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Abstract

The trigeminus nerve (cranial nerve V) is a large and significant conduit of

sensory information from the face to the brain, with its three branches extend-

ing over the head to innervate a wide variety of integumentary sensory recep-

tors, primarily tactile. The paths of the maxillary (V2) and mandibular (V3)

divisions of the trigeminus frequently transit through dedicated canals within

the bones of the upper and lower jaws, thus allowing this neuroanatomy to be

captured in the fossil record and be available to interpretations of sensory abil-

ity in extinct taxa. Here, we use microCT and synchrotron scans from 38 extant

and fossil species spanning a wide phylogenetic sample across tetrapods to

investigate whether maxillary and mandibular canal morphology can be infor-

mative of sensory biology in the synapsid lineage. We found that in compari-

son to an amphibian and sauropsid outgroup, synapsids demonstrate a

distinctive evolutionary pattern of change from canals that are highly ramified

near the rostral tip of the jaws to canals with increasingly simplified morphol-

ogy. This pattern is especially evident in the maxillary canal, which came to

feature a shortened infraorbital canal terminating in a single large infraorbital

foramen that serves as the outlet for branches of V2 that then enter the soft tis-

sues of the face. A comparison with modern analogues supports the hypothesis
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that this morphological change correlates to an evolutionary history of

synapsid-specific innovations in facial touch. We interpret the highly ramified

transitional form found in early nonmammalian synapsids as indicative of

enhanced tactile sensitivity of the rostrum via direct or proximal contact, simi-

lar to tactile specialists such as probing shorebirds and alligators that possess

similar proliferative ramifications of the maxillary and mandibular canals. The

transition toward a simplified derived form that emerged among Mid-Triassic

prozostrodont cynodonts and is retained among modern mammals is a unique

configuration correlated with an equally unique and novel tactile sensory

apparatus: mobile mystacial whiskers. Our survey of maxillary and mandibular

canals across a phylogenetic and ecological variety of tetrapods highlights the

morphological diversity of these structures, but also the need to establish

robust form-function relationships for future interpretations of osteological

correlates for sensory biology.
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1 | INTRODUCTION

Reconstructing the sensory world of nonhuman species
presents a multi-faceted challenge that is further con-
founded when those species are long extinct. The ten-
dency of the fossil record to preserve an organism's hard
tissues typically precludes direct observation of sensory
structures or behavioral responses to sensory stimuli.
There are rare instances of extraordinary preservation of
brain and neural tissue that allow for anatomical inter-
pretation, such as among Cambrian arthropods (Aria
et al., 2023; Strausfeld et al., 2016), the enigmatic and
possible basal vertebrate Tullimonstrum gregarium from
the Carboniferous (Clements et al., 2016), and in some
Devonian placoderms (Trinajstic et al., 2007). Vertebrate
paleontologists primarily rely on natural endocasts
(e.g., Bisconti et al., 2021; Cofran et al., 2023; Dart, 1925)
and the development of imaging methods such as serial
sectioning (e.g., Stensiö, 1927) or microCT scanning
(e.g., Bertrand et al., 2019; Early et al., 2020; Figueroa
et al., 2023; Pusch et al., 2019, 2020; Rowe et al., 2011) to
visualize the internal spaces formerly occupied by the
brain or cranial nerves coursing through the skull to
unlock perspectives of how neuroanatomy has changed
over evolutionary time—a study formalized as paleoneur-
ology by Tilly Edinger (1897–1967) in the first half of the
20th century (Buchholtz & Seyfarth, 2001).

One particularly productive area of paleoneurology in
recent years has been examination of trigeminal canal
morphology (e.g., Benoit et al., 2016, 2018, 2020, 2021;
Bouabdellah et al., 2022; Pusch et al., 2019, 2020, 2024).

In amniotes, the trigeminus (cranial nerve V) is a large
cranial nerve featuring three major branches or
divisions—the ophthalmic (V1), maxillary (V2), and man-
dibular (V3)—that spread expansively over the head to
innervate the mouth, jaw muscles, and facial integument
(Liem et al., 2001; Romer & Parsons, 1986; Williams
et al., 1989). In mammals, the trigeminus consists of both
afferent sensory nerves supplying the teeth, oronasal cavi-
ties, and integumentary layers of the face and portions of
the head, as well as efferent motor nerves of several muscles
of the head: masseter, temporalis, medial and lateral ptery-
goideus, mylohyoideus, anterior digastricus, tensor veli pala-
tini, and tensor tympani (Sperber et al., 2000; Williams
et al., 1989). The ossified secondary sidewall of the braincase
in mammals results in the incorporation of the trigeminal
ganglion into the brain cavity (Crompton et al., 2017;
Maier, 1993), with each major branch of the nerve exit-
ing through separate openings (Williams et al., 1989). In
comparison, the trigeminal ganglion in other tetrapods
such as amphibians (Maier, 1993; Norris & Hughes,
1918) and alligators (Lessner & Holliday, 2022) are
located outside of the braincase. Despite phylogenetic
differences in the placement and morphology of the
trigeminal ganglion, the maxillary and/or mandibular
branches will re-enter the upper and lower jaws, respec-
tively, where they will travel through dedicated neurovas-
cular canals in the bone (Dyce et al., 2010; Herrick, 1894;
Lessner & Holliday, 2022; Watkinson, 1906; Williams
et al., 1989), thus allowing this neuroanatomy to be cap-
tured in the fossil record and become available for inter-
pretations of facial sensitivity.
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Morphological features such as the branching patterns
of the trigeminal canals and subsequent number and
placement of foramina indicating points where nerve
and/or blood vessels exit the bone have been used as oste-
ological correlates for the gross sensory abilities of the
facial integument in extinct taxa. For example, such data
have been utilized in studies providing arguments for
(Carr et al., 2017) and against (Bouabdellah et al., 2022)
highly enhanced skin sensitivity in the snouts of tyranno-
saurid dinosaurs, as well as supporting the presence of a
tactile keratinous beak in early nonmammalian therapsids
called anomodonts (Benoit et al., 2018). A particularly
compelling use of trigeminal canal morphology has been
to infer the emergence of soft tissue characters such as fleshy
lips, rhinaria, and mobile mystical whiskers (or vibrissae)
within the ancestral synapsid lineage (Benoit et al., 2016,
2020; Brink, 1956; Findlay, 1968; Lingham-Soliar, 2014;
Miyamae, 2022; Van Valen, 1960; Watson, 1931). As mysta-
cial whiskers are innervated by the infraorbital branch of V2

(Dörfl, 1985), hypotheses for the presence of sensory
whiskers in stem mammals have centered on the mor-
phology of the maxillary canal and range from correlating
a proliferation of foramina as increased innervation and
supportive blood supply (Brink, 1956; Findlay, 1968; Van
Valen, 1960; Watson, 1931), interpreting the proliferation
of foramina as “pits” into which individual whiskers were
planted (Lingham-Soliar, 2014; Watson, 1931), and iden-
tifying the gradual development of the single infraorbital
foramen (IOF) as observed in modern mammals (Benoit
et al., 2016, 2020; Miyamae, 2022). However, what
remains untested is which of these interpretations are
best supported by a form-function comparison based
upon a broad sampling across extant vertebrates with
understood sensory capabilities.

Our study introduces this comparative assessment of
maxillary and mandibular canal morphology across
major tetrapod groups. Using microCT and synchrotron
scanning, we examined the canals of 38 extant and fossil
tetrapod species that represent a non-synapsid outgroup
(amphibians and sauropsids) and synapsids (stem and
crown mammals). Mystacial whiskers are contingent on
at least two distinctively mammalian characters—hair
and facial musculature—making them a unique sensory
organ capable of actively gathering tactile information
that is transmitted via the hair to its innervated base
in the integument (Ahl, 1986; Dörfl, 1985; Sarko
et al., 2011). We review the morphological diversity of the
maxillary and mandibular canals representing different
phylogenetic groups and ecologies with the aim of
(1) identifying whether whiskers as a unique sensory
organ correlates with an equally unique maxillary canal
morphology and (2) interpreting the canal morphology of
extinct nonmammalian synapsids from comparisons with

modern analogues to elucidate the changes in sensory
biology that mark the evolutionary path of synapsids.

2 | MATERIALS AND METHODS

The maxillary and mandibular canals of sampled taxa
(4 amphibians, 11 sauropsids, 6 nonmammalian synap-
sids, 17 mammals) were visualized through either
microCT or synchrotron scans that were subsequently
processed using VGSTUDIO MAX 3.3.2 (Volume
Graphics GmbH, Heidelberg, Germany; volumegraphics.
com) and Materialize Mimics Version 24.0.0.427
(Materialize NV, Leuven, Belgium; materialise.com). A
list of specimens with their microCT or synchrotron scan-
ning parameters are summarized in Table 1. Further
details about specimens (e.g., state of preservation, geo-
logical age), scanning facilities and scanner models
employed, and relevant information about datasets
obtained from MorphoSource or DigiMorph online data-
bases are provided in the supplemental materials (“Sup-
porting Materials: Specimen and Scan Information”).

The morphology of the segmented maxillary and
mandibular canals were described with particular atten-
tion to their pathway and patterns of branching, the dis-
tribution pattern of branch terminal openings that
appear as foramina on the surface of the bone, and the
number of these foraminal openings. We identified
the trends differentiating canal morphology between
non-synapsid outgroups and synapsids taking into con-
sideration evolutionary time, ecology, and the presence
of sensory specializations in order to establish form-
function relationships.

3 | RESULTS

We describe the gross morphology of the maxillary and
mandibular canals of our sample of non-synapsid out-
group taxa and synapsids. Only the left side of the face
is described, unless noted as a mirrored figure due to
better preservation of the right side (see individual fig-
ure captions). For each species, we provide an overall
account of the maxillary and mandibular canal mor-
phologies, describe the proximal entry point of the
canals into the bone, report the number of foramina on
the external surface of the bone that terminate branches
deriving from the maxillary or mandibular canals, and
indicate the anatomical direction that these foramina
open. In order to allow comparison among the sampled
taxa, the foramina on the external surface of the bones
are numbered sequentially from caudal to rostral with-
out any assumption of homology.
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TABLE 1 Specimens used in this study and associated microCT and synchrotron scanning parameters. Resolution is given in isotropic

voxel size (x = y = z) unless otherwise indicated.

Group Species Specimen No. Scan source
Resolution
(mm) kV μA

Amphibia, Temnospondyli,
Lydekkerinidae

Lydekkerina
huxleyia

BP/1/4317 Please refer to Data
Accessibility

0.0712 100 130

Amphibia, Urodela,
Cryptobranchidae

Cryptobranchus
alleganiensis

UF:HERP:10881 MorphoSource (Media
ID 000067236)

0.0422 130 250

Amphibia, Urodela,
Ambystomatidae

Ambystoma
tigrinum

TNHC 17991 DigiMorph x, y = 0.0215;
z = 0.0235

n/a n/a

Amphibia, Anura, Ranidae Lithobates [Rana]
capito

UF:HERP:69063 MorphoSource (Media
ID 000065740)

0.0646 100 200

Sauropsida, Neodiapsida Orovenator
mayoruma

OMNH 74606 MorphoSource (Media
ID 000049776)

0.0180 160 200

Sauropsida, Squamata,
Teiidae

Tupinambis
teguixin

FMNH 22416 MorphoSource (Media
ID 000097460)

x, y = 0.0654;
z = 0.1485

120 200

Sauropsida, Squamata,
Dactyloidae

Anolis cristatellus UF:HERP:47686 MorphoSource (Media
ID 000021272)

0.0222 100 140

Sauropsida, Squamata,
Gekkonidae

Uroplatus
fimbriatus

UF:HERP:72880 MorphoSource (Media
ID 000038134)

0.0414 100 200

Sauropsida, Squamata,
Dibamidae

Dibamus
novaeguineae

UF:HERP:33488 MorphoSource (Media
ID 000062342)

0.0081 80 100

Sauropsida, Squamata,
Varanidae

Varanus niloticus UF:HERP:83764 MorphoSource (Media
ID 000456584)

0.0414 100 200

Sauropsida, Squamata,
Boidae

Eunectes murinus UF:HERP:84822 MorphoSource (Media
ID 000058657)

0.0735 100 200

Sauropsida, Squamata,
Colubridae

Thamnophis
marcianus

FMNH 26260 DigiMorph x, y = 0.0264;
z = 0.063

n/a n/a

Sauropsida, Archosauria,
Alligatoridae

Alligator
mississippiensis

TMM M-983 DigiMorph x, y = 0.25;
z = 0.48

n/a n/a

Sauropsida, Archosauria,
Scolopacidae

Calidris alba NHMUK:zoo:
S/1994.60.3

MorphoSource (Media
ID 000522329)

0.0256 130 150

Sauropsida, Archosauria,
Ardeidae

Bubulcus ibis NHMUK:zoo:
S/2006.1.20

MorphoSource
(Media ID 000522402)

x, y = 0.0611;
z = 0.1223

85 846

Synapsida, Eupelycosauria,
Ophiacodontidae

Varanosaurus
acutirostrisa

FMNH PR 1670 Please refer to Data
Accessibility

0.0663 90 90

Synapsida, Therapsida,
Therocephalia

Tetracynodon dartia UCMP 42869 Please refer to Data
Accessibility

0.0337 200 160

Synapsida, Therapsida,
Cynodontia

Thrinaxodon
liorhinusa

UCMP 40466 Please refer to Data
Accessibility

0.0387 90 93

Synapsida, Cynodontia,
Eucynodontia

Ecteninion lunensisa PVSJ 422 Please refer to Data
Accessibility

x, y = 0.9898;
z = 0.1624

180 133

Synapsida,
Probainognathia,
Prozostrodontia

Pachygenelus
monusa

BP/1/5691 Please refer to Data
Accessibility

0.0620 90 140

Synapsida,
Probainognathia,
Prozostrodontia

Tritylodon
longaevusa

BP/1/4778 Please refer to Data
Accessibility

0.0235 164.6 n/a

Synapsida, Mammalia,
Ornithorhynchidae

Ornithorhynchus
anatinus

AMNH:Mammals:
M-201312

Please refer to Data
Accessibility

0.0367 90 105

4 MIYAMAE ET AL.
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3.1 | Non-synapsid outgroup:
Amphibians

3.1.1 | Lydekkerina huxleyi

Maxillary canal is long, tubular, and runs anteroposter-
iorly along the lower margin of the maxilla. Posteriorly, it

tapers in line with the posterior branch of the jugal and
terminates at the level of the posterior margin of the eye
socket (Figure 1a). It broadens anteriorly to form a tubular
structure that gives off several side branches toward the
supralabial foramina on the external surface of the max-
illa. The main canal trunk, found along the posterior lacri-
mal, has short dorsal branches that point in the posterior

TABLE 1 (Continued)

Group Species Specimen No. Scan source
Resolution
(mm) kV μA

Synapsida, Mammalia,
Tachyglossidae

Tachyglossus
aculeatus

YPM MAM 014872 MorphoSource (Media
ID 000064578)

0.069 90 110

Synapsida, Mammalia,
Symmetrodonta

Tinodon feroxa YPM VP 000606 Please refer to Data
Accessibility

0.0337 107 80

Synapsida, Mammalia,
Didelphidae

Monodelphis
domestica

Uncatalogued Please refer to Data
Accessibility

1.000 90 110

Synapsida, Mammalia,
Dasyuridae

Dasyurus hallucatus TMM M-5921 MorphoSource (Media
ID 000116114)

x, y = 0.0349;
z = 0.0784

180 133

Synapsida, Mammalia,
Macroscelididae

Elephantulus
rupestris

CAS MAM 30373 Please refer to Data
Accessibility

0.0663 106 60

Synapsida, Mammalia,
Myrmecophagidae

Myrmecophaga
tridactyla

AMNH:Mammals:
M-133489

MorphoSource (Media
ID 000085043)

0.1028 111 168

Synapsida, Mammalia,
Muridae

Mus musculus Uncatalogued Please refer to Data
Accessibility

0.0168 100 80

Synapsida, Mammalia,
Octodontidae

Octodon degus IIMyC:
LMFyC:0102010101

MorphoSource (Media
ID 000557434)

22.2613 n/a n/a

Synapsida, Mammalia,
Pteropodidae

Pteropus scapulatus AMNH:Mammals:
M-154582

MorphoSource (Media
ID 000036605)

0.0300 70 114

Synapsida, Mammalia,
Vespertilionidae

Myotis adversus
adversus

UMZC:Vertebrates:
E.5766.B

MorphoSource (Media
ID 000420400)

0.0203 110 191

Synapsida, Mammalia,
Hominidae

Pan troglodytes AMNH:Mammals:
M-167342

MorphoSource (Media
ID 000021967)

0.0895 n/a n/a

Synapsida, Mammalia,
Tapiridae

Tapirus terrestris TMM-M16 MorphoSource (Media
ID 000100744)

0.2996 210 340

Synapsida, Mammalia,
Phocoenidae

Phocoena phocoena MVZ:mammal
specimens:172141

MorphoSource (Media
ID 000606522)

0.2000 n/a n/a

Synapsida, Mammalia,
Odobenidae

Odobenus rosmarus MVZ:mammal
specimens:125566

MorphoSource (Media
ID 000590228)

x, y = 0.27;
z = 0.45

419 1800

Synapsida, Mammalia,
Felidae

Felis catus CET-018 MorphoSource (Media
ID 000074882)

0.0642 215 297

Synapsida, Mammalia,
Talpidae

Scalopus aquaticus CET-031 MorphoSource (Media
ID 000075229)

0.0250 185 159

Note: Institutional abbreviations for specimen numbers: AMNH, American Museum of Natural History, New York, NY, USA; BP, Evolutionary Studies Institute
(formerly Bernard Price), University of Witwatersrand, Johannesburg, South Africa; CAS, California Academy of Sciences, San Francisco, CA, USA; CET, Laboratory
of Claire E. Terhune, Department of Anthropology, University of Arkansas, Fayetteville, AR, USA; FMNH, Field Museum of Natural History, Chicago, IL, USA;
IIMyC LMFyC, Instituto de Investigaciones Marinas y Costeras Laboratorio de Morfología Funcional y Comportmiento, Mar del Plata, Argentina;MVZ, Museum of

Vertebrate Zoology, University of California, Berkeley, CA, USA;NHMUK, Natural History Museum, London, UK; OMNH, Sam Noble Oklahoma Museum of
Natural History, Norman, OK, USA; PVSJ, Museo de Ciencias Naturales, Universidad Nacional de San Juan, San Juan, Argentina; TMM, The University of Texas at
Austin, Texas Memorial Museum, Austin, TX, USA; TNHC, Texas Science and Natural History Museum, The University of Texas at Austin, Austin, TX, USA;
UCMP, University of California Museum of Paleontology, Berkeley, CA, USA; UF, University of Florida, Florida Museum of Natural History, Gainesville, Florida,
USA; UMZC, Museum of Zoology, University of Cambridge, Cambridge UK; YPM, Yale Peabody Museum, New Haven, CT, USA. [Correction added after first

online publication on 03 February 2025. The specimen number for Varanosaurus acutirostris was changed from “FMNH PR 1760” to “FMNH PR 1670”.]
aExtinct taxa.
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FIGURE 1 Legend on next page.
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direction. Near the posterior margin of the nares, there is
a broadening of the canal into a conical cavity with
branches that extend rostrally into the premaxilla, where
the canal terminates in a starburst-shaped cluster of rami-
fications directed toward the dorsal surface (Figure 1b).

