMM con-
ditions to those of Mammalia, offering a unique gateway to
the evolutionary history of the defining mammalian soft
tissue and behavioural traits listed above. The osteological
traits are discussed below in anterior–posterior order on
the skull.
2. Tooth replacement and diphyodonty
Most placental mammals are diphyodont, i.e. have a maxi-
mum of two tooth generations (deciduous ‘milk’ teeth
that are replaced by permanent ‘adult’ teeth), whereas
the plesiomorphic state for Synapsida was an intense and
uninterrupted dental replacement throughout life [12]. Mam-
mals also developed a unique type of dental occlusion
(accompanied by fleshy cheeks and chewing as indicated
by the presence of a masseteric fossa on the dentary) [13].
Numerous studies investigating tooth replacement patterns
in NMC and NMM have been undertaken, using X-ray
microtomography (CT) scanning [14–16] and histological sec-
tioning [17,18], and have had converging results. The NMC
display a wide variety of conditions of dental succession
[14–16], but there is no definite evidence of diphyodonty in
NMC [14–16]. Although this style of tooth replacement has
recently been proposed for the mammalian-proximate taxon
Brasilodon [18], the evidence presented is not compelling,
and previous studies have indicated that dental replacement
was not diphyodont in that taxon [19,20]. The earliest
evidence for the reduction in number of replacement gener-
ations to a finite number (oligophyodonty) has been
identified in the canines of Permian–Triassic epicynodonts
[15,16]; however, it is only in the early Jurassic NMM
Morganucodon that true diphyodonty evolved [21]. A
reduction in the number of replacement generations probably
coincided with four evolutionary adaptations. First, the
appearance of prismatic enamel, as the increased resource
input of producing large enamel-covered teeth from a young
age meant that shedding teeth frequently through ontogeny
would have been wasteful [22,23]. Second, the appearance of
nutritive lactation, as developing functional, adult-like teeth
at birth was no longer a necessary condition for feeding
[24,25]. Third, compared to the plesiomorphic alternate
dental replacement pattern of NMC, diphyodonty improves
precise occlusion, which possibly fuelled an elevated
metabolic rate [24]. Finally, the attachment of teeth via a
periodontal ligament (gomphosis)—which is the basal therio-
dont condition—rather than fusion of the tooth to the bone
(ankylosis), allows the dentition to shift slightly through onto-
geny, further facilitating the maintenance of precise dental
occlusion [26,27]. The advent of precisely occluding dentition
in the cynodont lineage is probably also linked to the transition
to a ‘dual jaw joint’ (discussed below), which together
probably helped improve chewing efficiency [28–31].
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3. Palate and nasal cavity
In mammals, the secondary palate is a sheet of bone that
separates the nasal and oral cavities [24]. It is formed by
medially projecting palatal processes of the premaxillae,
maxillae and palatine bones. A secondary palate was absent
in early synapsids and the development of a bony secondary
palate is one of the best-documented transitions in the
evolution of the synapsid lineage [24,32,33].

Basal synapsids had an open palate, but Permian and early
Triassic NMC (e.g. Procynosuchus and Galesaurus, respectively)
began evolving medially projecting expansions of the pre-
maxillae, maxillae and palatines that were probably
connected medially by soft tissue (e.g. a cartilaginous or mem-
branous sheet) [34–36]. An almost fully closed palate
developed for the first time in the early Triassic epicynodont
NMC (e.g. Thrinaxodon), but remained anteroposteriorly
short and with a gap separating the palatal processes of the
maxillae and palatines throughout ontogeny [37]. The mid-
to-early late Triassic probainognathian NMC (e.g. Lumkuia,
Aleodon and Probainognathus) were the first to evolve an
elongated secondary palate that pushed the choanae far back
in the mouth, beyond the level of the anterior margin of the
orbit [38,39], resembling the mammalian condition (figure 1).