Entry point into the maxilla is not certain, but is likely on
the medial surface of the maxilla at the region of the conical
cavity, where a sulcus is formed between the maxilla and pal-
atine bones that would allow for the passage of nerves.

Number of maxillary foramina is uncertain because of
the broken surface of the skull. We also observed many
minute branches diverging from the maxillary canal to
the surface of the bone that were not fully captured
during segmentation. However, it appears there are small
foramina throughout the anteroposterior length of the
maxilla, positioned close to the upper toothrow. There
is also a concentration of foramina on the dorsorostral
surface of the premaxilla.

Mandibular canal is linear and occupies most of the
space inside the lower jaw. The canal runs anteroposteriorly
along the ventral margin of the lower jaw which is bounded
laterally by the dentary, splenial, postsplenial, and angular
and bounded medially by the splenial, postsplenial, coro-
noid series, prearticular, and angular bones (Jeannot
et al., 2006) (Figure 1a, splenial and postsplenial not visible
in this view). Ramifications tend to be present in the rostral
half of the skull and the branches are short and irregularly
positioned. There is a concentration of branching at the ros-
tral tip of the jaws near themidline symphysis (Figure 1c).

Entry point is a large, dorsolateral opening located on
the medial surface of the angular.

Number of mandibular foramina is uncertain for simi-
lar reasons described above for the number of maxillary
foramina. However, the mandibular canal appears to
have fewer associated foramina overall, with most of the
openings concentrated at the rostral tip of the dentary.

3.1.2 | Cryptobranchus alleganiensis

Maxillary canal is short and runs linearly through the
maxilla in an anteroposterior orientation. There are two

laterally directed branches and two medially directed
branches (Figure 1d). One of these medial branches ter-
minates in the narial cavity and could be identified as the
internal nasal ramus.

Entry point is on the medial surface of the maxilla, at
the posterior base of the dorsally ascending process, that
is, the pars facialis of the maxilla.

Number of maxillary foramina is 1 and is located on
the rostral surface of the maxilla. This large opening is
oriented rostrally (Figure 1e).

Mandibular canal extends through nearly the entire
length of the lower jaws, which consists of the dentary
and, in the posterior region, the space bounded laterally
by the dentary and medially by the prearticular. The
canal terminates near the midline symphysis. There are
several short branches diverging from the canal at fairly
regular intervals (Figure 1d).

Entry point is a large, dorsally oriented trough-like
opening positioned caudal of the lower tooth row and is
bounded by the articular, coronoid, and dentary (per
Elwood & Cundall, 1994; the articular is named the angu-
lar in Reese, 1906).

Number of mandibular foramina is 9 and are located on
the lateral surface of the dentary, just below the base of the
lower teeth, and occur at relatively regular intervals
(Figure 1f). The foramina follow the semicircular arc of the
lower jaws, with foramina 1–5 terminating short, caudally
oriented branches. It is likely that one of these openings is an
entry point for an alveolar ramus that will join the nerve
fibers already traveling through the mandibular canal
(McGregor, 1896). Foramen 1 is located beneath the caudal
edge of the lower toothrow. Foramina 2–5 are located at the
level of the lateral margin of the orbit. Foramina 6–9 are
located on the rostral-facing surface of the dentary. These
foramina open out in the following orientations: 1—caudal,
2—caudolateral, 3—caudolateral, 4—caudolateral, 5—cau-
dolateral, 6—lateral, 7—lateral, 8—rostral, and 9—rostral.

3.1.3 | Ambystoma tigrinum

Maxillary canal is not present (Figure 1g).

FIGURE 1 Amphibian species with maxillary and/or mandibular canals of the left side segmented in yellow. Foramina in red are

numbered in an approximately caudal to rostral sequence. Relevant bones are identified and color-coded for each species in the whole skull

view on the left. Early Triassic temnospondyl Lydekkerina huxleyi (BP/1/4317) is shown in (a) frontal oblique view with relevant bones

identified in accordance with Jeannot et al. (2006), (b) in dorsal oblique view showing the maxillary canal, and (c) in ventral oblique view

showing the mandibular canal. Aquatic salamander Cryptobranchus alleganiensis (UF:HERP:10881) is shown in (d) frontal oblique view,

(e) rostrodorsal view of the maxillary canal, and (f) lateral oblique view of the mandibular canal. Terrestrial salamander Ambystoma

tigrinum (TNHC 17991) is shown in (g) frontal oblique view, and (h) lateral oblique view of the mandibular canal. The frog Lithobates capito

(UF:HERP 69063) is shown in (i) frontal oblique view with relevant bones identified in accordance with Ecker (1889) and (j) lateral view of

the maxillary and mandibular canals.
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Mandibular canal is relatively short and linear. The
canal extends rostrally through the dentary to the level of
the anterior margin of the orbit (Figure 1g).

Entry point is through a ventral-facing sulcus on the
medial side of the dentary at the caudal edge of the lower
toothrow.

Number of mandibular foramina is 3 and they are
evenly spaced on the lateral surface of the dentary
(Figure 1h). Foramina 1 and 2 terminate short, stub-like
branches. Foramen 3 is the terminus of the mandibular
canal. These foramina open out in the following orienta-
tions: 1—lateral, 2—lateral, and 3—rostrolateral.

3.1.4 | Lithobates capito

Maxillary canal is linear and laterally compressed. It
extends through nearly the entire length of the maxilla
and terminates at the rostral tip of that bone. There is
no significant branching of the canal except for an
ascending intrusion into a dorsal process of the maxilla
(i.e., pars facialis) at the anterior margin of the orbit
(Figure 1i).

Entry point is located at the base of the anterior edge
of the pars facialis. Similar to Lydekkerina, the entry
point for the nerve is quite rostrally positioned compared
to the full length of the maxillary canal, which continues
to extend caudally from the entry point; therefore, it is
not clear whether the nerve has a caudally directed
branch or if the minute openings we observed are not
nerve foramina, but some other structure or artifact.

Number of maxillary foramina is 2 and they are small
openings located on the lateral surface of the lower jaw
near the caudal end of the maxillary canal (Figure 1j).
Foramen 1 is positioned near the junction between the
maxilla and quadratojugal and opens out laterally. Fora-
men 2 is located a short distance rostrally of foramen
1 and opens out laterally.

Mandibular canal is linear with no evidence of
branching. It extends from the angulosplenial rostrally
through the dentary to near the midline symphysis
(Figure 1j).

Entry point is not detected.
Number of mandibular foramina is 0.

3.2 | Non-synapsid outgroup: Sauropsida

3.2.1 | Orovenator mayorum

Maxillary canal extends anteroposteriorly through the
bone of the maxilla, traveling parallel to the upper tooth
row, and terminating at the rostral tip of the maxilla. The

caudal portion of the canal is linear, but expands into a
“conical cavity” rostrally (Benoit et al., 2021), in the
region where the maxilla shows the greatest dorsal-
ventral height (Figure 2a). The branches diverging from
the maxillary canal vary in relative length, with the lon-
ger ramifications tending to occur caudally and the
shorter branches emerging from the conical cavity and
rostral half of the canal.

Entry point is a rostral-facing opening on the medial
surface of the maxilla, anterior to the rim of the orbit. An
anatomical study of the same specimen of Orovenator
describes a long sulcus leading into the opening of the
maxillary canal, indicating that the neurovascular tract
was not fully enclosed in bone for much of the caudal
end of the maxilla (Ford & Benson, 2019).

Number of maxillary foramina is 25 and they
are located on the lateral surface of the maxilla. Foramina
1–13 terminate branches that emerge caudal of the conical
cavity and are positioned along the upper toothrow.
Foramina 1–5 terminate relatively long branches diverging
from the canal and these large openings occur in a single
line at regular intervals. Foramina 6–13 terminate
branches of long to intermediate length that emerge in
multiple directions from the maxillary canal. Foramina
14–22 are associated with branches coming off the conical
cavity and are distributed widely over the dorsoventral
height of the maxilla. Foramina 23–25 are positioned ros-
tral of the conical cavity. Foramen 25 terminates the max-
illary canal as a large opening near the rostral extremity of
the maxilla (Figure 2b). These foramina open out in the
following orientations: 1—caudal, 2—caudal, 3—caudolat-
eral, 4—caudolateral, 5—lateral, 6—lateral, 7—caudolateral,
8—lateral, 9—lateral, 10—lateral, 11—lateral, 12—ventrolat-
eral, 13—lateral, 14—caudolateral, 15—caudolateral, 16—
ventrolateral, 17—ventrolateral, 18—lateral, 19—lateral,
20—rostrolateral, 21—ventrocaudal, 22—dorsorostral, 23—
lateral, 24—lateral, and 25—rostrolateral.

Mandibular canal is slender, tubular, and travels
anteroposteriorly through the dentary, parallel to the
lower toothrow. Most of the branching occurs at the ros-
tral end of the lower jaw and the canal terminates at the
midline symphysis (Figure 2a).

Entry point is on the medial surface of the lower jaw,
below what is putatively the posterior edge of the bony
orbit. The opening is bounded by the dentary and suran-
gular laterally and the prearticular and coronoid bone
medially (Ford & Benson, 2019). The entry point appears
to be oriented dorsolaterally. Ford and Benson (2019)
termed this structure the adductor fossa.

Number of mandibular foramina is 28 and these open-
ings are located on the lateral surface of the dentary; how-
ever, the lateral compression of this fossil may have
flattened the natural curvature of the lower jaw in life.

8 MIYAMAE ET AL.
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Foramina 1–6 are irregularly spaced and are openings of
various sizes, but they appear in a single line parallel with
the lower toothrow. Foramen 1 emerges from a long,
caudally trailing groove also remarked upon by Ford and
Benson (2019). Foramina 7–17 occur near the rostral tip of
the jaws and terminate relatively long caudally oriented
branches. Foramina 18–28 terminate stubby branches at
the rostral extremity of the mandibular canal (Figure 2c).
These openings are oriented as follows: 1—ventrocaudal,
2—ventrocaudal, 3—ventrocaudal, 4—ventrocaudal, 5—
ventrolateral, 6—ventrolateral, 7—caudolateral, 8—ventral,
9—caudolateral, 10—dorsocaudal, 11—ventrocaudal, 12—
ventrocaudal, 13—ventrocaudal, 14—caudolateral, 15—
caudolateral, 16—lateral, 17—ventral, 18—caudolateral,
19—caudolateral, 20—ventrocaudal, 21—ventrocaudal,
22—ventrolateral, 23—ventrolateral, 24—ventrolateral,
25—ventral, 26—rostrolateral, 27—rostral, and 28—rostral.

3.2.2 | Uroplatus fimbriatus

Maxillary canal appears as a tangled network of
branches and cavities, with an expanded region similar to
the conical cavity observed in Orovenator. The canal
extends through the rostral two-thirds of the maxilla, ter-
minating near the caudal border of the nares (Figure 3a).
The ramifications diverging from the canal are of various
lengths and extend in all directions.

Entry point is within the ventrorostral wall of the orbit,
bounded by the maxillary shelf and the prefrontal bone.

Number of maxillary foramina is 17 and they are
located on the lateral surface of the maxilla (Figure 3b).
Foramina 1–6 terminate caudally oriented branches
diverging from the canal behind the expanded cavity.

Foramina 7–15 terminate branches associated with the
expanded cavity region and are thus spread over a wider
dorsoventral area of the maxilla; foramen 7 is an espe-
cially large opening. Foramina 16 and 17 terminate
branches of the nasal rami rostral to the expanded cavity.
Foramina 1, 3, 5, 6, 9, 13, 15, and 16 are positioned in an
approximate supralabial row (Figure 3b). Foramina open
out in the following orientations: 1—caudal, 2—dorso-
caudal, 3—caudal, 4—dorsocaudal, 5—caudal, 6—cau-
dal, 7—lateral, 8—lateral, 9—lateral, 10—dorsal, 11—
dorsal, 12—dorsorostral, 13—lateral, 14—lateral, 15—lat-
eral, 16—lateral, and 17—rostral.

Mandibular canal is linear, extends anteroposter-
iorly through the bones of the lower jaw, and terminates
near the midline symphysis (Figure 3a). Branches are
short and diverge approximately orthogonal to the canal.

Entry point is located on the medial surface of the
lower jaw and positioned near the ventral margin,
between the coronoid process and the articular facet. The
opening is oriented dorsomedially.

Number of mandibular foramina is 7 and these open-
ings appear at regular intervals in a row along the ventro-
lateral surface of the rostral half of the dentary (Figure 3c).
Foramina open out in the following orientations: 1—lat-
eral, 2—lateral, 3—lateral, 4—lateral, 5—ventrolateral,
6—ventral, and 7—ventral.

3.2.3 | Dibamus novaeguineae

Maxillary canal is linear, tubular, and travels anteropos-
teriorly through the bone of the maxilla parallel to the
upper tooth row. The canal extends to the rostral tip of
the maxilla (Figure 3d). The branches are short.

FIGURE 2 Early Permian sauropsid Orovenator mayorum (OMNH 74606) is mirrored to display the better-preserved right side.

The maxillary and mandibular canals are segmented in yellow. Foramina in red are numbered in an approximately caudal to rostral

sequence. Relevant bones are identified and color-coded in the whole skull view on the left. The fossil is shown in (a) lateral view with

bone identification guided by Ford and Benson (2019), (b) maxillary canal in lateral oblique view, and (c) mandibular canal in

ventral oblique view.
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Entry point is on the medial side of the maxilla. There
is a short sulcus leading into the opening on the maxil-
lary shelf near the junction with the prefrontal.

Number of maxillary foramina is 4 and they emerge at
regular intervals in a row on the lateral surface of the
maxilla near the upper toothrow (Figure 3e). These open-
ings are oriented as follows: 1—lateral, 2—lateral, 3—
rostrolateral, and 4—rostrolateral.

In addition to the maxillary canal, the maxilla and
nasal bones bear short, non-contiguous canals (blue
canals in Figure 3e) that likely serve as passageways for
branches of V1, but could also accommodate branches of
V2 along the dorsal edge of the maxilla (Rieppel, 1984).
There are four separate branches, of which two are sim-
ple tubular canals and two are ramified. These branches
are rostrolaterally or dorsorostrally oriented and termi-
nate in foramina that are comparable in size to those
associated with the maxillary canal.

Mandibular canal is linear, tubular, and extends
anteroposteriorly through the dentary and compound
bone (i.e., fusion of the surangular, angular, and articular
bones per Rieppel, 1984) to near the midline symphysis.
The branches diverging from the canal are short.

Entry point is located on the medial surface of the
compound bone near the articular facet. The opening is
positioned near the dorsal margin and opens out medi-
ally. There is a separate smaller opening caudally, but it
is uncertain whether this foramen participates in the pas-
sage of V3.

Number of mandibular foramina is 9. Foramina 1–3
are located on the lateral surface of the compound bone.
Foramina 4–9 emerge at regular intervals in a row on the
lateral surface of the dentary beneath the lower toothrow
(Figure 3f). These openings are oriented as follows: 1—
dorsal, 2—lateral, 3—lateral, 4—lateral, 5—lateral, 6—
lateral, 7—rostrolateral, 8—rostrolateral, and 9—rostral.

3.2.4 | Tupinambis teguixin

Maxillary canal is linear, tubular, and extends antero-
posteriorly through the maxilla parallel to the upper
toothrow until it deflects medially to terminate inside the
narial cavity (Figure 3g). Branches diverging from
the canal are short and tend to angle rostrolaterally.

Entry point is on the rostral-facing aspect of the orbit,
bounded by the maxillary shelf and lacrimal, and ventral
to the lacrimal foramen.

Number of maxillary foramina is 8 and these openings
appear at regular intervals in a row on the lateral surface
of the maxilla near the upper toothrow (Figure 3h). Fora-
men 1 is considerably larger than the other foramina.
These openings are oriented as follows: 1—lateral, 2—

lateral, 3—rostrolateral, 4—rostrolateral, 5—rostrolateral,
6—rostrolateral, 7—rostrolateral, and 8—rostrolateral.

Mandibular canal is linear, tubular, and extends
anteroposteriorly through the bones of the lower jaw
until it terminates near the midline symphysis
(Figure 3g).

Entry point is a large opening on the medial surface of
the lower jaw, positioned between the coronoid process
and articular facet.

Number of mandibular foramina is 6 and they are
located on the lateral surface of the lower jaw. Foramen
1 is positioned on the surangular, at the level of the coro-
noid process. Foramina 2–6 occur in approximately regu-
lar intervals on the dentary, beneath the lower toothrow
(Figure 3i). These openings are oriented as follows: 1—
rostrolateral, 2—caudolateral, 3—lateral, 4—lateral, 5—
lateral, and 6—rostrolateral.

3.2.5 | Anolis cristatellus

Maxillary canal extends anteroposteriorly through the
entire length of the maxilla and terminates in a medially
inflected branch that fades into the bone of the premax-
illa at the base of the nares. The canal is quite slender
caudally, but then expands into a dorsoventrally broad-
ened space that emanates short branches (Figure 3j).

Entry point is on the ventrorostral surface of the
orbital wall, is bounded by the lacrimal and maxillary
shelf, and is positioned ventral to the larger lacrimal
foramen.

Number of maxillary foramina is 12 and they are
located on the lateral surface of the maxilla. Foramina
1, 2, 4, 6, 8, 10, and 11 occur at approximately regular
intervals in a row along the upper toothrow. Foramina
3, 5, 7, and 9 are positioned dorsally above this supralabial
row and are more irregular in distribution. Foramen 12 is
a large opening at the lateral edge of the nares (Figure 3k).
These openings are oriented as follows: 1—caudolateral,
2—caudolateral, 3—lateral, 4—lateral, 5—lateral, 6—
lateral, 7—lateral, 8—lateral, 9—rostrolateral, 10—
rostrolateral, 11—rostrolateral, and 12—dorsorostral.

Mandibular canal is linear, extends anteroposter-
iorly through the bones of the lower jaw, and terminates
at the midline symphysis (Figure 3j). Branches are short
and diverge orthogonal to the mandibular canal.

Entry point is on the medial surface of the lower jaw,
spanning the space between the coronoid process and the
articular facet. This large opening is oriented medially.

Number of mandibular foramina is 7 and they are
located on the rostral half of the dentary. The openings
occur at approximately regular intervals in a single line
below the lower toothrow. Foramina 1–6 appear on the

10 MIYAMAE ET AL.
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FIGURE 3 Squamate reptiles (lizards) with maxillary and mandibular canals of the left side segmented in yellow. Foramina in red are

numbered in an approximately caudal to rostral sequence. Relevant bones are identified and color-coded for each species in the whole skull view on

the left. The nocturnal gecko Uroplatus fimbriatus (UF:HERP:72880) is shown in (a) lateral view, (b) maxillary canal in lateral oblique view, and

(c) mandibular canal in ventral oblique view. The fossorial “blind skink” Dibamus novaeguineae (UF:HERP:33488) is shown in (d) lateral view with

the compound bone of the lower jaw represented in the same green color as the surangular, (e) maxillary canal and putative V1 and/or V2 canals

(in blue) in dorsolateral oblique view, and (f) mandibular canal in ventrolateral view. Tupinambis teguixin (FMNH 22416) is shown in (g) lateral

view, (h) maxillary canal in rostrolateral view, and (i) mandibular canal in ventrolateral oblique view. Anolis cristatellus (UF:HERP:47686) is shown

in (j) lateral view, (k) maxillary canal in lateral oblique view, and (l) mandibular canal in lateral oblique view. Varanus niloticus (UF:HERP:83764) is

mirrored to show (m) lateral view, (n) maxillary canal in lateral oblique view, and (o) mandibular canal in lateral oblique view.
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lateral surface of the dentary and foramen 7 is at the very
tip of the bone, facing toward the symphysis (Figure 3l).
These openings are oriented as follows: 1—lateral, 2—
caudolateral, 3—caudolateral, 4—lateral, 5—lateral, 6—
rostrolateral, and 7—ventromedial.

3.2.6 | Varanus niloticus

Maxillary canal is linear, tubular, and extends antero-
posteriorly through the maxilla. The canal terminates
near the rostral end where it ramifies into a few internal
branches, including medially inflected branches into the
region of the narial cavity (Figure 3m). The branches are
relatively short.

Entry point is on the ventrorostral aspect of the orbital
wall. The opening is ventral to the lacrimal foramen and
is bounded by the pterygoid and maxilla.

Number of maxillary foramina is 8 and these openings
occur at relatively regular intervals in a row above the
upper toothrow (Figure 3n). These openings are oriented
as follows: 1—lateral, 2—lateral, 3—lateral, 4—rostrolat-
eral, 5—rostrolateral, 6—rostrolateral, 7—rostrolateral,
and 8—rostrolateral.

Mandibular canal is linear, tubular, and extends
through the bones of the lower jaw to terminate near the
midline symphysis (Figure 3m). Branches are short.

Entry point is on the medial surface of the surangular
positioned between the coronoid process and articular
facet. The opening is large and is oriented medially.

Number of mandibular foramina is 5 and they are
located on the lateral surface of the dentary. The open-
ings occur at relatively regular intervals in a line near the
lower toothrow (Figure 3o). The foramina are oriented as
follows: 1—rostrolateral, 2—lateral, 3—lateral, 4—rostro-
lateral, and 5—rostral.

3.2.7 | Eunectes murinus

Maxillary canal travels through the maxilla in an
anteroposterior path parallel to the upper tooth row
(Figure 4a). The canal is present only in the rostral half
of the maxilla and terminates rostrally with a medially
inflected branch that enters the base of the first alveo-
lus. Slender branches diverge laterally and ventrally
from the canal likewise appear to be entering into the
base of the teeth. The two primary branches emerging
from the canal are relatively short and directed
rostrolaterally.

Entry point is located on the dorsomedial surface of
the maxilla that forms the ventral margin of the bony
orbit. There is a potential second point of entry located

ventrorostrally of the first described opening and is ori-
ented medially. Both openings are of similar size.

Number of maxillary foramina is 2 and are positioned
on the lateral surface of the maxilla. Foramen 1 is posi-
tioned above the third alveolus. Foramen 2 is a larger
opening positioned above the second alveolus
(Figure 4b). Both openings are oriented rostrolaterally.

Mandibular canal is broad, tubular, and extends
through the bones of the lower jaws parallel with the
lower tooth row. There are several smaller, twisting,
medially directed branches that enter areas surrounding
the base of the teeth. The canal terminates with a medi-
ally inflected branch that extends to the rostral tip of the
dentary (Figure 4a).

Entry point is located in a deep, dorsal-facing sulcus
formed by the dorsal margin of the surangular
(or compound bone). The opening is positioned between
the coronoid process and the articular facet.

Number of mandibular foramina is 2. Foramen 1 is
a large opening located on the dorsorostral edge of the
coronoid process, caudal to the tooth-bearing dentary.
Foramen 2 is located on the ventrolateral surface
of the dentary, near the midline symphysis at the level
of the fifth alveolus (Figure 4c). These openings
are oriented as follows: 1—rostromedial and 2—
ventrolateral.

3.2.8 | Thamnophis marcianus

Maxillary canal is long, thin, and traverses the entire
length of the maxilla (Figure 4d). At the caudal end of
the maxilla, the canal is broadened into a complex,
lattice-like structure that fills the interior space, including
the bases and pulp cavities of three separate teeth. The
canal then simplifies into a slender linear tube within
the portion of the maxilla that forms the ventral rim of
the bony orbit. At the rostral tip of the maxilla, the canal
once again ramifies into small, laterally directed branches
entering the base of the first five teeth.

Entry point is on the medial surface of the maxilla,
located on the ventral surface of a flange extending
toward the palatine. This relatively small, ventromedially
oriented opening is positioned rostral to the anterior edge
of the bony orbit.

Number of maxillary foramina is 6. Foramina 1–5 are
very small openings associated with the network of rami-
fications at the caudal end of the maxilla and are irregu-
larly positioned on the lateral surface of the maxilla.
These openings may serve as entry points for branches of
the superior alveolar nerve—small ramifications of V2

that enter the maxilla to innervate the teeth (Auen &
Langebartel, 1977). Foramen 6 is located beneath the

12 MIYAMAE ET AL.

 19328494, 0, D
ow

nloaded from
 https://anatom

ypubs.onlinelibrary.w
iley.com

/doi/10.1002/ar.25604, W
iley O

nline Library on [31/07/2025]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



anterior edge of the bony orbit on the lateral surface of
the maxilla and is the largest of the foramina (Figure 4e).
These openings are oriented as follows: 1—caudal, 2—
lateral, 3—ventrocaudal, 4—lateral, 5—ventrolateral,
and 6—lateral.

Mandibular canal is tubular and passes anteropos-
teriorly through the bones of the lower jaw where it ter-
minates inside the dentary at the midline symphysis
(Figure 4d). In this specimen, there is a clear distinction
between the mandibular canal and the ventromedially
positioned space for Meckel's cartilage.

Entry point is the large opening at the caudal end of
the surangular (i.e., compound bone) just before the jaw
articulation and is oriented dorsolaterally.

Number of mandibular foramina is 2. Foramen 1 occurs
on the lateral surface of the surangular, close to the junc-
tion with the dentary. Foramen 2 is located on the lateral
surface of the dentary, approximately at the level of the
anterior edge of the orbit (Figure 4f). These openings are
oriented as follows: 1—dorsolateral and 2—rostral.

3.2.9 | Alligator mississippiensis

Maxillary canal is an extensive web-like network of
ramifications extending through both the maxilla and

premaxilla, where the canal terminates at the rostral tip
of the premaxilla. The size and distribution of the
branches is irregular (Figure 5a).

Entry point is ventral to the anterior margin of the
bony orbit, on the medial surface of the junction between
the maxilla and jugal.

Number of maxillary foramina is many. At least 50+
foramina are visible in our segmentation, but the obser-
vation of minute branches connecting to the bone surface
and the pitted surface of the facial bones would suggest a
far greater number of exit points that may not have been
detected due to the resolution of the microCT scan used
in this study. The foramina vary in size and have an
irregular distribution over the dorsolateral surface of the
upper jaw, though most of the openings occur close to
the upper toothrow (Figure 5b).

Mandibular canal is wide, occupying a substantial
space within the lower jaw as it travels rostrally to the
midline symphysis (Figure 5a). A three-dimensional
model of the jaw muscles of A. mississippiensis based
on microCT scans of contrast-stained soft tissue shows
that the massive internal space of the lower jaw in the
region of the mandibular fenestra is occupied by
the intramandibularis muscle and, to a lesser extent,
the adductor mandibulae posterior muscle. V3 was
observed running rostrally along the dorsal edge of the

FIGURE 4 Squamate reptiles (snakes) with maxillary and mandibular canals of the left side segmented in yellow. Foramina in red are

numbered in an approximately caudal to rostral sequence. Relevant bones are identified and color-coded for each species in the whole skull

view on the left. The semiaquatic, infrared sensing boid Eunectes murinus (UF:HERP:84822) is shown in (a) lateral oblique view,

(b) maxillary canal in lateral oblique view, and (c) mandibular canal in ventrolateral oblique view. The terrestrial colubrid Thamnophis

marcianus (FMNH 26260) is shown in (d) lateral view, (e) maxillary canal in lateral oblique view, and (f ) mandibular canal in ventrolateral

oblique view.
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intramandibularis muscle within the mandibular canal
(Holliday et al., 2013).

Entry point is a large opening positioned opposite
(i.e., medial) to the mandibular fenestra and opens out
medially.

Number of mandibular foramina is many, similar to
the maxillary canal. At least 40+ foramina are visible in
our segmentation. The foramina have an irregular distri-
bution over the lateral surface of the dentary and angular
bones, with the tendency to occur near the lower tooth
row on the dentary and along the ventral margin of the
angular (Figure 5c).

3.2.10 | Bubulcus ibis

Maxillary canal does not pass through the highly
reduced maxilla, but rather occupies almost the entire
interior space of the beak (premaxilla) rostral to the narial
opening (Figure 5d). The division of the canal into distinct
right and left sides is not clearly distinguishable. The canal
terminates at the very rostral tip of the beak. The occupant
of the maxillary canal in Bubulcus is uncertain. A microCT
study of the soft tissue anatomy in the rock dove (Columba
livia) shows the reduction of V2 and its termination within
the ventral aspect of the orbit, well before any contact with
the upper jawbones. Instead, V1 is observed traversing
through the narial cavity to enter into the premaxilla
(Jones et al., 2019). In contrast, a classical anatomical
study of the domestic turkey (Meleagris gallopavo domesti-
cus) depicts V2 anastomosing with the nasal branches of
V1 and entering into the premaxilla (Ghetie et al., 1976).

Entry point is located with the large openings occupy-
ing the midline of the rostral edge of the narial opening.

Number of maxillary foramina is undetermined. There
are some irregular openings found in the lateral surface
of premaxilla: a cluster close to the caudal end of the
canal and a few openings at the rostral tip. It is unclear if
the caudal cluster are true foramina or represent a region
where the bone has eroded away to expose the canal
space. The three or four rostral openings are most likely
to be true foramina given their morphology (Figure 5e).

Mandibular canal is laterally compressed, linear,
and extends through the entire length of the dentary
(Figure 5d). There are a few outpocketings of the canal
that may be considered extremely short branches near
the rostral tip.

Entry point is on the medial surface of the dentary, at
approximately halfway down its length and rostral to the nar-
ial cavity. It is a large, elongated opening orientedmedially.

Number of mandibular foramina is 1. Foramen 1 is a
small opening on the lateral surface near the tip of the
dentary that opens out laterally (Figure 5f).

3.2.11 | Calidris alba

Maxillary canal is limited to the tip of the premaxilla
rostral of the extremely elongated narial cavity
(Figure 5g). Consequently, the canal is very short, but it
occupies nearly all the internal space of the premaxilla
with a dense proliferation of short branches. The identity
of the nerves traversing this canal is similar to that dis-
cussed above for Bubulcus.

Entry point is located at the midline of the rostral
edge of the narial cavity.

Number of maxillary foramina is many. There are at
least 40+ foramina visible at the rostral tip of the dentary
from our segmentation, but the number of exit points is
likely to be higher given the extremely pitted surface of
the bone. There are some large openings in the rostral
half of the canal, including a sulcus-like opening dorsally.
Smaller foramina occur as a dense cluster on the dorso-
lateral surface of the extreme tip of the premaxilla and
these openings are oriented in all directions (Figure 5h).

Mandibular canal is linear and extends through the
entire length of the dentary. Most of the canal is laterally
compressed, but widens into a bulb-shaped expansion at
the rostral tip (Figure 5g). Branches are extremely short
and limited to the rostral end of the dentary.

Entry point is on the medial surface of the dentary,
approximately halfway down its length. It is a medium-
sized, somewhat oval-shaped opening oriented medially.

Number of mandibular foramina is many. There are at
least 60+ foramina visible from our segmentation, but as
with themaxillary foramen, the number of nerve exit points
is likely to be much higher. There are a few putative foram-
ina present on the lateral surface of the dentary before the
mandibular canal expands. The greatest density of foramina
appears on the ventrolateral surface of the extreme rostral
tip of the dentary. These foramina appear to be organized in
an almost grid-like pattern and are thus oriented in all
directions. The thinning of the bone in this region exposes
themandibular canal dorsally and ventrally (Figure 5i).

3.3 | Nononmammalian synapsids

3.3.1 | Varanosaurus acutirostris

Maxillary canal is primarily linear and travels through
the entire length of the maxilla parallel to the upper
tooth row. Foramina are present in the approximate ros-
tral two-thirds of the long snout and terminate short
branches diverging from the maxillary canal at irregular
intervals along the tooth row (Figure 6a). The identifica-
tion of foramina was challenged by the fractured surface
of the fossil.
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Entry point cannot be clearly determined due to pres-
ervation, but the canal in the maxilla becomes visible just
caudal to the upper toothrow.

Number of maxillary foramina is 8 and they all occur
on the lateral surface of the maxilla, close to the upper
toothrow. Branches of the caudal alveolar ramus termi-
nate in foramina 1–3. Branches of the external nasal
ramus terminate in foramina 4 and 5. Branches of the
internal nasal ramus terminate in foramina 6–8.
(Figure 6b). These foramina open out in the following ori-
entations: 1—caudal, 2—rostrolateral, 3—caudal, 4—lat-
eral, 5—lateral, 6—lateral, 7—lateral, and 8—lateral.

Although there is no continuity observed between the
maxillary canal and the canals perforating the premaxilla,
the latter is densely covered with forward-facing foramina
interpreted as exits for the nasopalatine branches of V2

(Benoit et al., 2018).
Mandibular canal is also primarily linear and

travels anteriorly through the dentary near the lower
toothrow. The diverging branches are short and

irregularly spaced. The canal extends to the rostral tip of
the midline symphysis, where there is a concentrated
cluster of foramina (Figure 6a).

Entry point is on the medial surface of the dentary,
just caudal to the lower toothrow.

Number of mandibular foramina is 14. Foramina 1–8
are distributed at irregular intervals along the lateral sur-
face of the dentary, but foramina 9–13 are clustered at
the forward-facing rostral extremity of the lower jaw.
(Figure 6c). These foramina open out in the following orien-
tations: 1—caudal, 2—caudal, 3—ventrocaudal, 4—lateral,
5—lateral, 6—ventrolateral, 7—lateral, 8—lateral, 9—
caudolateral, 10—ventrolateral, 11—ventral, 12—dorso-
lateral, 12—ventrorostral, and 14—ventrorostral.

3.3.2 | Tetracynodon darti

Maxillary canal consists of a proximal section that
travels parallel to the upper toothrow, has the appearance

FIGURE 5 Archosaurian reptiles with maxillary and mandibular canals of the left side segmented in yellow. Foramina are in red.

Relevant bones are identified and color-coded for each species in the whole skull view on the left. The semiaquatic tactile specialist Alligator

mississippiensis (TMM M-983) is mirrored to show (a) lateral view, (b) maxillary canal in dorsal oblique view, and (c) mandibular canal in

ventrolateral oblique view. The diurnal visual hunter Bulbulcus ibis (NHMUK:zoo:S/2006.1.20) shown in (d) lateral oblique view,

(e) maxillary canal in lateral oblique view, and (f) mandibular canal in ventrolateral oblique view. The probing shorebird Calidris alba

(NHMHK:zoo:S/1994.60.3) shown in (g) lateral oblique view, (h) maxillary canal in dorsal oblique view, and (i) mandibular canal in

ventrolateral oblique view.
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of a slender and linear tube, and produces short ramifica-
tions that terminate in foramina near the toothrow. The
canal then shows an abrupt expansion into a wide cavity
or sinus region similar to the “conical cavity” observed in
Orovenator (Figure 6d); though it should be noted that a

portion of this area has not been preserved in Tetracyno-
don. Numerous longer branches emerge from this large
cavity region. The rostral tip of the upper jaw has not
been preserved, so it is uncertain how far the maxillary
canal may have extended anteriorly.