The palate of NMC also has enlarged transverse processes
of the pterygoid that slide against the medial part of the mand-
ibles during jaw adduction. Along with the paracanine fossa
that receives the lower canine when the jaws are closed, this
represents a major morphological constraint that funnels the
mandible during occlusion. In comparison, mammals and
most NMM have reduced pterygoid wings that do not reach
the mandible and no paracanine fossa [40–42]. The only excep-
tions are the basal NMM Morganucodon and Megazostrodon, in
which a paracanine fossa is present and the reduced transverse
(hamular) process still presents a facet for themandible [40–42].

The development of the secondary palate may initially
have been for a structural reinforcement of the snout, with a
marked increase in torsional strength and stiffness that later
would have extreme importance with the development of
occlusion and strong bites [43]. The bony palate also separates
the food-processing part of the snout from the respiratory tract,
which enables chewing for long periods of time without
impeding breathing [24,32,33]. By contrast, diapsids that lack
a secondary palate need to pause their breathing while eating
[9]. That the secondary palate evolved primarily for chewing
is supported by the parallel development of a similarly con-
structed secondary palate in baurioid therocephalians that
coincidentally also evolved chewing, as evidenced by the
enlarged masseteric fossa on the dentary and the presence of
dental occlusion [44–46]. This ability to breathe and eat simul-
taneously probably allowed for an increased metabolic rate,
ultimately enabling endothermy to evolve in the most derived
NMC [24,47]. Furthermore, a fully enclosed buccal cavity
allows a vacuum to be created, which is necessary to create a
buccal pump for young to suckle, facilitating the nursing of
young in early developmental stages [32,33]. This evolved pair-
wise with a more complex hyoid morphology in NMM
compared to the simple rod-like morphology of NMC [48].

As the nasal cavity became physically and functionally
separated from the mouth, elements of the nasal capsule
began ossifying, particularly the turbinates. In mammals,
the ossified olfactory and respiratory turbinates support the
olfactory epithelium and help retain water and warmth by
acting as a counter current exchanger [32,33,49–51]. Unques-
tionable evidence of ossified turbinates has never been found
in NMC and NMM, though bone fragments have been
reported in the nasal cavity of some tritylodontids, brasilo-
dontids and NMM [42,52], but see [33]. The presence of
ridges on the internal walls of the nasal cavity suggests that
at least cartilaginous turbinates were present in NMC and
NMM [49,50]. The origin of ossified respiratory turbinates
is correlated to the evolution of endothermy [47], whereas
that of the olfactory ones was linked to the onset of
mammal-like olfactory capabilities [53,54]. Both types of ossi-
fied turbinates could have originated in NMC [52] or in
NMM [53,55], but in the absence of reliable evidence, phylo-
genetic bracketing can only support that ossified turbinates
evolved in the last common ancestor of Mammalia.
4. Circumorbital region
The region of the skull around the orbit has undergone sim-
plification in mammals compared to their NMC ancestors
which had more bones in the skull [56]. In mammals, the pre-
frontal, postfrontal and postorbital bones are absent. The last
two of these bones were lost altogether with the postorbital
bar in probainognathian NMC belonging to the Prozostro-
dontia (figure 1). Though it has lost the postorbital bar,
Prozostrodon itself (the basal-most prozostrodontian) retains
vestigial prefrontal and postorbital bones [57]. Many hypo-
theses may account for the loss of the postorbital bar as, for
example, it leaves room for the expansion of enlarged jaw
adductor musculature, removes possible weak points at the
sutures between circumorbital bones (possible adaptation
for increased chewing activity) or may be a by-product of
cranial miniaturization or orbit orientation [58,59].

Mammals are also noted for the presence of a simple
infraorbital foramen (IOF), whereas most NMC possess
multiple supralabial foramina on the snout [60,61]. These
foramina have been colloquially referred to as ‘whisker pits’
[62], because they have long been hypothesized to be the
rooting points for vibrissae [63,64]. This assumption has,
however, been consistently and compellingly disproven
many times. Similar foramina are absent in mammals, but
are present in a wide variety of sauropsids, including dino-
saurs and extant lizards [7,60,65–67]. The ‘whisker pits’ of
early synapsids are only partly homologous to the IOF of
mammals. In the probainognathian NMC, the number of
‘whisker pits’ becomes gradually reduced until only three
foramina (or three clusters of foramina) remain in the clade
unifying Probainognathus and the Prozostrodontia [7,66].
Kermack et al. [40] numbered these IOF1–IOF3 in anterior–
posterior order. Using CT-scanning, Benoit et al. [66]
showed that only IOF2 connects to the infraorbital canal
and is thus homologous to the mammalian IOF. Prozostro-
dontian NMC were the first to acquire a mammalian IOF
[66,67], but note that some cynognathian NMC convergently
evolved a similar structure [68].

The presence of an IOF is correlated to whisking behav-
iour, as the foramen gives passage to the sensory fibres of
the infraorbital branch of the trigeminal nerve, which innerv-
ate the whiskers in mammals [69–71]. Whiskers are hair, and
as such, the origin of the IOF in the Prozostrodontia, some
241 Ma, may be linked to the evolutionary origin of
endothermy [7].
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5. Parietal foramen
Synapsids originally possessed a ‘third eye’ or pineal eye—a
photoreceptive organ that detects changes in ambient light,
aiding the monitoring of biological rhythms and thermoregu-
latory behaviour—accommodated in an opening between the
paired parietal bones on the skull roof, called the parietal (or
pineal) foramen [7,8]. This parietal foramen is normally
absent in modern mammals [72], and the only relict of the
organ that occupied it is the pineal gland, which has lost its
photoreceptive function in mammals [73–76]. The loss of
the parietal foramen happened in NMC and was a gradual
process [8,77]. The presence and morphology of the parietal
foramen became inconsistent in the late Permian and early
Triassic NMC (variably present or absent within and between
species, slit-like in adults, or lost during ontogeny) and is
completely and irreversibly lost in the Probainognathia [7,8].

It has been proposed that the loss of the parietal foramen
was linked to a mutation of the homeogene Msx2, which
coincidentally also partly controls the maintenance of hair and
development of the mammary glands, as demonstrated by
experiments undertaken on mice [7,78–81] (see discussion). The
loss of the parietal foramen in NMC also indicates that the
pineal eyewas no longer required [77]. The photoreceptive func-
tion of the pineal eye might have been compensated by the
appearance of the melanopsin-containing retinal ganglion cells,
and/or its role in monitoring behavioural thermoregulation
might have become redundant owing to the evolutionary
origin of endothermy [8,77]. One last hypothesis is that the
pineal eye became non-functional in NMC owing to increased
nocturnality [82].
6. Braincase
Mammals have a well-ossified braincase that almost com-
pletely encapsulates the brain [83]. By contrast, early
epicynodont NMC, such as Thrinaxodon and Galesaurus, have
some of the most poorly ossified braincases of all synapsids.
They lack an ossified cribriform (ethmoid) plate to separate
the nasal and brain cavities, the orbitosphenoids are reduced
to two thin plates only (suspended in cartilage), the epiptery-
goids (which would eventually become the mammalian
alisphenoids) are not as anteroposteriorly expanded as in
later mammals—which result in the interorbital space being
mostly filled by cartilage, offering little protection to the fore-
brain [53,83–86]. Therefore, the braincase of basal NMC is
widely opened laterally and anteroventrally.