FIGURE 6 Nonmammalian synapsids with maxillary and mandibular canals of the left side segmented in yellow. Foramina in red are

numbered in an approximately caudal to rostral sequence. Relevant bones are identified and color-coded for each species in the whole skull view on

the left. The Early Permian ophiacodont Varanosaurus acutirostris (FMNH PR 1670) is mirrored to show (a) lateral view with bone identification

guided by Berman et al. (1995) [Correction added after first online publication on 03 February 2025. The specimen number for Varanosaurus

acutirostris was changed from “FMNH PR 1760” to “FMNH PR 1670”.], (b) maxillary canal and putative V2 nasopalatine branch canals (in blue) in

lateral oblique view, and (c) mandibular canal in ventrolateral view. The Early Triassic therocephalian Tetracynodon darti (UCMP 42869) is shown in

(d) lateral view, (e) maxillary canal in rostrolateral view, and (f) mandibular canal in rostroventral view. The Early Triassic cynodont Thrinaxodon

liorhinus (UCMP 40466) is mirrored to show (g) lateral view, (h) maxillary canal in lateral view, and (i) mandibular canal in rostroventral view.
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Entry point is obscured because lateral compression
of the fossil has crushed the area where we expect to
see the entry of the canal into the bone of the maxilla;
however, the canal becomes visible caudal to the upper
toothrow.

Number of maxillary foramina is 18 and they all occur
on the lateral surface of the maxilla. Foramina associated
with the caudal, middle, and rostral alveolar rami are
positioned close to the upper toothrow; however, foram-
ina associated with the external and internal nasal rami
are distributed more dorsally to cover a larger surface of
the maxilla. Branches of the caudal alveolar ramus termi-
nate in foramina 1–3. Branches of the middle alveolar
ramus (aka medium alveolar ramus) terminate in foram-
ina 4, 5, and 7. Branches of the rostral alveolar ramus ter-
minate in foramina 9 and 11. Branches of the external
nasal ramus terminate in foramina 6, 8, 10, and 12.
Branches of the internal nasal ramus terminate in foram-
ina 13–17. The superior labial ramus likely terminates
with foramen 18, which has a notably larger opening
compared to other foramina and is located near the
toothrow (Figure 6e). These foramina open out in the fol-
lowing orientations: 1—lateral, 2—lateral, 3—caudolateral,
4—caudolateral, 5—ventrocaudal, 6—dorsolateral, 7—
ventrolateral, 8—lateral, 9—ventrocaudal, 10—dorsolat-
eral, 11—ventrolateral, 12—dorsolateral, 13—dorsolateral,
14—rostral, 15—rostral, 16—rostral, 17—lateral, and 18—
rostroventral.

Mandibular canal is linear and travels through the
dentary parallel to the lower toothrow and extends to
the midline symphysis of the jaw. There are several short
branches occurring in the rostral half of the canal
(Figure 6d).

Entry point of the canal into the bone of the dentary
is not preserved in this specimen, but the mandibular
canal becomes visible at the level of the anterior edge of
the orbit, caudal to the start of the toothrows.

Number of mandibular foramina is 9. Foramina 1–4
are located on the lateral surface of the dentary. The
opening to foramen 1 is accompanied by a caudally ori-
ented trailing groove. Foramina 3 and 4 are clustered
closer to the ventral margin of the dentary. Foramina 5–9
are found on the forward-facing surface of the dentary
near the midline symphysis (Figure 6f). These foramina
open out in the following orientations: 1—caudolateral,
2—lateral, 3—ventrolateral, 4—lateral, 5—ventral, 6—
ventral, 7—lateral, 8—lateral, and 9—ventral.

3.3.3 | Thrinaxodon liorhinus

Maxillary canal is broad, tubular, and travels anteriorly
through the maxilla to the rostral tip. The ramifications

diverging from the canal are relatively long and are espe-
cially proliferative in the region rostral to the large upper
caniniform tooth (Figure 6g). The rostral end of the
upper jaw has not been preserved, so the morphology of
the canal in this region is unknown.

Entry point into the maxilla is on the ventral aspect of
the medial orbital wall near the junction with the
lacrimal bone.

Number of maxillary foramina is 16 and they are all
located on the lateral surface of the maxilla. The caudal
alveolar ramus terminates in foramen 1. The middle alve-
olar ramus terminates in foramen 2. Both foramina 1 and
2 are large openings located near the upper toothrow.
Branches of the rostral alveolar ramus terminate in
foramina 4, 7, and possibly 10. Branches of the external
nasal ramus terminate in foramina 3, 5, 8, and 9. The
internal nasal ramus terminates in foramen 11. Foramina
from these two aforementioned branches are distributed
more dorsally on the surface of the maxilla. Branches of
the superior labial ramus terminate in foramina 13–16;
foramina 14 and 16 are notably large openings in this
grouping (Figure 6h). The identification of these
branches is based on Benoit et al. (2020). These foramina
open out in the following orientations: 1—rostrolateral,
2—lateral, 3—dorsocaudal, 4—lateral, 5—dorsal, 6—
dorsocaudal, 7—lateral, 8—rostrolateral, 9—rostrolateral,
10—lateral, 11—rostrolateral, 12—ventrorostral, 13—
rostrolateral, 14—rostroventral, 15—rostrolateral, and
16—rostrolateral.

Mandibular canal is primarily linear, passing through
the dentary parallel to the lower toothrow and ramifying short
branches. The canal extends to the rostral tip of the lower jaws
where there is extensive branching in a starburst-like pattern
clustered near themidline symphysis (Figure 6g).

Entry point is on the medial surface of the dentary near
the ventral margin and just caudal to the lower toothrow.

Number of mandibular foramina is 18, with foramina
1–6 located on the lateral surface of the dentary and
the remaining foramina 6–17 concentrated on the
forward-facing rostral end of the lower jaws (Figure 6i).
These foramina open out in the following orientations:
1—lateral, 2—lateral, 3—lateral, 4—dorsolateral, 5—
ventral, 6—lateral, 7—ventrorostral, 8—ventrorostral,
9—dorsolateral, 10—dorsorostral, 11—dorsorostral,
12—rostral, 13—dorsolateral, 14—lateral, 15—dorsorostral,
16—dorsorostral, 17—rostral, and 18—rostral.

3.3.4 | Ecteninion lunensis

Maxillary canal is comparatively simplified relative to
previously described nonmammalian synapsids Varano-
saurus, Tetracynodon, and Thrinaxodon. The canal
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travels anteriorly through the maxilla, extending to the
rostral end of the upper jaws (Figure 7a).

Entry point into the maxilla is on the ventral aspect of
the medial wall of the orbit, near the junction with the
lacrimal bone.

Number of maxillary foramina is 6. Foramen 1 is the
termination of the middle alveolar ramus and is a large
opening positioned above the third and fourth postcanine
teeth. Foramen 2 is the termination of the rostral alveolar
ramus and is another large opening that is positioned above
the first postcanine tooth. The external nasal ramus is a long,
slender branch diverging from the alveolar rami and termi-
nates in foramen 3. Branches of the internal nasal ramus ter-
minate in foramina 4 and 5. The superior labial ramus
terminates in foramen 6. Foramina associated with the nasal
and labial rami are positioned more dorsally on the rostral
half of the maxilla (Figure 7b). The identification of these
branches is based on Benoit et al. (2020). These openings are
oriented as follows: 1—ventrorostral, 2—ventrorostral, 3—
lateral, 4—lateral, 5—rostral, and 6—rostrolateral.

Mandibular canal is primarily a linear, slender tube
passing anteriorly through the dentary bone toward
the midline symphysis. The canal runs along the ventral
margin of the dentary for most of its course, but then
inflects dorsomedially to terminate in branches at the
midline symphysis (Figure 7a).

Entry point is on the medial surface of the dentary,
near the ventral margin and caudal to the remains of the
coronoid process.

Number of mandibular foramina is 6. Foramina 1–2
are relatively large openings on the lateral surface of
the dentary and positioned below the lower postcanine
teeth. Foramina 3–6 are smaller openings clustered near
the forward-facing region of the midline symphysis
(Figure 7c). These foramina open out in the following orien-
tations: 1—rostrolateral, 2—rostrolateral, 3—dorsolateral,
4—dorsorostral, 5—rostral, and 6—rostral.

3.3.5 | Pachygenelus monus

Maxillary canal is simplified into a single linear canal
traveling through the maxilla with no observed ramifica-
tions. The canal does not extend to the rostral tip of the
jaw as in the previously described nonmammalian synap-
sids. Instead, the canal terminates in a single large open-
ing approximately two-thirds down the length of the
maxilla (Figure 7d).

Entry point into the maxilla is on the ventral aspect of
the medial wall of the orbit, near the junction with the
lacrimal bone.

Number of maxillary foramina is 1, is found on the
lateral surface of the maxilla, and opens out rostrally
(Figure 7e). Benoit et al. (2020) reported the presence of

two foramina in Pachygenelus (BP/1/5110), one terminat-
ing a short infraorbital canal and the other a long rostral
alveolar ramus. The single foramen described here
accords with the termination of the rostral alveolar
ramus given its large size and position near the upper
canine. The infraorbital canal was not clearly discernible
in the specimen used for this study.

Mandibular canal is a simplified linear canal travel-
ing through the dentary approximately parallel to the
toothrow and extending anteriorly to the rostral tip of
the lower jaw (Figure 7d).

Entry point is on the medial surface of the dentary,
caudal to the lower toothrow and approximately at the
level of the anterior edge of the coronoid process.

Number of mandibular foramina is 2 and they are both
positioned on the lateral surface of the dentary. Foramen
1 terminates a short ramification that is located at the level
of the first and second postcanine teeth. Foramen 2 termi-
nates the mandibular canal and is located at the level of
the lower canine tooth (Figure 7f). These openings are ori-
ented as follows: 1—lateral and 2—rostrolateral.

3.3.6 | Tritylodon longaevus

Maxillary canal travels a linear path anteriorly through
the maxilla and then appears to fade within the bone of
the maxilla at the level of the diastema (Figure 7g).

Entry point into the maxilla is on the caudal medial
wall of the orbit, at approximately the level of the last
postcanine tooth.

Number of maxillary foramina is 3 and they are all
located on the lateral surface of the maxilla, caudal to the
diastema (Figure 7h). Foramen 1 is the zygomaticofacial
foramen and occurs at the maxillary-lacrimal suture. This
foramen terminates the relatively long zygomaticofacial
canal, which has a separate entry into the maxilla via the
orbital zygomaticofacial foramen, but fuses with the maxil-
lary canal (Benoit et al., 2020). The short infraorbital canal
terminates in foramen 2, that is, the infraorbital foramen
(IOF). Foramen 3 terminates the short rostral alveolar
ramus. The identification of these foramina is based on
Benoit et al. (2020). These openings are oriented as fol-
lows: 1—rostral, 2—rostrolateral, and 3—rostrolateral.

Mandibular canal is not available for this specimen.

3.4 | Mammalia

3.4.1 | Ornithorhynchus anatinus

Maxillary canal is extensive and occupies a substantial
portion of the maxilla. The canal itself is predominantly
linear with short ramifications that reach the rostral tip
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of the maxilla at the junction with the premaxilla
(Figure 8a).

Entry point into the maxilla is located on the ventral
aspect of the rostral-facing surface of the orbital wall,
approximately at the level of the first deciduous molari-
form tooth in this juvenile specimen (or keratinous grind-
ing pads in the adult).

Number of maxillary foramina is 3. Foramen 1 is a
large opening positioned on the lateral edge of the max-
illa, and accompanied by a prominent process marking
the lateral rim of the canal. Foramen 2 is a large opening
positioned on the ventral or palatal aspect of the maxilla
approximately at the same level as foramen 1. Foramen
3 is likewise a large opening and is located near the ros-
tral tip of the maxilla, close to the junction with the

premaxilla (Figure 8b). Previous anatomical studies iden-
tify foramen 1 as equivalent to the IOF (foramen infraor-
bitale), foramen 2 as equivalent to the foramen
terminating the middle alveolar ramus (foramen infraor-
bitale inferius), and foramen 3 as equivalent to the fora-
men terminating the superior or rostral alveolar ramus
(foramen infraorbitale anterius) (Kesteven & Furst, 1929;
Manger & Pettigrew, 1996). These openings are oriented
as follows: 1—rostral, 2—ventrorostral, and 3—rostral.

A prominent foramen on the dorsal surface of the
nasal bone serves as the exit for the frontal nerve of
the ophthalmic division (V1) of the trigeminus (Manger &
Pettigrew, 1996).

Mandibular canal is an extensive, linear canal
coursing through the dentary bone to the rostral tip of

FIGURE 7 Nonmammalian synapsids, continued. Maxillary and mandibular canals of the left side segmented in yellow. Foramina in

red are numbered in an approximately caudal to rostral sequence. Relevant bones are identified and color-coded for each species in the

whole skull view on the left. The Late Triassic eucynodont Ecteninion lunensis (PVSJ 422) is shown in (a) lateral view with bone

identification guided by Martinez et al. (1996), (b) maxillary canal in dorsolateral oblique view, and (c) mandibular canal in ventrolateral

oblique view. The Early Jurassic probainognathian Pachygenelus monus (BP/1/5691) is mirrored to show (d) lateral view, (e) maxillary canal

in lateral view, and (f ) mandibular canal in lateral oblique view. The Early Jurassic tritylodontid Tritylodon longaevus (BP/1/4778) is

mirrored to show (g) lateral view of cranium without lower jaw and (h) maxillary canal in rostrodorsal oblique view.
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the lower jaw (Figure 8a). The ramifications are short
and barely seem to angle off from the main axis of the
mandibular canal.

Entry point is on the medial surface of the dentary at
the level of the coronoid process. The dorsomedial edge
of the mandibular foramen is marked by a prominent
process, i.e., the lingula.

Number of mandibular foramina is 3. Foramen 1 is a
large opening on the lateral surface of the dentary and
located at the level of the rostral edge of the lower decid-
uous molariform teeth (or keratinous grinding pads in
the adult). Both foramina 2 and 3 are located at the ros-
tral extremity of the mandible; however, foramen 2 opens
on the dorsal surface of the dentary and foramen 3 on the
ventral surface (Figure 8c). The anatomical description
by Manger and Pettigrew (1996) identifies foramen 1 as
the opening for the incisive branch of V3, foramen 2 as
the opening for the internal mental branch, and foramen
3 as the opening for the external mental branch. These
foramina open out in the following orientations: 1—rostral,
2—dorsorostral, and 3—ventrorostral.

3.4.2 | Tachyglossus aculeatus

Maxillary canal is linear, tubular, and ramifies into four
major parts: a slender dorsal branch, a large middle
branch that ends at the rostral tip of the maxilla, a series
of short ventral branches, and an internal nasal branch
that diverges medially to terminate with an opening
inside the nasal cavity (Figure 8d).

Entry point is on the ventrorostral aspect of the orbital
wall and is bounded by the maxilla and palatine bone.

Number of maxillary foramina is 9. Foramina 1–7 are
clustered across the lateral surface of the maxilla and
occupy its rostral half. Foramina 2 and 7 diverge from the
middle branch. Foramina 1, 3, 4, and 5 are associated
with the dorsal branch. Foramina 6 terminates the ven-
tral branch. Foramina 8 and 9 are larger openings at the
very tip of the maxilla at its suture with the premaxilla
(Figure 8e). The foramina open out in the following
orientations: 1—lateral, 2—rostrolateral, 3—lateral,
4—rostrolateral, 5—lateral, 6—ventrolateral, 7—lateral,
8—ventral, and 9—dorsorostral. While assigning homol-
ogous identities to these structures is difficult given the
elongation of the maxilla and the lack of teeth, what we
have designated foramen 8 has been variously identified
as the foramen infraorbitale (Andres et al., 1991) or the
maxillofacial foramen (Manger et al., 1997).

Mandibular canal is linear and extends near to
the rostral extremity of the lower jaw, where it forks
into two short branches that terminate inside the dentary
(Figure 8d).

Entry point is on the medial surface of the dentary,
very near the ventral margin approximately at the level
of the low coronoid process.

Number of mandibular foramina is 1 and is located
on the anterior third of the dentary (Figure 8f). The
foramen is at the end of a short canal and opens out
dorsolaterally.

3.4.3 | Tinodon ferox

Maxillary canal is not available for this specimen.
Mandibular canal is preserved as a largely com-

plete right jaw fragment with the rostral and caudal
extremities lost. The canal is linear and travels through
the length of the dentary close to the ventral margin
following the gentle curvature of the lower jaw
(Figure 9a).

Entry point of the mandibular canal is not preserved,
but the canal itself becomes visible at the level of the
anterior edge of the coronoid process.

Number of mandibular foramina is 2 and they
are located on the lateral surface of the dentary. Foramen
1 is positioned between p1 and p2 and opens out dorso-
laterally. Foramen 2 is positioned below the lower canine
tooth alveolus and opens out dorsorostrally.

3.4.4 | Monodelphis domestica

Maxillary canal diverges into two main branches. The
infraorbital canal is large, linear, and relatively short.
Medial to the infraorbital canal is the long and slender
rostral alveolar canal that extends rostrally through the
maxilla, deflecting around the root of the upper canine,
and sloping ventrally to terminate in the premaxilla
within the alveolar space of I3 and I4 (Figure 9b). How-
ever, this morphology is contrary to what was reported in
Benoit et al. (2020) for M. domestica, where the rostral
alveolar canal is directed to the root of the canine tooth.
It is uncertain whether individual variation in the config-
uration of the rostral alveolar canal is common in this
taxon. The rostral alveolar canal in Dasyurus hallucatus
(described below) similarly enters the base of the first
and second upper incisors instead of being directed into
the canine, suggesting that the path of this canal may be
less restricted in marsupials.