The ossified portions of the orbitosphenoid and alisphe-
noid expanded gradually in parallel in the Cynognathia and
Probainognathia. The mammalian condition of a fully laterally
enclosed braincase is attained in the late Triassic and early
Jurassic Brasilodontidae and Tritylodontidae [83,87–89],
before the origin of mammaliaforms. This went pairwise
with a simplification of the braincase. The supratemporal and
tabular are lost in prozostrodontian NMC. Developmental
studies showed that the mammalian interparietal is formed
by the fusion of four elements that correspond to the interpar-
ietals medially and the tabulars laterally [90]. The prootic
and opisthotic fuse to form the periotic in Brasilodontidae,
Tritylodontidae and Mammaliaformes [24,91]. There is no
undisputable evidence of an ossified cribriform plate in any
NMC or NMM, and it is likely that it remained cartilaginous
until the origin of Mammalia [32,92,93].
This gradual increase in the ossification of the braincase
and isolation of the brain from the outside world coincided
with the continued increase in encephalization in probainog-
nathian NMC and Mammaliaformes [53,85,94]. Noticeably,
the olfactory bulbs increased in size as the ossified portion
of the orbitosphenoid, the bone that supports them,
expanded in probainognathian NMC [94]. The cerebral hemi-
spheres (primitively tubular and undifferentiated in NMC)
also began expanding caudally and laterally, and the cerebel-
lar vermis (primitively concealed in NMC) became large
enough to be exposed dorsally in Probainognathus and more
derived NMC and NMM [94]. The braincase acquires a bul-
bous aspect in NMC, which is usually interpreted as the
origin of the mammalian isocortex (or neocortex) [53]. The
six-layered isocortex is a distinguishing feature of Mammalia
as it is not present in any other vertebrate group [95] and is
crucial for cognitive abilities and sensory perception [2,3].
Therefore, its origin is often hypothesized to be correlated
with that of sensory hair [53,96], and in this respect, it is
noticeable that the lateral expansion of the cerebral hemi-
spheres occurs in almost the same taxa as those that
evolved an IOF, i.e. the prozostrodontian NMC (see above).
However, it is important to note that no NMC or NMM dis-
play a well-defined rhinal fissure that normally marks the
ventral expansion of the isocortex on the sidewalls of the
braincase in mammals [83,92,93,97]. In the absence of a
clear rhinal fissure, inferring the presence of an isocortex is
extremely speculative, and it is possible that an isocortex
is limited to Mammalia.

7. Postdentary bones
In NMC, the lower jaw includes seven different bones
(figure 2a). The lower jaw articulation with the skull is ensured
by two bones responsible for this function, the articular on the
mandible and the quadrate on the cranium [98,99]. By contrast,
the lower jaw in mammals is comprised entirely of the paired
dentary bones, and the articulation with the skull is ensured
by a dentary condyle (see below). Embryological and palaeon-
tological evidence have shown that the stapes of NMC is
homologous to the mammalian stirrup, the quadrate to the
anvil (incus), the articular to the hammer (malleus) and the
angular to the ectotympanic [24,100–107]. In mammals the
articular and quadrate are still present, but are miniaturized,
and have migrated to form part of the middle ear ossicular
chain within the temporal cavity (figure 2c,d). Therefore, in
mammals, the dentary articulates directly with the squamosal,
with the quadrate and articular no longer playing a role in the
jaw articulation, but in sound transmission instead [103,106].
Remarkably, many NMM and eucynodont NMC possess a
‘dual jaw-joint’ condition (figure 1), in which both the plesio-
morphic quadrate-articular and derived squamosal-dentary
complexes (or a transitional squamosal-surangular complex)
are functional in the jaw articulation [44,105,106].

The changeover from the quadrate-articular articulation
in NMC to the squamosal-dentary joint of mammals is
among the most iconic and best-documented examples of
macroevolutionary transitions in vertebrate palaeontology
and embryology [24,100–107]. The transition is characterized
by the gradual increase in size of the dentary bone and
the reduction of the postdentary bones (i.e. articular, angular,
coronoid, surangular and prearticular) across synapsids. The
reduction of these postdentary bones into rod-like structures
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accommodated in a mandibular sulcus, or postdentary
trough located medially to the large dentary, is a synapo-
morphy of Middle Triassic Eucynodontia [105]. A dual jaw
joint is present since the Eucynodontia, but a distinct facet
on the squamosal for the mandibular condyle appears
only in the Prozostrodontia (with the noticeable exception
of the Tritylodontidae) and Probainognathus [42]. Then, the
quadrate-articular complex keeps on shrinking until it
becomes less functionally important for the articulation of
the lower jaw than the squamosal-dentary complex in the
Mammaliaformes, in the late Triassic [108]. The transition
towards the fully mammalian condition was completed
when the postdentary bones (including the quadrate-articular
complex) became completely detached from the lower jaw
in adult individuals [109]. The presence or absence of a
Meckelian groove on the lower jaw of Mesozoic NMM
and mammals has shown that the transition from attached
postdentary bones to detached auditory ossicles happened
independently in monotremes, marsupials and placentals,
as well as in five other lineages of mammaliaforms across
the Mesozoic [105,110,111].

The precise factors that led to these complicated rearrange-
ments and changes in lower jaw bones are not fully understood
[112]. It has been proposed that the transition in function of
the postdentary bones was driven as a means to improved effi-
ciency in mastication [111–113]. The squamosal-dentary jaw
articulation possibly allowed for a more rigid and stable jaw
articulation to develop, facilitating the adaptation to exploit
and chew food items more efficiently. Meanwhile, the enlarge-
ment of the dentary offered a more robust and broader
surface of attachment for the jaw adductor muscles (e.g. the
pterygoid muscles in mammaliaforms, [114]), thus increasing
mandibular resistance against stress while enabling a larger
muscle mass for chewing and biting [114]. The detachment
(and miniaturization) of the postdentary bones also enabled
the detection of a wider range of airborne frequencies, particu-
larly high-frequency sounds, by increasing the impedance-
matching of the ossicular chain [105,106,115], whereas more
basal NMC were likely adapted to hearing ground-borne
vibrations [103,106].
8. Bony labyrinth
Inmammals, the bony labyrinth is the endosseous space inside
the petrosal (or periotic) bone that contains the membranous
labyrinth, often referred to as the inner ear endocast. In basal
NMC, there is no periotic as the bony labyrinth is divided
between the prootic anteriorly and opisthotic posteriorly
[103]. The fusion between these two bones happened in
the common ancestor of Tritylodontidae, Brasilodontidae and
Mammaliaformes [106,116,117]. In marsupials and placentals,
the bony labyrinth is divided into two parts: (i) the coiled
cochlear canal containing the organ of hearing; and (ii) the
vestibule, which houses the balance organ, most noticeably
the three semicircular canals [117]. In monotremes, the mem-
branous cochlea is slightly coiled, but the corresponding
osseous canal is not, resulting in a curved cochlear canal with
a bulbous apex [118]. The fossil record indicates that coiling
of the cochlear canal occurred convergently in the marsupial
and placental lineages [117–119]. Early Triassic NMC (e.g.
Thrinaxodon) had a very short cochlear canal, often referred
to as the cochlear recess, which is difficult to distinguish
from the vestibule [103,120]. The cochlear recess became
increasingly elongated and distinct from the vestibule in the
Probainognathia, to the point that the cochlear canal of prozos-
trodontian NMC is virtually indistinguishable to that of NMM
[103,121]. Cochlear elongation and coiling are an adaptation to
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hearing a broader range of frequencies in tetrapods [118].
Changes in the geometry of the semicircular canals were also
traced in NMC and mammaliaforms by Araújo et al. [10].
They found that a reduction in size and increase in general
slenderness of the canals in the prozostrodontian NMC
are correlated to changes in the viscosity of the liquid that
fills up the inner ear (endolymph) because of endothermy.
As metabolic rate and body temperature increased suddenly
about 233 Ma, the endolymph became less viscous and the
semicircular canal shapes had to adapt so the balance organ
could remain functional. Accordingly, they concluded
that mammalian endothermy originated around 233 Ma in
the Prozostrodontia [10].
9. Discussion: cranial evolution and the origin of
mammalian defining soft tissue features

The most striking aspects of the review of the recent literature
provided above are that (i) craniodental evolution is deeply
interconnected with soft tissue and behavioural mammalian
defining features (figure 3) and (ii) most of the changes
towards ‘mammalness’ in NMC are concentrated in the
Probainognathia, particularly in and around the root of the
subclade Prozostrodontia (table 1).