Entry point is within the rostrally facing wall of the
orbit, near the ventral junction with the lacrimal which
is approximately at the level of M2.

Number of maxillary foramina is 1, which is located
on the lateral surface of the maxilla at the level of P3.
This is the IOF that terminates the infraorbital canal. The
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foramen is laterally compressed and opens out rostrally
(Figure 9c).

Mandibular canal travels anteriorly through the
dentary close to the ventral margin due to the presence of
large roots of the premolar and molar teeth (Figure 9b).
The ramifications leading to foramina are short. The
canal extends to the rostral tip of the lower jaw, fading
away inside the dentary near i1.

Entry point is on the medial surface of the dentary,
caudal to the lower toothrow and approximately at the
level of the midpoint of the coronoid process.

Number of mandibular foramina is 2 and they are
found on the lateral surface of the dentary. Foramen
1 is positioned below m3 and opens out laterally.
Foramen 2 is positioned below p1 and opens out rostrally
(Figure 9d). Both represent mental foramina.

3.4.5 | Dasyurus hallucatus

Maxillary canal consists of three main branches. The
infraorbital canal is wide, linear, and relatively short.
Emerging medially from the infraorbital canal are two
slender branches with small, irregular ramifications
(Figure 9e). One branch supplies the region at the base of
the upper premolars. The second branch is likely the

rostral alveolar canal and it extends to the rostral tip of
the upper jaw to supply the incisors as well as the surface
of the premaxilla.

Entry point of the canal is located on the rostroven-
tral wall of the orbit, near the junction with the lacrimal
and jugal.

Number of maxillary foramina is 2. Foramen 1 termi-
nates the infraorbital canal. This single large opening is
the IOF and is positioned on the lateral surface of the
maxilla at the level of M1 and opens out rostrally. Fora-
men 2 is a small opening on the dorsal surface of the pre-
maxilla that terminates a branch of the rostral alveolar
canal and opens out laterally (Figure 9f).

Mandibular canal is extensive, filling up much of
the internal space of the dentary as it follows the ventral
margin of the dentary rostrally to the level of the first pre-
molar. There are also several prominent dorsally project-
ing branches entering into the base of the premolar and
molar teeth (Figure 9e).

Entry point is on the medial surface of the dentary,
near the ventral margin at approximately the level of the
midpoint of the coronoid process.

Number of mandibular foramina is 3 and they are all
located on the lateral surface of the mandible. Foramen
1 is positioned beneath m1 and opens out rostrolaterally.
Foramen 2 is positioned beneath p1/p2 and opens out

FIGURE 8 Monotremes with maxillary and mandibular canals of the left side segmented in yellow. Foramina in red are numbered in

an approximately caudal to rostral sequence. Relevant bones are identified and color-coded for each species in the whole skull view on the

left. The semiaquatic and electroreceptive Ornithorhynchus anatinus (AMNH:Mammals:M-201312) is shown in (a) lateral view with no scale

bar available, (b) maxillary canal in ventrolateral oblique view, and (c) mandibular canal in rostroventral view. The terrestrial and

electroreceptive Tachyglossus aculeatus (YPM MAM 014872) is shown in (d) lateral view, (e) maxillary canal in rostrolateral view, and (f)

mandibular canal in ventrolateral view.
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laterally. Foramen 3 is positioned beneath p1 and opens
out rostrally (Figure 9g). All three openings can be
regarded as mental foramina.

3.4.6 | Elephantulus rupestris

Maxillary canal consists of two branches, the short
infraorbital canal and the long, slender rostral alveolar
canal that extends to the rostral tip of the maxilla at the
junction with the premaxilla at the level of I3/C
(Figure 10a).

Entry point is located on the rostroventral aspect of
the orbital wall, ventral to the smaller lacrimal foramen.

Number of maxillary foramina is 1 which is positioned
just rostral to the orbit, approximately above P4. This is
the large, rostrally oriented IOF (Figure 10b).

Mandibular canal follows the curvature of the jaw
anteriorly along its ventral margin to the rostral tip near
the midline mandibular symphysis, where the canal fades
into the dentary bone near i3. There are several excur-
sions of the canal into the alveolar space for sending
nerves and blood vessels to the tooth roots. The branches
are very short (Figure 10a).

Entry point is on the medial surface and near the
ventral margin of the dentary, positioned approxi-
mately at the level between the coronoid and articular
processes.

FIGURE 9 Stem therian and metatherians (marsupials). Maxillary and mandibular canals of the left side segmented in yellow.

Foramina in red are numbered in an approximately caudal to rostral sequence. Relevant bones are identified and color-coded for each

species in the whole skull view on the left. The Late Jurassic symmetrodont Tinodon ferox (YPM VP 000606) is mirrored to show (a) the

mandibular canal in lateral view of the dentary only. The didelphid marsupial Monodelphis domestica (no catalogue number) is shown in

(b) lateral view with relevant bones identified and color-coded, no scale bar available, (c) maxillary canal in dorsorostral oblique view, and

(d) mandibular canal in ventrorostral oblique view. The dasyurid marsupial Dasyurus hallucatus (TMM M-5921) is shown in (e) lateral view

with relevant bones identified and color-coded, (f) maxillary canal in dorsorostral oblique view, and (g) mandibular canal in ventrolateral

oblique view.
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Number of mandibular foramina is 3 and these men-
tal foramina are positioned on the lateral surface of
the dentary. Foramen 1 is located between p4 and m1
and opens out ventrolaterally. Foramen 2 is located
beneath p2 and opens out laterally. Foramen 3 is the
largest of the three foramina, is located between the
canine and p1, and opens out rostrolaterally
(Figure 10c).

3.4.7 | Myrmecophagus tridactyla

Maxillary canal consists of three parts, the infraorbital
canal, a dorsally directed cluster of net-like branches, and
a medially directed cluster of net-like branches. None of
these components extend very far rostrally despite the
highly elongated maxilla and terminate at approximately
the same level about one-quarter down the length of the
snout (Figure 10d).

Entry point is located on the ventral surface of the cra-
nium, at the base of the zygomatic arch near the junction
with the jugal.

Number of maxillary foramina is 1 which is located on
the ventrolateral surface of the maxilla. The opening is elon-
gated and opens out ventrorostrally (Figure 10e). There
appear to be two other foramina on the lateral surface of
the maxilla, positioned approximately halfway down the
length of the rostrum; however, we were unable to detect
any continuity of these openings with the maxillary canal.

Mandibular canal is linear and extends through the
dentary to near the rostral end. However, there are several
dorsal projections of the canal reaching into the alveolar
space (Figure 10f). These projections, or “dorsal canaliculi,”
have been identified as retained neurovascular pathways
that ancestrally innervated the teeth, despite tooth loss in
anteaters (Ferreira-Cardoso et al., 2019).

Entry point is on the medial surface of the dentary,
approximately at the level of the low protuberance of the
coronoid process.

Number of mandibular foramina is 2 and they are on
the lateral surface of the dentary near the rostral tip.
Foramina 1 opens out laterally. Foramina 2 is larger,
elongated in shape, and opens out laterally (Figure 10f).
Both represent mental foramina.

FIGURE 10 Afrothere and xenarthran with maxillary and mandibular canals of the left side segmented in yellow. Foramina in red are

numbered in an approximately caudal to rostral sequence. Relevant bones are identified and color-coded for each species in the whole skull

view on the left. The afrothere Elephantulus rupestris (CAS MAM 30373) is shown in (a) lateral view, (b) maxillary canal in dorsorostral

oblique view, and (c) mandibular canal in lateral oblique view. The edentulous xenarthran Myrmecophaga tridactyla (AMNH:Mammals:M-

133489) shown in (d) lateral view, (e) maxillary canal in lateral oblique view, and (f) mandibular canal in lateral view.
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3.4.8 | Mus musculus

Maxillary canal consists only of the infraorbital canal,
which is very short in length and terminates at the base
of the zygomatic arch. No other branches were observed
(Figure 11a).

Entry point is a large opening on the rostral-facing
aspect of the orbital wall, at approximately the level of M1.

Number of maxillary foramina is 1. This enlarged,
keyhole-shaped opening is the IOF and it opens out ros-
trally (Figure 11b). Examination of the soft tissues in
this scan show that the infraorbital nerve tract of the
maxillary branch of the trigeminal nerve and accompa-
nying blood vessels occupy the ventral portion of the
foramen, which is flattened by the lateral wall of the
zygomatic plate. The infraorbital zygomaticomandibu-
laris muscle, also variously named as different divisions
of the masseter muscle (Druzinsky et al., 2011), is a jaw
adductor that passes through the more rounded dorsal
portion of the foramen in typical configuration for myo-
morphic rodents such as Mus (Baverstock et al., 2013;
Ginot et al., 2018).

Mandibular canal is slender and travels anteriorly
through the dentary by curving around the posteriorly
extended root of the lower incisor, passing between this
tooth root ventrally and the molar tooth roots dorsally,
and terminating just at the base of m1 (Figure 11a).

Entry point is on the medial surface of the dentary,
close to the apex of the incisor root and at the level of the
articular process.

Number of mandibular foramina is 2 and they are
located close together on the dorsolateral surface of the
diastema (Figure 11c). They both open out rostrolaterally
and represent mental foramina.

3.4.9 | Octodon degus

Maxillary canal consists of a short infraorbital canal
that terminates at the base of the zygomatic arch. The
canal is very wide and circular in shape (Figure 11d).

Entry point is on the rostral-facing aspect of the
orbital wall. However, the large size of the opening has
overwhelmed and reduced the bony component of the
orbital wall.

Number of maxillary foramina is 1. This extremely
enlarged, circular opening is the IOF and is oriented ros-
trally (Figure 11e). As in Mus, the infraorbital zygomati-
comandibularis muscle passes through the infraorbital
canal. In hystricomorph rodents like Octodon, this mus-
cle is larger and inserts far more rostrally on the lateral
side of the rostrum compared to myomorph and sciuro-
morph rodent groups (Cox & Jeffery, 2011).

Mandibular canal presents as a complex lattice of
passages navigating around the massive tooth roots of the
molars and the incisor that dominate the interior space
of the mandible. The canal fades out within the space of
the diastema, just caudal to the alveolar rim of the lower
incisor (Figure 11d).

Entry point is on the medial surface of the dentary,
near the dorsal margin between the coronoid and articu-
lar processes.

Number of mandibular foramina is 2. However, this
is difficult to determine since these mental foramina
are extremely small. Foramina 1 is located just rostral
of the masseteric fossa at the level of m2 and opens
out laterally. Foramina 2 is located on the ventral
surface at the level of m1 and opens out ventrally
(Figure 11f).

3.4.10 | Pteropus scapulatus

Maxillary canal consists of the short, linear infraorbital
canal that extends rostrally to the base of the zygomatic
arch and ventral margin of the orbit.

Entry point is on the ventrorostral aspect of the
orbital wall.

Number of maxillary foramina is 1 and is found on
the lateral surface of the maxilla (Figure 12b). This large,
rostrally oriented opening is the IOF.

Mandibular canal is mostly linear, extending along
the ventral margin of the dentary and terminating at the
midline symphysis. There are multiple projections
ascending into the alveolar space of the lower tooth roots
(Figure 12c).

Entry point is on the medial surface of the dentary,
positioned between the broad rounded angle of the
dentary (partially broken in this specimen) and the artic-
ular process.

Number of mandibular foramina is 2. Foramen 1 is
located on the lateral surface of the dentary between the
level of the lower canine and p1 and opens out dorsolat-
erally. Foramen 2 is located on the forward-facing surface
of the mandibular symphysis below i1 and opens out
dorsorostrally (Figure 12c). Both openings are mental
foramina.

3.4.11 | Myotis adversus adversus

Maxillary canal consists of the relatively short and
broad infraorbital canal terminating rostral to the orbit
and a medially directed lattice-like network of canals sur-
rounding the roots of the upper toothrow that terminates
at the rostral end of the maxilla.
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Entry point is on the rostral aspect of the orbital wall,
positioned at the level of M2.

Number of maxillary foramina is 3. Foramen 1 is the
IOF and is a large, rostrolaterally oriented opening at
the level of P3 (Figure 12e). Foramen 2 is a very small,
dorsally oriented opening positioned dorsorostral of the
IOF. Foramen 3 is another very small opening and is
located on the rostral surface of the prominent bulge of
the maxilla overlying the canine tooth root; the foramen
opens out rostrally.

Mandibular canal is primarily linear, following the
curvature of the dentary, and terminating at the midline
symphysis. There are multiple projections ascending into
the alveolar space of the lower teeth.

Entry point is a large opening on the medial surface of
the ramus of the dentary, positioned between the articu-
lar and angular processes.

Number of mandibular foramina is 2 and represent
mental foramina. Foramen 1 is a large opening on
the lateral surface of the dentary positioned beneath
the canine and opens out laterally. Foramen 2 is posi-
tioned on the forward-facing surface of the mandibular

symphysis beneath i1 and opens out rostrally
(Figure 12f).

3.4.12 | Pan troglodytes

Maxillary canal consists of a relatively short infraorbital
canal that diverges into two short branches that termi-
nate below the orbit (Figure 13a).

Entry point is on the rostral aspect of the orbital wall
and is accompanied by a long trailing infraorbital sulcus
that extends caudally across the floor of the orbit.

Number of maxillary foramina is 2 and they are both
located on the forward-facing surface of the maxilla,
approximately at the level of M1. Foramen 1 is posi-
tioned dorsal of foramen 2 and opens out dorsorostrally.
Foramen 2 is the larger opening and is oriented rostrally
(Figure 13b). According to Msuya and Harrison (1994)
the number of infraorbital foramina in P. troglodytes
varies from 1 to 3.

Mandibular canal is broad and follows the curvature
of the dentary, extending to the root of the lower canine

FIGURE 11 Rodents with maxillary and mandibular canals of the left side segmented in yellow. Foramina in red are numbered

in an approximately caudal to rostral sequence. Relevant bones are identified and color-coded for each species in the whole skull

view on the left. The myomorph Mus musculus (no catalogue number) is shown in (a) lateral view, (b) maxillary canal in dorsorostral

oblique view, and (c) mandibular canal in rostrolateral view. The hystricomorph Octodon degus (IIMyC:LMFyC:0102010101) is

shown in (d) lateral view with no scale bar available, (3) maxillary canal in dorsorostral oblique view, and (f ) mandibular canal in

ventrorostral oblique view.
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(Figure 13a). The bone of the dentary has an extremely
cancellous interior structure, which made it difficult to
identify the precise path of the mandibular canal.

Entry point is on the medial surface of the dentary
ramus, approximately at the level of the coronoid process.

Number of mandibular foramina is 1. This mental
foramen is located on the lateral surface of the dentary
beneath p1 and p2. The opening is large and oriented lat-
erally (Figure 13c).

3.4.13 | Tapirus terrestris

Maxillary canal is formed by the broad but relatively
short infraorbital canal and the well-developed rostral
alveolar branch that continues rostrally until it termi-
nates in short branches at the tip of the premaxilla above
the incisors (Figure 14a).

Entry point is on the anterior surface within the bony
orbit, located above P4 and M1.

Number of maxillary foramina is 2. Foramen 1 is the
large, rostrally facing IOF which is located above P2 and

P3. Foramen 2 terminates a short branch of the rostral
alveolar canal as a small, rostrally facing opening posi-
tioned above I3 (Figure 14b).

Mandibular canal has a large diameter and travels
rostrally, following the curve of the jaw. The inferior
alveolar branch continues to the rostral end of the man-
dible, terminating below the incisors (Figure 14a).

Entry point is on the medial surface of the dentary,
posterior to the lower toothrow.

Number of mandibular foramina is 2, which are the
mental foramina. Foramen 1 is a large, rostrolaterally ori-
ented opening positioned just rostral to p1. Foramen 2 is
much smaller, dorsorostrally oriented, and positioned
within the diastema between the lower canine and pre-
molars (Figure 14c).

3.4.14 | Phocoena phocoena

Maxillary canal forms a complex structure due to the
telescoping of the anterior skull bones. The infraorbital
canal is short, broad, and gives rise to four short

FIGURE 12 Bats with maxillary and mandibular canals of the left side segmented in yellow. Foramina in red are numbered in an

approximately caudal to rostral sequence. Relevant bones are identified and color-coded for each species in the whole skull view on

the left. The megabat Pteropus scapulatus (AMNH: Mammals: M-154582) is shown in (a) lateral view of cranium only, (b) maxillary

canal in rostrolateral view, and (c) mandibular canal in rostrolateral view. The echolocating microbat Myotis adversus adversus

(UMZC: Vertebrates: E.5766.B) is shown in (d) lateral view, (e) maxillary canal in rostrolateral view, and (f) mandibular canal in

ventrorostral view.
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canals: four longer ones that run posteriorly, two lon-
ger and thin ones running medially inside the maxilla,
and three long canals representing the rostral alveolar
branches. One of the latter provides innervation for the
posterior half of the toothrow, whereas two run inside
the maxilla to the anterior teeth, one of which exits at
the tip of the rostrum (Figure 15a).

Entry point consists of two foramina in the anterior
wall of the orbit, far behind the toothrow.

Number of maxillary foramina is 8. Foramen 1–3
belong to the posteriorly oriented canals and are situated
dorsal to the orbit. The largest one, foramen 1, may be
identified as the dorsal IOF. Foramen 2 is oriented later-
ally, foramen 3 is very small and located anteromedially
to 1 and 2. Anterior to this group, foramina 4 to 7 are
arranged in an oblique row from posterolateral to antero-
medial; foramina 4 to 6 are facing anteriorly. Foramen
7 is anteroposteriorly elongated and large; it is located
in the nasal process of the premaxilla and can be iden-
tified as the premaxillary foramen although belonging
to the infraorbital complex in odontocetes. Foramen
8 is the exit of the anteriormost alveolar branch,
located at the rostral tip of the maxilla and premaxilla
(Figure 15b).