An insulating coat is the most reliable evidence of
endothermy [47]; however, very little direct evidence of
preserved integument exists for synapsids. Known examples
support the presence of reptile-like scales in the Carboni-
ferous and Permian pelycosaurs [122–124] and that of
mamillated skin (covered in round protuberances), without
hair nor scales, in some Permian and Triassic non-cynodont
therapsids [125,126], whereas Mesozoic mammals (and per-
haps NMM) had mammal-like hairs [127–129]. However,
evidence for the condition in the intermediate NMC remains
elusive. The presence of an enlarged, mammal-like IOF in
prozostrodontian NMC supports that they were capable of
whisking [71], and thus possessed the genes to produce
hair [7,66,67]. The evolution of sensory hair also probably
played an important role in the origin of the isocortex [130].
Although its evolutionary origin is uncertain, it has been
speculated that a six-layered isocortex first appeared as a
result of improved auditory capabilities (linked to the
reduction of postdentary bones) and tactile sensations
(development of whiskers), which would have increased
the sensory input and stimulated the development of the
somatosensory regions of the cortex [53,83,96,131,132].

An origin of endothermy in prozostrodontian NMC is
also supported by the study of synapsids semicircular
canals adaptations to the endolymph viscosity [10]. The
loss of the parietal foramen in the Probainognathia also
bolsters this scenario, as the pineal eye plays a crucial role
in making thermoregulatory decisions in modern ectotherms
[133]. In addition, experiments on modern mice have shown
that a gene which controls the presence of a parietal foramen
(Msx2) controls the maintenance of fur coverage too. When a
parietal foramen is absent (the normal condition for mam-
mals), fur coverage is present, but when the gene is
knocked-out, a parietal foramen is opened and hair follicles
fail to be maintained [78,134]. These support that the loss of
the parietal foramen in probainognathians is probably an
osteological proxy for the appearance of fur coverage and



Table 1. Summary of cranial characters, their soft tissue and/or behavioural correlates and the clade in which these characters probably originated (figure 1).

craniodental trait behavioural and/or soft tissue correlate clade of origin

secondary palate mastication, lactation, endothermy Epicynodontia

masseteric fossa enlarged mastication, endothermy Epicynodontia

differentiation of masseter and temporalis muscles mastication, endothermy Epicynodontia

rod-like postdentary bones hearing?, mastication? Eucynodontia

loss of parietal foramen hair, lactation, endothermy, Msx2 Probainognathia

elongated cochlear canal hearing, parental care Probainognathia

dual jaw joint mastication? Prozostrodontia + Probainognathus

infraorbital foramen hair Prozostrodontia + Probainognathus

loss of postorbital bar mastication? Prozostrodontia

braincase simplification isocortex? Prozostrodontia

enlarged orbitosphenoid olfaction, mastication? Prozostrodontia

enlarged olfactory bulbs olfaction, isocortex? Prozostrodontia

smaller and slender semicircular canals endothermy Prozostrodontia

exposed cerebellum hair, lactation, endothermy, Msx2 Prozostrodontia

circumorbital simplification mastication? Prozostrodontia more derived than Prozostrodon

dental occlusion mastication, endothermy Tritylodontidae + Mammaliaformes

alisphenoid (enlarged epipterygoid) isocortex?, mastication? Tritylodontidae + Mammaliaformes

periotic hearing? Tritylodontidae + Mammaliaformes

promontorium hearing? Mammaliaformes

bulbous braincase isocortex? Mammaliaformes

diphyodonty lactation, mastication Mammaliaformes

pterygoid muscle inserting on the dentary mastication Mammaliaformes

ossicular chain detachment hearing, mastication, Msx2? Mammalia and Mammaliaformes (homoplastic)

rhinal fissure isocortex Mammalia (homoplastic)

cochlear coiling hearing Mammalia (homoplastic)

ossified turbinates endothermy, olfaction Mammalia?

cribriform plate olfaction Mammalia?
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endothermy [8]. Mice with knockout Msx2 have a smaller
vermis of the cerebellum, a condition similar to basal NMC,
whereas the Probainognathia (particularly the Prozostrodon-
tia) have a cerebellum large enough that the vermis is
exposed [8,94]. This further supports that a mutation of
Msx2 was already present in the probainognathian NMC.

Fascinatingly, Msx2 also plays a role in the development
of lactation, as knockout mice are not only hairless, but also
fail to display mammary glands [78]. This is consistent with
the long standing and well-supported hypothesis that mam-
mary glands are modified apocrine glands, which are tightly
associated with hair follicles [4–6]. These events happen as
if a significant mutation of Msx2 occurred approximately
240–230 Ma, abruptly increasing the ‘mammalness’ of the
prozostrodontian NMC.

It should be noted, however, that the origin of the bony
secondary palate in Epicynodontia was a necessary prerequi-
site for the formation of a vacuum necessary for suckling [48],
and (assuming oviparity in NMC) mammary glands might
have been used originally to moisten the leathery eggshells
[4]. As such, the origins of nutritive lactation, mammary
glands and the secondary palate do not necessarily have
to be tightly synchronous events. In fact, the late origin of
diphyodonty and delayed incisor eruption in NMM
[83,135], and the discovery of an adult tritylodontid pre-
served with approximately 38 perinates with erupted teeth
[136], strongly suggests that NMC perinates were too
numerous to be fed with milk, and were already capable of
processing solid food [25]. This implies that NMC reproduc-
tive biology at the very root of the Mammaliaformes was still
essentially reptilian, and that NMC probably did not suckle
their young. Parental care (perhaps derived from opportunis-
tic shelter-sharing [25]) seems to have been the norm for most
synapsids well before the origin of lactation as abundant
evidence of aggregations involving different age classes
(sometimes found in burrows) have been discovered
[123,136–139]. The gradual elongation of the cochlear recess
in probainognathian NMC suggests that communication
between parents and juvenile and social complexity increased
in this lineage [140,141].

The evolution of endothermy (and thus hair) has also
been tightly linked to that of miniaturization and nocturnal-
ity, as it is more difficult to maintain a constant elevated
body temperature under those conditions for an ectotherm
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[9,24,142,143]. Miniaturization and adaptations to nocturnal-
ity both happened in probainognathian NMC [82,144] and
triggered a somatosensory revolution that deeply modified
their skull as it affected the anatomy of the sense organs
and nervous system [53,131,144]. With increased nocturnality,
sight lost its importance (loss of the sclerotic ring, pho-
toreceptive function of the pineal organ and trichromatic
vision) and was compensated by improved hearing
(elongation of the cochlear recess, fusion of the periotic,
origin of the promontorium), touch (origin of whiskers) and
smell (enlargement of olfactory bulbs and ossification of the
cribriform plate) [7,8,53,103,105,106,117,131,132,145]. Mean-
while, adaptations to high-frequency hearing accompanied
miniaturization, as the incidental shrinking in size of NMC
vocal organs, tympanic membrane and interaural distance
impeded the production and proper hearing of low-fre-
quency sounds [96,115,146]. This new somatosensory input
fuelled the enlargement of the cerebral hemispheres, which
gave its bulbous aspect to the mammalian brain case [53].
Incidentally, a larger brain generates more heat, which, in
turn, helps sustaining a higher metabolic rate [24,85].