Mandibular canal is a large structure that con-
tinues from the broad mandibular fossa on the medial
surface of the dentary. The posterior portion of the
canal behind the toothrow almost completely fills
the lower jaw but tapers anteriorly, where short
and thin branches lead to the external foramina
(Figure 15c). Alveolar branches are not clearly visible,

which might be due to the resolution of the scan.
However, the proximal part of the inferior alveolar
canal can be identified.

Entry point is the significantly enlarged mandibular
foramen on the medial side of the dentary, posterior to
the lower toothrow.

Number of mandibular foramina is 3. These mental
foramina are in the anterior quarter of the lower jaw,
while the anteriormost one reaches almost to the rostal
tip of the dentary (Figure 15c).

The enlarged mandibular foramen and posterior
portion of the mandibular canal also houses the man-
dibular fat body, which likely aids in conducting sound
waves to the middle ear (Rauschmann et al., 2006;
Sysueva & Popov, 2023).

3.4.15 | Odobenus rosmarus

Maxillary canal is short and great in diameter. At the
anterior border of the IOF, the canal branches off into
multiple smaller ramifications that run dorsally and ante-
riorly to the root of the upper canine (Figure 15d).

Entry point is a large foramen in the anteroventral
wall of the orbit.

Number of maxillary foramina is 1. This enlarged IOF
is oval in shape and located just posterior of the laterally
projecting upper canine alveole (Figure 15e). This fora-
men opens out rostrolaterally.

Mandibular canal is thin, linear, and terminates
as the inferior alveolar canal at the symphysis

FIGURE 13 Pan troglodytes (AMNH: Mammals: M-167342) with maxillary and mandibular canals of the left side segmented in yellow.

Foramina in red are numbered in an approximately caudal to rostral sequence. The skull is shown in (a) lateral view with the maxilla

identified and color-coded, (b) maxillary canal in rostrolateral view, and (c) mandibular canal in lateral oblique view.
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(Figure 15d). At the large mental foramen, the canal
shows a sigmoid bend. Multiple projections ascend into
the alveolar space of the lower teeth, especially ante-
rior to the mental foramen.

Entry point is the mandibular foramen which is
located on the medial surface of the dentary at the level
of the zygomatic postorbital process and thus far poste-
rior to the cheek teeth.

Number of mandibular foramina is 6. Foramina 1 and
2 (which are very tiny) are located on the level of p2 in
this individual, though the dental formula in this species
shows high variation (Fay, 1985). Foramen 3, located on
the level between c and p1, is by far the largest mandibu-
lar foramen and can be regarded as a mental foramen. In
lateral view, it is hidden by the ventrally projecting
enlarged upper canine. Three more foramina are visible
on the anterior tip of the dentary. Foramen 4 opens ante-
rodorsally on the anterior prominence of the dentary,
foramen 5 is situated ventrally of the latter facing anteri-
orly, and foramen 6 opens medially on the medial surface
of the prominence (Figure 15f).

3.4.16 | Felis catus

Maxillary canal is short and has the shape of a double-
sided pestle, that is, both openings have a greater diameter
than the middle section (Figure 16a). No further branches
are detectable in the scan.

Entry point is a round foramen in the anteroventral
wall of the orbit.

Number of maxillary foramina is 1. The IOF is trian-
gular in cross-section and is located dorsally to P3 and
facing anteriorly (Figure 16b).

Mandibular canal is an almost straight canal,
running to the anterior tip of the dentary and giving
off several smaller branches projecting dorsally toward
the base of the teeth throughout the length of the
lower toothrow (Figure 16a). The canal for the inferior
alveolar nerve becomes greater in diameter and shows
a complex web of small canals, especially below the
lower incisors and canine. Posterior to the toothrow,
the mandibular canal splits laterally into the primary
canal that connects with the mandibular foramen and
a larger diameter branch that runs parallel to the man-
dibular canal, but fades inside the bone without any
outlet.

Entry point is the mandibular foramen located on the
medial surface of the dentary at the level of the coronoid
process and, thus, far posterior to the lower toothrow.

Number of mandibular foramina is 2, which both can
be regarded as mental foramina. The small foramen 1 is
on the level of p3. The much larger second foramen is on
the level of the diastema between the lower canine and
p3 (Figure 16c). Both foramina open out laterally.

3.4.17 | Scalopus aquaticus

Maxillary canal consists of a short infraorbital canal as
well as the canal for the rostral alveolar nerve which con-
tinues anteriorly through the maxilla as a complex web-
like structure surrounding the base of the upper teeth. The
cheek teeth that are situated ventrally and posteriorly of
the IOF are provided separate short canals (Figure 17a).

Entry point is the large foramen in the maxillary root
of the zygomatic arch, and thus in the anteroventral wall
of the orbit.

FIGURE 14 Tapirus terrestris (TMM-M16) with maxillary and mandibular canals of the left side segmented in yellow. Foramina in red

are numbered in an approximately caudal to rostral sequence. The skull is shown in (a) lateral view with the maxilla identified and color-

coded, (b) maxillary canal in rostrolateral view, and (c) mandibular canal in ventrorostral view.
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Number of maxillary foramina is 3. Foramen 1 is the
large and horizontally elongated IOF that faces out lat-
erally. Foramen 2 is located dorsally to 1 and forms a
small, round, and dorsolaterally facing opening just
anterior to the orbit. The third foramen is tiny and situ-
ated ventrally to the anterior portion of foramen 1, above
M1 (Figure 17b).

Mandibular canal is a thin canal that follows the
ventrally convex curvature of the dentary. Several small
branches run to the teeth of the lower toothrow and the
mandibular canal terminates anteriorly at the lower inci-
sors (Figure 17a).

Entry point is the mandibular foramen situated in the
center of the ramus of the dentary.

Number of mandibular foramina is 2. Foramen 1 is
tiny, located on the level of the anterior root of m1, and

opens out ventrolaterally. The larger and horizontally
oval foramen 2, which can be confidently identified as a
mental foramen, is situated ventrally to p2 and is ori-
ented rostrolaterally (Figure 17c).

4 | DISCUSSION

The goal of this study is to test some of the assumptions
that are made when interpreting the facial tactile sen-
sory biology of extinct animals based on osteological
correlates. In our examination of the maxillary and
mandibular canals of 29 extant and 9 extinct species
across major tetrapod groups, we found remarkable
diversity in the morphology of these structures based
on gross observations of the extent the canals travel

FIGURE 15 Marine mammals with maxillary and mandibular canals of the left side segmented in yellow. Foramina in red are

numbered in an approximately caudal to rostral sequence. Relevant bones are identified and color-coded for each species in the whole skull

view on the left. The echolocating cetacean Phocoena phocoena (MVZ: Mammal specimens: 172141) is shown in (a) lateral view of cranium

only, (b) maxillary canals in dorsal oblique view, and (c) mandibular canal in ventrolateral view. Odobenus rosmarus (MVZ: Mammal

specimens: 125566) is shown in (d) lateral view, (b) maxillary canals in dorsolateral oblique view, and (c) mandibular canals in

rostrolateral view.
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through the length of the bones of the upper and lower
jaws, canal branching patterns, the number of foram-
ina representing points where nerve branches of V2

and V3 exit the bone, and the distribution of these
foramina. The variety of configurations reflect not only
phylogeny, but also likely adaptations to ontogenetic
changes, different ecologies, and the development of
specialized sensory systems (Figure 18). In the follow-
ing sections, we discuss patterns in the diversity of
maxillary and mandibular canal morphology for each
major tetrapod group, explore how the evolution of
novel sensory organs may impact canal morphology,
test how our proposed form-function relationships can
be applied to the case of extinct nonmammalian

synapsids and extant mammals, and then venture into
some of the caveats of using trigeminal canal morphol-
ogy as an osteological correlate.

4.1 | Comparative sampling shows that
each major tetrapod group has features
that distinguish their maxillary and
mandibular canal morphology

4.1.1 | Amphibians

A notable characteristic of this group is whether the maxil-
lary or mandibular canals are present in the bones of the

FIGURE 16 Felis catus (CET-018) with maxillary and mandibular canals of the left side segmented in yellow. Foramina in red are

numbered in an approximately caudal to rostral sequence. The skull is shown in (a) lateral view 2with the maxilla identified and color-

coded, (b) maxillary canal in dorsorostral view, and (c) mandibular canal in ventrolateral oblique view.

FIGURE 17 Scalopus aquaticus (CET-031) with maxillary and mandibular canals of the left side segmented in yellow. Foramina in red

are numbered in an approximately caudal to rostral sequence. The skull is shown in (a) lateral view with the maxilla identified and color

coded, (b) maxillary canal in lateral oblique view, and (c) mandibular canal in ventrolateral view.
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jaws and if these canals actually serve as neurovascular pas-
sageways. Only in the extinct Lower Triassic temnospondyl
Lydekkerina (Figure 1a) and extant giant salamander Cryp-
tobranchus (Figure 1d), did we observe well-developed
maxillary and mandibular canals that communicate with

the overlying integument via foramina. We found Ambys-
toma (Figure 1g) lacks a maxillary canal completely. Litho-
bates (Figure 1i) has a maxillary canal, but it is uncertain
how much, if any, of this space housed nerves. The man-
dibular canal in Lithobates is likewise clearly present, but

FIGURE 18 Legend on next page.
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the absence of any foramina for the entrance or egress of
neurovascular tracts suggests that the interior is solely
occupied by Meckel's cartilage, which persists in many
adult amphibians (Francis, 1934; McGregor, 1896;
Rose, 2014). In Cryptobranchus and Ambystoma, the
mandibular canal houses both Meckel's cartilage and a
separate neurovascular passageway for branches of V3

(we elected to only visualize the latter). The canal space
was less separated in Lydekkerina, but we expect a similar
arrangement. In addition, both Cryptobranchus and Lydek-
kerina possess prominent, dorsal-facing openings at the
caudal end of the lower jaw that are contiguous with the
mandibular canal. Dissection studies on giant salamanders
show that this space is filled with a pad of articular carti-
lage that serves as the contact point for the jaw joint
(Matsumoto et al., 2024) and that this cartilage is the
exposed posterior portion of Meckel's cartilage (Francis,
1934; McGregor, 1896).

Instead of passing through the bones of the jaw,
branches of V2 and V3 frequently travel through soft tissues
in amphibians (Coghill, 1902; Ecker, 1889; Naumann &
Olsson, 2018). In Ambystoma, branches of V2 remain in the
integument to ramify and innervate regions around the eye
and upper lip (Coghill, 1902). Similarly, anatomical studies
of Lithobates pipiens (Wyman, 1853), Xenopus laevis
(Paterson, 1939), and Lepidobatrachus llanensis (Quinzio &
Fabrezi, 2019) describe branches of V3 traveling along the
surface of the lower jaw, following the ventral edge. Wyman
(1853) describes the nerves then terminating in the soft tis-
sues near the midline symphysis in a “brush” shape.

The pathway of the maxillary and mandibular trigemi-
nal nerve branches through soft tissues instead of bony
canals may be related to the dramatic remodeling of the
jaws and associated structures during ontogeny in lissam-
phibians, especially the metamorphosis from tadpole larvae
to the adult form. The process of change characterized in
both metamorphic and direct developing frogs includes

shifting of the jaw articulation posteriorly, which forces the
mandibular levator muscle complex to rotate. The V2 and
V3 branches change course to follow these muscles, shifting
from a horizontal to vertical orientation (Quinzio &
Fabrezi, 2019; Schlosser & Roth, 1997a, 1997b). There is also
elongation of the lower jaw that is accompanied by elonga-
tion of V3 (Schlosser & Roth, 1997b). Instead of committing
the path of the trigeminal nerves to canals within the bones
of the jaws, the flexibility of the nerves to change course
within the soft tissues may have been part of a suite of adap-
tations associated with amphibian metamorphosis. In com-
parison, Lydekkerina is projected to have experienced only
minor morphological changes based on an ontogenetic
study of temnospondyls (Schoch & Witzmann, 2024) and
Cryptobranchus has been described as an obligate paedo-
morph that never undergoes metamorphosis (Naylor, 1981;
Whiteman, 1994), which may account for their compara-
tively plesiomorphic morphologies among amphibians.

4.1.2 | Sauropsids

The maxillary and mandibular canals are generally long,
extending anteroposteriorly through the length of the
upper and lower jaws. Short branches diverge from
the canals, usually as orthogonally directed offshoots at
approximately regular intervals, resulting in a row of
labial or nutrient foramina positioned near the tooth-
rows. Examples of this simple configuration can be seen
in both the maxillary and mandibular canals of Dibamus
(Figure 3d), Tupinambis (Figure 3g), and Varanus
(Figure 3m) as well as just the mandibular canals of Uro-
platus (Figure 3c) and Anolis (Figure 3l).

In some of our sampled species, the single row of labial
foramina is accompanied by additional foramina. In Anolis
(Figure 3k), the maxillary canal widens dorsoventrally and
more ramifications emerge from this region, resulting in a

FIGURE 18 Phylogeny consisting of the species sampled in this study with branches color-coded for the non-synapsid outgroup in

orange, nonmammalian synapsids in purple, and Mammalia in green. Cartoon skulls on the left depict the maxilla and mandibular canals in

yellow and associated foramina in red, and demonstrate key features of the (a) outgroup state with its long canals and several short branches

terminating in labial foramina, (b) branched transitional state with its long canals and numerous ramifications terminating in rostral

concentrations of foramina, and (c) simplified derived state with its reduced number of ramifications and shortening of the branch of the

maxillary canal that bears the nerve that supplies the facial integument. The grid to the right of the phylogeny reports the color-coded

number of foramina associated with the maxillary and mandibular canals. The icons represent any notable sensory specializations or

ecologies within extant taxa. Legend key is at the bottom left of the figure. Tree topology is compiled from Benoit et al. (2020), Kumar et al.

(2022), Ruta et al. (2013), and Schoch (2013). Within the synapsid clade, there is a crownward trend toward reducing the ramification of the

maxillary and mandibular canals as indicated by the decreasing number of associated foramina, especially in the maxillary canal which is

simplified into a rostral alveolar branch that remains internal to supply the upper teeth and a short infraorbital canal that typically

terminates in a single infraorbital foramen. Among extant taxa with known sensory capabilities and ecologies, a higher number of foramina

are often correlated with enhanced tactile ability or novel sensory organs that appear to compensate for vision-limited situations such as

aquatic environments. One notable exception is among mammals that have developed and retained touch-sensitive mystacial vibrissae,

which is innervated by the infraorbital nerve that exits via a single infraorbital foramen.
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secondary row of foramina dorsal to the labial foramina. A
similar doubling of the labial row can also be observed
in the rostral end of the mandibular canal of the Early
Permian diapsid Orovenator (Figure 2c). The maxillary
canals of Orovenator (Figure 2b; also described in Benoit
et al., 2021) and extant gecko Uroplatus (Figure 3b) widens
rostrally into a conical-shaped expansion that sends out
branches resulting in an irregular scatter of foramina over
the dorsoventral height of the maxilla. Similar conical
expansions have been reported in the basal archosauro-
morph Prolacerta (Bouabdellah et al., 2022) and the tem-
nospondyl Lydekkerina huxleyi (Sibiya, 2021); however, it
is not entirely clear what this structure signifies.

It is plausible that the distribution of maxillary and man-
dibular foramina reflects the distribution of microscopic
cutaneous mechanoreceptors that protrude through the cor-
nified skin. On the head, these mechanoreceptors are con-
centrated on the labial scales of the upper and lower jaw
(Ananjeva et al., 1991; Crowe-Riddell & Lillywhite, 2023;
Matveyeva & Ananjeva, 1995; Riedel & Schwarzkopf, 2022),
in the regions generally coincident with the occurrence of
foramina. The density of cutaneous mechanoreceptors does
vary across different squamate groups, with iguanids and
gekkonid lizards recorded as having 5–7 times the number
of receptors as agamids (Ananjeva et al., 1991; Matveyeva &
Ananjeva, 1995), which accords with observations of double
rowed or scattered maxillary foramina in geckos and some
members of Iguanidae (Miyamae, 2022). In addition, the
density and morphology of cutaneous mechanoreceptors
reflects changes in ecology, which will be discussed in the
section below in terms of enhanced tactile sensing.

Snakes deviate from the maxillary and mandibular
canal morphology described for the sauropsids above, pri-
marily in greatly reducing the number of maxillary and
mandibular foramina. Both canals still traverse the ante-
roposterior length of the maxilla and lower jawbones.
The morphology of the maxillary canals are discussed in
greater detail in the section below in terms of infrared
sensing.

The canal morphology found in our sample of extant
archosaurs—Alligator, Bubulcus, and Calidris—also devi-
ate significantly from the general characteristics that dis-
tinguish other sauropsid maxillary and mandibular
canals. Alligator retains the long canals that extend
through the length of the upper and lower jaws, but they
have extensive and irregular ramifications that are dis-
cussed in the section below. The remodeling of the upper
jaw in birds, especially with the radical reduction of the
maxilla and expansion of the premaxilla, has resulted in
the maxillary canal passing through the premaxilla ros-
tral of the narial opening. However, the contents of the
maxillary canal are reported to vary from a branch of V1

alone (Jones et al., 2019) to a branch of V2 anastomosed

with the nasal branch of V1 (Ghetie et al., 1976). The
mandibular canals are still long and extend through
the length of the lower jaw. The distribution of foramina
in these two bird species and the alligator are discussed
in the section below on enhanced tactile sensing.

4.1.3 | Nonmammalian synapsids

The morphology of the maxillary and mandibular canals
in nonmammalian synapsids follows an evolutionary tra-
jectory of change from complex branching patterns to
increasingly simplified morphologies with reduced
branching and shortening of the maxillary canal (Benoit
et al., 2020). The earliest synapsid in our sample, the
Early Permian Varanosaurus (Figure 6a–c) shares some
key features observed in the non-synapsid outgroup such
as long maxillary and mandibular canals that extend
through the anteroposterior length of the upper and
lower jaws and relatively short ramifications. However,
the orderly line of regularly spaced labial foramina found
in several of our sampled amphibian and sauropsid spe-
cies is replaced by more irregular positioning of a fewer
number of foramina near the toothrows. What differenti-
ates Varanosaurus is the greater concentration of foram-
ina at the tip of the dentary near the symphysis and in
the upper jaw, especially the premaxilla. A similar multi-
plicity of rostrally positioned foramina has been
described in varanopid eupelycosaurs, that is, on the
maxilla of Archaeovenator hamiltonensis from the Upper
Pennsylvanian (Reisz & Dilkes, 2003) and the dentary of
Pyozia mesenensis from the Middle Permian (Anderson &
Reisz, 2004). These findings point toward a divergence in
maxillary and mandibular canal morphology from non-
synapsids appearing early in the evolutionary history of
synapsids.