The temporalis muscle significantly grew in size in NMC,
to the point that the parietal foramen became slit-like or was
lost in adult individuals of some non-probainognathian NMC
[8,76]. As both the braincase expanded and the jaw adductor
muscles grew larger, the lateral walls of the braincase became
ideal points of attachment for muscles, which selected
towards a better-ossified braincase (enlarged orbitosphenoid
and alisphenoid) in probainognathian NMC [89]. The same
taxa also lost their postorbital bar as chewing became more
intensive (and the temporalis muscle enlarged corres-
pondingly), possibly in correlation with a change in orbit
orientation [58,59]. On the lower jaw, the postdentary bones
were pushed caudally and reduced in size by the growing
number of muscle fibres that attached to the dentary, and
the effect of miniaturization [114,144]. Noticeably, the home-
ogene Msx2 is also involved in the morphogenesis of inner
ear ossicles and their migration to the middle ear during
ontogeny [147].

In parallel, the base of the jugal arch andmasseteric fossa of
the dentary became broader in NMC for attachment of the
masseter muscle [13,114]. This muscle provides chewing
force and encloses the mouth cavity laterally by forming the
cheeks, whereas the bony secondary palate closes the mouth
cavity dorsally. This compartmentation facilitates mastication
by preventing the bolus from leaving the mouth cavity
during chewing. Additionally, longer periods of mastication
are promoted through separating the chewing and breathing
functions of the snout [24]. As chewing became increasingly
more important, dental morphology became more complex,
and replacement became limited to enable more precise
and efficient occlusion in late Triassic and early Jurassic Brasi-
lodontidae, Tritylodontidae and Mammaliaformes [31,83].
Mammaliaforms more derived than morganucodontids sub-
sequently lost the transverse process of the pterygoid and
paracanine fossa. All these events improved food-processing
capabilities, allowing for an elevated metabolic rate [24]. In
this case, dentition (molars and premolars) become the main
occlusal guides during mastication, which is demonstrated
by the spatial consistency in the development of wear facets.
Meanwhile, the cartilaginous structures of the now isolated
nasal cavity began ossifying, ultimately resulting in the
origin of the bony olfactory and respiratory turbinates that
further improved olfaction and retention of heat and moisture
in high metabolism mammals [32,33,49–51].
10. Conclusion
Endothermy, hair, lactation, an isocortex and parental care are
considered the quintessential defining features of mammals
[8,24,53,137]. The soft tissue and behavioural nature of these
traits make them difficult to trace in the fossil record, but the
morphological changes in the craniodental anatomy of mam-
mals and their ancestors discussed above (e.g. transition from
quadrate-articular to squamosal-dentary jaw joint, reduction
in number of replacement tooth generations, ossification of
the turbinates and braincase, loss of parietal foramen, etc.)
offer a unique window into their evolutionary origin in the
synapsid lineage. Here, we stress how strongly interconnected
all these soft tissue, behavioural, osteological and dental char-
acters are. This deep intermingling of traits has been perceived
as an almost impregnable network of complexity preventing
reasonable resolution or accuracy on the origin of the defining
soft tissue and behavioural features ofmammals from the fossil
record. This resulted in a complex evolutionary scenario of
highly interrelated characters evolving altogether in a slow,
gradual and stepwise process [9,24,53,143]. By contrast, this
review of recently studied osteological traits enables the origins
of discrete major evolutionary events to be accurately pin-
pointed, e.g. the origin of endothermy, hair and mammary
glands in probainognathian NMC, between 240 and 230 Ma
[7,8,10], and the origin of lactation in NMM about 200 Ma
[6,24,40]. The origin of parental care remains debated [25],
but was probably present in a primitive form at the very root
of the synapsid clade, 320 Ma [138]. Most of these events
seem concentrated in and around the root of the clade Prozos-
trodontia (table 1). It is hypothesized that this clade underwent
an important mutation of homeogeneMsx2, which plays a role
in the development of mammary glands, middle ear ossicles,
cranial morphogenesis and hair follicle maintenance
[7,8,78–81,147]. This would account for the seemingly quick
evolution of ‘mammalness’ in these early Probainognathia.
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