Later nonmammalian synapsids continue the trend
of complex canal morphologies. Both Tetracynodon
(Figure 6d–f) and Thrinaxodon (Figure 6g–i) from the
Early Triassic display long maxillary and mandibular
canals that have a multiplicity of ramifications that termi-
nate in foramina concentrated on the rostral half of the
snout. Foramina associated with the mandibular canal are
densely clustered around the midline symphysis, while the
maxillary foramina are spread in an irregular pattern over
the dorsoventral height of the maxilla. The transition from a
linear to a more branching maxillary canal is accompanied
by the dorsoventral expansion of the maxilla in Permo-
Triassic synapsids, which becomes the dominant bone form-
ing the lateral surface of the snout (Duhamel et al., 2021).

A trajectory toward a more simplified morphology of
the maxillary and mandibular canals is observed in the
Late Triassic eucynodont Ecteninion (Figure 7a–c) and
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Early Jurassic prozostrodont cynodonts Pachygenelus
(Figure 7d–f) and Tritylodon (Figure 7g–h). Thrinaxodon
possessed prolific maxillary canal branching with 16 asso-
ciated foramina, whereas Ecteninion has 6, Pachygenelus
has 1, and Tritylodon has 3 maxillary foramina. The num-
ber of mandibular foramina is similarly reduced and the
position of these openings shifts away from the symphy-
sis to the lateral aspect of the dentary. The simplification
of the maxillary canal appears to be largely due to the
gradual loss of the external nasal, internal nasal, and
superior labial canals (Benoit et al., 2020). What
remains is a shortened maxillary canal consisting of an
infraorbital canal that terminates in the single large IOF
and a rostral alveolar canal that remains internal of the
maxilla to innervate the teeth. The first emergence of
this derived simplified state that is shared with modern
extant mammals is estimated to have appeared in the
Mid-Triassic (�241 Ma) among basal probainognathians
(Benoit et al., 2020).

It is worth noting that there is no current consensus
in the literature on the identification of the IOF in non-
mammalian synapsids, especially in taxa such as Tritylo-
don, where the number of maxillary foramina has
reduced to three and their position in the infraorbital
region above the postcanine teeth renders them all seem-
ingly plausible candidates to be the IOF. In many
descriptive works, all such openings are labeled as the
IOF. For instance, the three maxillary foramina found on
the Late Triassic to Mid-Jurassic mammaliaform Morga-
nucodon spp. (Kermack et al., 1981; Kielan-Jaworowska
et al., 2004); the two maxillary foramina found on Meso-
zoic multituberculates Ctenacodon and Paulchoffatidae
(Kielan-Jaworowska et al., 1987); and the two maxillary
foramina found on the Late Triassic traversodontid cyno-
dont Santagnathus mariensis (Schmitt et al., 2024). The
inclusion of the latter is particularly interesting because
traversodontids represent a cynodont clade that diverged
from Probainognathia and the lineage leading to mam-
mals approximately at the Permo-Triassic boundary (Stefa-
nello et al., 2023), suggesting that the simplification of the
maxillary canal into branches terminating in one or two
openings is possibly convergent. An attempt to homologize
the maxillary canals and the IOF in nonmammalian pro-
zostrodont cynodonts Brasilitherium, Tritylodon, Ecteni-
nion, and Lumkuia are detailed in Benoit et al. (2020) and
we have referred to those identifications in our anatomical
descriptions of Tritylodon and Ecteninion.

4.1.4 | Mammals

The morphology of the maxillary and mandibular canals
as observed in extant mammals has its emergence well

before the origins of crown mammals, with the shift from
a branched transitional state to the simplified derived
state likely occurring among basal probainognathian
cynodonts in the Mid-Triassic (Benoit et al., 2020). The
maxillary canal is typically consolidated into two compo-
nents. The infraorbital canal is a short, large-diameter
passageway for the infraorbital branch of V2 that termi-
nates in a single large, forward-facing IOF. The rostral
alveolar canal is typically more slender and extends ros-
trally through the maxilla to innervate the teeth; the
canal remains internal and has no associated foramina.
The mandibular canal still traverses the anteroposterior
length of the lower jaw, but usually only bears a few ram-
ifications resulting in one to few foramina on the lateral
surface of the dentary. Though the overall morphology of
the canals is simplified and the number of foramina
reduced, the internal pathway can appear complex and
netlike as the rostral alveolar and mandibular canals nav-
igate around the roots of the teeth and send fine branches
to supply the teeth with nerves and blood vessels. Such
excursions into the dental alveoli are even retained in
some, though not all, edentulous taxa such as anteaters
(Vermilingua) and baleen whales (Mysticeti) (Ferreira-
Cardoso et al., 2019). In addition, a few of our sampled
mammal species such as Pan troglodytes have jawbones
with a highly cancellous interior structure, making it dif-
ficult to disambiguate smaller neurovascular canal path-
ways from other open osseous spaces.

Despite the stunning morphological and functional
diversity of mammalian heads (Figures 9–14;
Figures 15d–f, 16, and 17), the overall morphology of the
maxillary and mandibular canals remains remarkably
consistent. There are notable exceptions, the monotremes
(Figure 8) and cetaceans (Figure 15a–c). They will be dis-
cussed in more detail in the following section in relation
to how specialized sensory systems may have impacted
these unusual changes to canal morphology.

4.2 | Some variations in canal
morphology are correlated with the
development of specialized sensory
systems

As a major sensory nerve of the head, the trigeminus has
adopted a diversity of functions. The nerve primarily con-
veys mechanosensory information to the brain from spe-
cialized receptors or free nerve endings in the integument
(Berg & Kleinfeld, 2003; Fox, 1999; Huber, 1930; Sperber
et al., 2000; Williams et al., 1989; Wineski, 1985). How-
ever, trigeminal nerves have also proven capable of adapt-
ing to a wider range of sensory cues that have resulted in
the evolution of novel sensory systems. We examine some
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of these specializations in the sections below and how they
may have reshaped maxillary and mandibular canal mor-
phology away from their expected configurations.

4.2.1 | Infrared sensing in snakes

The ability to sense heat as infrared radiation (thermorecep-
tion) is present among species belonging to pythons
(Pythonidae), boas (Boidae), and pit vipers (Viperidae)
(Campbell et al., 2002; Goris, 2011; Molenaar, 1978; Noble &
Schmidt, 1937). The complex sensory apparatus in pit vipers
has been compared to a pinhole camera capable of produc-
ing thermal images (Goris, 2011). It consists of a large circu-
lar bony pit formed on the lateral surface of the maxilla
positioned between the eye and the nostril (Hofstadler
Deiques, 2002); within this capsule is a suspended mem-
brane housing the terminal nerve masses that detect infrared
radiation (Goris, 2011; Noble & Schmidt, 1937). In contrast,
boids such as Boa constrictor and Eunectes murinus
(Figure 4a–c), these pits are simplified to a series of more or
less distinct invaginations between adjacent labial scales
and the infrared sensors are located in patches around the
rim of these depressions (Campbell et al., 2002;
Goris, 2011). Alongside the infrared receptors in Eunectes,
are also tactile mechanoreceptors, suggesting a multi-
modal labial sensory organ (Barrett, 1970; Campbell
et al., 2002), Pythonids show a series of wide pits between
their labial scales with the infrared sensors located at the
fundus (Goris, 2011). The heat sensing pits are innervated
by branches of V1 and/or V2, as well as V3 in boids
(Goris, 2011; Molenaar, 1978). Behavioral experiments
demonstrate that infrared sensing snakes are capable of
detecting and tracking heat sources even when vision is
obscured, supporting the role of the pit organ as a substi-
tute for vision when hunting at night or within dark bur-
rows (Campbell et al., 2002; Ebert et al., 2007; Noble &
Schmidt, 1937). In comparison, colubrids such as Thamno-
phis marcianus (Figure 4d–f) possess neither infrared sen-
sors nor any behavioral response to infrared stimuli
(Barrett, 1970).

Osteologically, the presence of a crotaline pit viper-like
pit organ would be fairly evident as it appears as a large
bony cup or capsule-shaped structure on the lateral surface
of the maxilla between the eye and narial opening
(Hofstadler Deiques, 2002). The large maxillary and man-
dibular foramina in Eunectes positioned in the region of the
labial scales may indicate a large neurovascular tract to sup-
ply the infrared sensors. This is especially striking in com-
parison to Thamnophis, which bears relatively small
foramina. An anatomical study of the cranial nerves in a dif-
ferent species of Thamnophis found that most branches of
V2 and V3 within the canals were directed toward

innervating the teeth or surrounding muscles, with no par-
ticular mention of sensory innervation (Auen &
Langebartel, 1977). However, the lack of data on infrared
sensing in a pit-less snake like Eunectes leaves unresolved
questions about the morphological relationship between the
distribution of the infrared sensors with the pathways of the
trigeminal nerves.

4.2.2 | Enhanced tactile sensing via
cutaneous mechanoreceptors in sauropsids

Despite a skin hardened with scales and osteoderms, extant
reptiles can sense tactile cues through microscopic cutane-
ous (or integumentary) mechanoreceptors that occur as
either minute bristles or dome-shaped protrusions through
the skin. Direct contact of these sensors with the substrate
can provide tactile information such as vibration, texture,
and stimuli duration and intensity (Crowe-Riddell &
Lillywhite, 2023). The density and distribution of these
mechanoreceptors on the labial and surrounding scales are
known to vary between lizard clades (Ananjeva et al., 1991;
Matveyeva & Ananjeva, 1995), but also with ecology. In
geckos such as Uroplatus, the high number of mechanore-
ceptors surrounding the mouth may be adaptive for these
nocturnal predators to capture and handle prey when
visual cues are limited (Riedel & Schwarzkopf, 2022). The
presence of an expanded maxillary canal in Uroplatus
(Figure 3b) with foramina occurring as both a supralabial
row and scattered over the rostral end of the maxilla may
indicate abundant local supplying of overlying cutaneous
mechanoreceptors. Another instance where tactile sensa-
tion supersedes vision is in fossorial species such as Diba-
mus, which has vestigial scale-covered eyes (Das &
Lim, 2009; Kliukin et al., 2023; Rieppel, 1984). In general,
burrowing squamates tend to have more cutaneous mech-
anoreceptors concentrated on the head region than non-
burrowers (Crowe-Riddell & Lillywhite, 2023). Species
within the Dibamus genus have a rostral pad that envelops
the entire snout and is populated by a large number of
sensory papillae (Das & Lim, 2009; Kliukin et al., 2023).
This coverage seems to coincide with the distribution of
both maxillary canal foramina and foramina from short
unconnected canals present on the maxilla and nasal
bones that is suggestive of increasing innervation to this
site (Figure 3e).

Transitioning from a terrestrial to aquatic habitat
also has demonstrated impacts on cutaneous mechano-
receptors. A study on fully aquatic sea snakes in com-
parison with semiaquatic sea kraits and fully terrestrial
relatives found that sea snakes have larger sensory
receptors (i.e., sensilla), resulting in “exceptionally
high” overall sensory coverage over the same postocular
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scale area (Crowe-Riddell et al., 2016). In the alligator
(Figure 5a–c), thousands of dome-shaped integumentary
sensory organs are distributed over the facial scales and
especially highly concentrated along the margins of the
upper and lower jaws near the teeth (Leitch &
Catania, 2012), where most of the maxillary and man-
dibular foramina are located. Soares (2002) reported
hexagonal arrangements of foramina which were not
apparent from our segmentation. Tissue staining has
revealed an extensive and complex network of branch-
ing of V1, V2, and V3 over the alligator face (Leitch &
Catania, 2012), which suggests that the resolution of the
scan used in our study may not have been sufficient to
capture all the minute ramifications supplying the sen-
sory receptors. But the overall morphological pattern
remains distinctive. This dense innervation of the integ-
umentary sensory organs allows alligators to not only
detect tactile information from direct contact or the
slightest disturbances in the water, but also a whole
range of environmental stimuli including temperature, pH,
salinity, and low frequency sounds (Bowman et al., 2022;
Di-Poï & Milinkovitch, 2013; Leitch & Catania, 2012;
Soares, 2002).

Bird beaks are also capable of a range of tactile sensi-
tivity depending on ecology and feeding strategies, and a
number of taxa have evolved specialized bill-tip organs
or similar concentrations of tactile sensors (Du Toit
et al., 2024). The sensory information gathered by mecha-
noreceptors in the beak are processed in a region of the
brain called the principal sensory nucleus of the trigeminal
nerve. The relative volume of that brain region in probing
shorebirds such as Calidris is nearly 16 times that of a
non-specialist bird species. When foraging in soft sedi-
ments, probing shorebirds introduce the tip of the beak to
sense vibrations and changes in pressure to locate hidden
prey (Du Toit et al., 2024; Gutiérrez-Ib�añez et al., 2009).
Calidris features an incredibly dense array of maxillary
and mandibular foramina pitting the entire tip of the beak
(Figure 5h–i). This morphology is very similar to that
observed in kiwis (Apteryx spp.), another probe forager,
albeit a distantly related one with terrestrial habits
(Cunningham et al., 2013). In contrast, the cattle egret
Bubulcus is another bird that frequents shorelines, but is a
diurnal hunter that relies upon vision (Rojas et al., 1999).
The relative volume of the trigeminal sensory nucleus for
this group of birds is lower than average (Gutiérrez-Ib�añez
et al., 2009) and this is reflected in the nearly nonexistent
presence of maxillary or mandibular foramina we found in
Bubulcus (Figure 5e,f).

From our sample of sauropsid maxillary and mandib-
ular canals, there is a strong correlation between higher
number and density of foramina with enhanced tactile
sensitivity either through direct skin contact or contact

with pressure waves. In addition, the localization of these
foramina at the rostral tip can indicate the function of a
touch sensitive probe.

4.2.3 | Mammalian electroreception in
monotremes

As the most basal lineage of crown mammals, mono-
tremes occupy a distinguished position of representing
deeply ancestral characters while simultaneously mani-
festing highly derived features. This mélange of charac-
ters requires careful consideration of how monotremes
could be used in a comparative study. We have posited in
a previous publication (Benoit et al., 2020) that the key
features of the simplified derived state of the maxillary
canal first appeared approximately 241 Ma. This signifi-
cantly predates estimates for the evolutionary origin of
monotremes, which are hypothesized to have evolved in
the Late Jurassic (�150 Ma) based on genomic estimates
(Musser, 2013; Phillips et al., 2009; Zhou et al., 2021) and
fossil evidence of the oldest known monotreme, Teinolo-
phus trusleri, which dates to the Early Cretaceous
(�126 Ma) (Flannery et al., 2022). The branching pat-
terns of the maxillary and mandibular canals in extant
platypus and echidna (Figure 8) are different from the
simplified derived morphology we described for the other
mammals in our sample, but are mostly likely the result
of secondary changes instead of being plesiomorphic.

The maxillary foramina and their homology in mono-
tremes were missing in Benoit et al. (2016, 2020), with
the reasoning that their condition was too derived for
comparison. The monotreme maxillary canals may in fact
represent a highly derived condition, but it is notable that
the platypus (Ornithorhynchus anatinus, Figure 8b)
shares features with nonmammalian prozostrodonts that
are consistent with the interpretation of the homology of
the maxillary canals established in our previously pub-
lished work, Benoit et al. (2020). In the platypus, foramen
3 is associated with a long canal that passages the rostral
alveolar ramus of V2 (Kesteven & Furst, 1929; Manger &
Pettigrew, 1996), which is likely equivalent with the
"Raf"the (foramen for the rostral alveolar canal) in Benoit
et al. (2020). In addition, the short, laterally oriented
canal that terminates in foramen 1, that is, the platypus
IOF, (Kesteven & Furst, 1929; Manger & Pettigrew, 1996)
is likely homologous to the nonmammalian prozostro-
dont IOF (Benoit et al., 2020). The zygomaticofacial canal
is absent in the platypus. The condition in the echidna
(Figure 8e) appears to be unique and the homology of the
canals could neither be addressed here nor the identity of
the IOF resolved in previous publications (Andres
et al., 1991; Manger et al., 1997).
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Behavioral and neurobiological research on mono-
tremes have demonstrated the presence of a specialized sen-
sory system of mechano- and electroreceptors concentrated
in the integument of the platypus bill and echidna beak
(Andres et al., 1991; Asahara et al., 2016; Bino et al., 2019;
Manger et al., 1997; Manger & Pettigrew, 1995, 1996;
Musser, 2013; Pettigrew, 1999; Proske et al., 1998). Platypus
are nearly exclusive underwater foragers and have approxi-
mately 40,000 electroreceptors scattered over the entire sur-
face of the bill and oral cavity (Pettigrew, 1999). Combined
with highly sensitive “push-rod” mechanoreceptors, platy-
pus are capable of detecting and capturing hidden benthic
invertebrate prey as they swim about in waters with their
eyes, ears, and nostrils closed (Manger & Pettigrew, 1995,
1996; Proske et al., 1998). As biologically relevant electrical
signals only conduct through water, electroreception
suggests an ecological origin tied to aquatic or moist envi-
ronments. The terrestrial echidna is also equipped with
electroreceptors capable of detecting weak electrical signals
(Gregory et al., 1989; Manger et al., 1997; Manger &
Pettigrew, 1996), but it is less certain how much utility these
electroreceptors have. Zaglossus bruijnii inhabits wet
tropical forests where damp soils may be able to convey
electrical signals from buried invertebrate prey (Manger
et al., 1997; Pettigrew, 1999). Tachyglossus aculeatus lives in
more arid environments and possesses far fewer electrore-
ceptors compared to Zaglossus (about 400 vs. 2000)
(Pettigrew, 1999), but is frequently seen keeping the tip of
the snout moist with nasal secretions or even by blowing
bubbles of mucus into a wet froth which may aid in gener-
ating an electroconductive zone while probing the substrate
to forage (Augee et al., 2006; Gregory et al., 1989).

The maxillary and mandibular canals of the platypus
(Figure 8a–c) and the echidna (Figure 8d–f) both differ from
the simplified canal morphology distinctive of most extant
mammals. However, they also differ from each other. The
platypus maxillary and mandibular canals are exceptionally
wide in diameter and possess three large foramina that are
directed not only rostrally, but also toward the oral cavity.
The maxillary canal houses massive branches of V2 that
innervate the electroreceptors covering the dorsal surface of
the bill and the palatal surface of the oral cavity. Likewise,
the mandibular canal houses branches of V3 that innervate
the ventral surface of the bill and lingual surface of the oral
cavity (Manger & Pettigrew, 1996). In contrast, the maxil-
lary canal in the echidna is slender with numerous
branches of different relative lengths, resulting in an irreg-
ular distribution of foramina on the lateral surface of the
rostral half of the snout. There are no comparable studies
showing the pathway of the V2 nerve branches in
echidnas, but a map of the electroreceptors in both Tachy-
glossus and Zaglossus showed the sensors are concentrated
at the rostral tip of the snout (Pettigrew, 1999).

Monotremes share some key similarities with the
sauropsids discussed in the previous section on enhanced
tactile sensing via cutaneous mechanoreceptors. Com-
pared to the simplified derived morphology of most
mammalian canals, monotremes do exhibit more branch-
ing and, thus, more foramina. This accords with the rela-
tionship that a higher number of foramina correlate to
greater sensory sensitivity. However, the diameter of the
canals or foramina can sometimes override this pattern,
as demonstrated by the platypus. Based on osteology
alone, the echidna with its more numerous foramina
could be read as having a better developed trigeminal
sensory system compared to a generalist; however, if the
echidna is compared with the platypus, this interpreta-
tion will not be supported by microanatomical, physio-
logical, and experimental behavior studies (Gregory
et al., 1989;Pettigrew, 1999; Phillips et al., 2009).

The presence of electroreceptors in the terrestrial
echidna has been seen as a vestigial retention of a sensory
system inherited from aquatic ancestors (Pettigrew, 1999;
Phillips et al., 2009). The oldest known monotreme fossil
Teinolophus trusleri consists of a partial lower jaw that
preserves an enlarged mandibular canal that was used as
evidence for the presence of electroreceptive (or at the
very least, highly mechanoreceptive) snout in a platypus-
like ancestor. Environmental reconstruction of the fossil
site reveals a dense polar forest where probing for food
underneath leaf litter and snow with an electro- and/or
mechanosensitive beak-like rostrum could be a successful
adaptive strategy (Flannery et al., 2022). Given that the
comparatively simple branching pattern of the maxillary
and mandibular canals, as well as the presence of an
identifiable IOF, in extant platypus are closer in morphol-
ogy to the general mammalian morphological configura-
tion than the echidna, this provides some evidence of
polarity to support a more platypus-like ancestral form
for monotremes. However, with new monotreme fossils
being discovered, described, and placed within a diverse
ecosystem populated by other ancient monotremes
(Flannery et al., 2022, 2024), the evolutionary history of
this group and its distinctive sensory system in relation to
its ecology may soon come into greater focus.

4.2.4 | Cetacean trigeminal sensory complex
and echolocation

The maxillary canal of the harbor porpoise Phocoena pho-
coena (Figure 15a–c) is a network of multiple branching
canals that terminate in several large foramina clustered
around the narial opening and one foramen located at the
very tip of the rostrum. This unusual configuration suggests
intense trigeminal innervation of the facial region which
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supports a complex of different sensory systems in cetaceans
that includes enhanced facial touch, vibrissal sensing, and
nasal sound production feedback (De Vreese et al., 2023).
Both toothed (odontocete) and baleen (mysticete) whales
exhibit highly sensitive facial skin, with concentrations of
integumentary mechanoreceptors surrounding the eye,
angle of the mouth, lips, and blowhole. Enhanced sensitivity
of those regions are hypothesized to contribute toward ben-
thic foraging, social touch, sensing the water-air interface,
and contributing to an overall sense of hydrodynamic flow
(Bauer et al., 2018; De Vreese et al., 2023). Despite being
hairless marine mammals, cetaceans still exhibit short
vibrissae. Mysticetes have vibrissal hairs distributed over the
upper and lower jaws and surrounding the blowhole, likely
serving similar functions of sensing hydrodynamic flow and
changes at the water-air interface (De Vreese et al., 2023).
Most odontocetes will lose their vibrissae as adults, leaving
behind the mechanoreceptor-rich follicle-sinus complexes
that had encircled the hair root (Czech-Damal et al., 2013;
De Vreese et al., 2023; Hüttner et al., 2023). These latent
vibrissal pits or crypts are not vestigial structures, but sen-
sory organs that are innervated by the same infraorbital
nerve branch of V2 at a density similar to or exceeding that
of rodent whiskers (Hüttner et al., 2023). South American
river dolphin species Sotalia fluviatilis and S. guianensis, as
well as bottlenose dolphins Tursiops truncatus, have modi-
fied their follicle-sinus complexes into gel-filled ampullae
capable of electoreception (Bauer et al., 2018; Czech-Damal
et al., 2013; De Vreese et al., 2023; Hüttner et al., 2023).

What is perhaps the most distinctive part of the ceta-
cean trigeminal sensory system pertains to control and
feedback of the nasal vocal organ which produces the
clicks used in odontocete echolocation. Since mysticetes
do not echolocate, they do not have a nasal vocal organ,
but rather make vocalizations using novel modifications
of the larynx (Elemans et al., 2024). The production of
130–140 kHz high-frequency clicks in Phocoena is gener-
ated by pneumatic bursts passing through the valve-like
phonic lips, which is part of an intricate nasal vocal
organ consisting of air sacs, fat bodies, melon, and other
soft tissue structures surrounding the nasal passage
(Huggenberger et al., 2009). The entire nasal vocal organ
appears to be populated by a high density of mechanore-
ceptors innervated by the infraorbital nerve (V2), but the
phonic lips and fat bodies surrounding it are especially
well supplied (De Vreese et al., 2023; Prahl et al., 2009).
The abundance of pressure-sensitive receptors in the
nasal vocal organ is probably important in perceiving
rapid movements or vibrations that are integrated into a
neural feedback loop for fine motor control of sound pro-
duction (De Vreese et al., 2023).

The unique morphology of the maxillary canal in Pho-
coena is reflected in the development of both enhanced

tactile sensation of the skin and the nasal vocal organ used
in echolocation. The latter seems especially well-
represented by the cluster of branching and large foramina
in the proximity of the nasal opening which is retracted
posteriorly toward the forehead and the concave depression
where the melon sits (Huggenberger et al., 2009). We have
not sampled a mysticete whale to see how canal morphol-
ogy may differ in species lacking a nasal vocal organ; how-
ever, mysticetes do possess multiple large foramina
distributed over the maxilla and this feature emerged very
early in the divergence of this clade (Bisconti &
Carnevale, 2022). This would suggest that significant
change in maxillary canal morphology is characteristic of
cetaceans as a whole.

The maxillary canal in bats (Figure 12) does not
appear notably different between an echolocating (Myotis
adversus adversus) versus non-echolocating (Pteropus sca-
pulatus) species, except that the snout of Myotis appears
more anteroposteriorly compressed and the maxillary
canal is lattice-like in appearance as it navigates through
an upper jaw crowded with tooth roots. Sounds used in
bat echolocation are produced either in the larynx or
through tongue clicks, so there is no indication that the
trigeminal nerves are recruited into this sensory system
(Jones et al., 2013).

4.3 | Interpreting the sensory biology of
nonmammalian synapsids using modern
analogues suggest enhanced tactile
sensitivity of the facial integument via
direct touch

The potential functional implications of the highly
branched transitional state of the maxillary and mandib-
ular canals observed in early nonmammalian synapsids
are obviously lost to time, but there are sufficient modern
analogues to help make a reasoned interpretation of this
morphology. The key feature of the transitional synapsid
state is the abundant ramification of both the maxillary
and mandibular canals that result in an irregular scatter-
ing of foramina located on the rostral half of the jaws. In
previous sections, we have argued that higher numbers
and density of foramina are generally correlated with
increased sensitivity of the overlying facial skin. This rela-
tionship also seems to be strongly associated with species
where visual cues may be periodically limited or vision is
supplanted altogether as the primary sensory modality:
the nocturnal predator gecko (Uroplatus fimbriatus),
fossorial blind skink (Dibamus novaeguineae), semiaquatic
alligator (Alligator mississippiensis) and platypus (Ornithor-
hynchus anatinus), substrate-probing sanderling (Calidris
alba) and echidna (Tachyglossus aculeatus), and the
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aquatic/benthic foraging/echolocating harbor porpoise
(Phocoena phocoena). Based on these modern analogues,
we suggest that nonmammalian synapsids such as Vara-
nosaurus, Tetracynodon, Thrinaxodon, and Ecteninion pos-
sessed greater tactile sensitivity in the skin of the snout,
especially compared to a non-synapsid outgroup.

The tendency for the maxillary and mandibular foramina
to be primarily distributed on the rostral half of the snout is
suggestive of touch sensitive skin functioning as a sensory
probe. In particular, the densely clustered mandibular foram-
ina on the forward-facing surface of the mandibular symphy-
sis are positioned on a hypothetical nonmammalian
synapsid snout to provide the greatest tactile sensitivity when
making first exploratory contact with an object or sweeping
near the ground for obstacles or food items during foraging.
The maxillary foramina are also localized to the rostral end
of the snout, especially on the lateral surface of the maxilla
just above and anterior to the caniniform/canine tooth.
These openings are usually not tightly clustered in one area,
but cover the dorsoventral height of the maxilla. In our
hypothetical nonmammalian synapsid, these areas of
touch sensitive skin are most likely to encounter objects
during sweeping, side-to-side motions of the head or while
probing into narrow spaces.

We find that there is a general overlap in the timing of
when nonmammalian synapsids have the branching transi-
tional canal morphology with earliest evidence of behaviors
that involve tactile sensing. A survey of the orbital morphol-
ogy based on sclerotic ring dimensions of nonmammalian
synapsids from the Carboniferous to Jurassic found data sup-
porting a wider diversity in diel activity patterns than
expected, especially a greater incidence of nocturnality
(Angielczyk & Schmitz, 2014). The enhancement of other
sensory systems such as touch, smell, and hearing compen-
sate for the reduced utility of vision or supplant it entirely as
the primary sensory modality (Adriaens & Verraes, 1997;
Ahl, 1986; Billo & Wake, 1987; Catania, 2012; Dehnhardt
et al., 1999; Delaunay et al., 2020; Hall et al., 2012;
Huber, 1930; Sarko et al., 2011; Wake, 1985). Possession of
tactile sensitive snouts, including the rhinarium, to locate
objects and navigate the immediate surrounding environ-
ment is one possible strategy or part of a larger suite of adap-
tations to life in low-light conditions. Another low-light
situation are burrows, whether as dwellings or hunting
grounds for fossorial prey. A partial skeleton of Thrinaxodon
has been discovered in a burrow cast dated to around the
Permo-Triassic boundary (Damiani et al., 2003; Fernandez
et al., 2013). A number of fossilized early synapsids captured
in their burrows have been found, the oldest one dating from
the Mid-Permian and containing the remains of the dicyno-
dont Diictodon (Abdala et al., 2006; Damiani et al., 2003;
Fernandez et al., 2013; Jasinoski & Abdala, 2017;
Krapovickas et al., 2013;Marchetti et al., 2024).

4.4 | Synapsid maxillary canal
morphology indicates an evolutionary
trajectory from enhanced facial
integument sensitivity to a novel,
specialized sensory organ: Mobilized
whiskers

The gradual transformation of canal morphology, espe-
cially of the maxillary canal, from complex and abundant
branching to simplified and few branches is a pattern of
change that appears unique to the synapsid lineage. The
synapsid evolutionary trajectory is distinct from our
amphibian and sauropsid outgroup, which typically man-
ifest features such as long maxillary and/or mandibular
canals that extend anteroposteriorly through the length
of the jaws and the presence of labial foramina. This out-
group morphology may be plesiomorphic for tetrapods,
but a dedicated investigation into basal tetrapods and
stem tetrapods with a larger fossil taxon sample size
would be necessary to better establish this hypothesis.

A functional interpretation for the transitional
branched canal morphology in nonmammalian synapsids
based on comparisons with modern analogues identifies
the rostral areas densely populated by foramina as
regions of enhanced tactile sensitivity of the integument.
It is important to emphasize here that this tactile sensitiv-
ity is based on either direct contact with the skin or stim-
uli communicated through an environmental substrate,
such as pressure waves through water. It may not be
completely coincidental to see that the area of the maxilla
that frequently sees the most foramina broadly corre-
sponds to the region that will later host the mystacial
whiskers in extant mammals.

Most extant mammals possess an array of specialized
sensory hairs called mystacial whiskers or mystacial vibris-
sae sprouting from either side of the nose and upper lips.
Mystacial whiskers are innervated by the infraorbital nerve
branch of V2 which passes through the infraorbital canal
and then exits via the IOF. Once released from the osseous
confines of the maxillary bone, the infraorbital nerve travels
rostrally through the soft tissues of the face (Benoit
et al., 2020; Dörfl, 1985; Miyamae, 2022) to reach the mysta-
cial whiskers where they ramify into vibrissal nerves that
innervate the follicle-sinus complex at the base of each
whisker (Dörfl, 1985; Kim et al., 2012; Maklad et al., 2010).

Despite the simplification of the maxillary canal into
this short, unbranched infraorbital canal and a long ros-
tral alveolar canal that serves the roots of the upper teeth,
this does not equate to a simplification of the sensory sys-
tem. On the contrary, by exiting the bone, the infraorbital
nerve is free to be incorporated into a sensory apparatus
that utilizes two key mammalian characters—hair and
facial muscles—a combination that expands the sensory
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range from direct skin contact to a whisker's length in
multiple directions and the ability to actively gather tactile
sensory information by mobilizing the mystacial whiskers.
Deflection of the whiskers as they encounter objects or
air/water currents activate the mechanoreceptors and free
nerve endings in the follicle-sinus complex. Gathering and
processing of tactile information from the whiskers can be
very sophisticated, providing the animal with data for spa-
tial navigation, detecting moving prey, evaluating an
object's properties such as texture and shape, handling of
objects, and social interactions (Ahl, 1986; Berg &
Kleinfeld, 2003; Brecht et al., 1997; Dehnhardt et al., 1999;
Grant et al., 2018; Haidarliu et al., 2010; Luo et al., 2021;
Prescott et al., 2016; Wineski, 1985).

In our sample of extant mammals, there is a
remarkable consistency in the presence of a shortened
infraorbital canal, usually terminating in one large,
forward-facing foramen. This feature is shared across mar-
supial (Figure 9) and placental mammals, the fossorial
mole (Figure 17a–c), aerial bats (Figure 12), small rodents
(Figure 11), massive marine walrus (Figure 15d–f), ant-
eaters with highly modified skulls (Figure 10d–f), whisker-
less chimpanzees (Figure 13), and sengis (Figure 10a–c)
and tapirs (Figure 14) that have mobile nasal probosces.
We discussed in a previous section how the monotreme
and odontocete maxillary canals have been secondarily
modified from the simplified derived morphology as part of
novel sensory systems of electroreception and echolocation,
respectively. Another significant component in shaping this
morphology is the radical reduction of the facial muscles.
The platypus and echidna both appear to have very limited,
if at any, facial muscles present on the electrosensitive beak
(Ashwell & Musser, 2013). Dolphin vibrissal crypts lack
any remnant of the muscles that would mobilize the whis-
kers in other mammal species (Mynett et al., 2022) and
their facial muscles are absent in the superficial layers of
the skin, but have been modified and repurposed as part of
the nasal vocal organ to change the shape of the melon
during echolocation (Huggenberger et al., 2009).

The appearance of mobile mystacial whiskers as a
novel and unique trigeminal sensory system among tetra-
pods is accompanied by the appearance of a correspond-
ingly unique cranial morphology: the simplified derived
form of the maxillary and mandibular canals. The Early
Jurassic tritheledontid Pachygenelus is the oldest species
in our sample to show the derived state morphology.
However, Benoit et al. (2020) suggests that the derived
state appeared as early as the Mid-Triassic (�241 Ma)
among basal probainognathians. This timing is based on
their inclusion of the older Probainognathus, a probai-
nognathian with a fossil range from the Mid to Late
Triassic, that manifests key characteristics of the derived
state. The position of Probainognathus was compared

against a cynodont phylogeny erected by Ruta et al.
(2013) to estimate that the origins of the derived state
occurred in the last common ancestor of Probainognathus
and crown Mammalia. The fossil record indicates that
this evolutionary transition occurred in a gradual, step-
wise fashion (Benoit et al., 2020).

We might speculate that from bare, tactile sensitive
skin there was an intermediate state involving stationary,
passive whiskers. Such hypothetical “protovibrissae” could
have functioned akin to bristle-like rictal or elongated
head feathers often found in birds that are nocturnal
and/or navigate through burrows or holes to reach their
nests (Cunningham et al., 2011; Delaunay et al., 2020;
Seneviratne & Jones, 2008). Measurements of the cross-
sectional area of the IOF in Pachygenelus and Tritylodon
were reported by Benoit et al. (2016) and assessed by
Muchlinski et al. (2020) in a study of IOF size and the
occurrence of whisking, a specialized form of vibrissal
sensing that involves cyclic oscillations of the mystacial
whiskers like those seen in mice and rats (Deschênes
et al., 2012; Muchlinski et al., 2020; Wineski, 1985). The
large size of the infraorbital foramina in Pachygenelus and
Tritylodon plotted in a regression model suggests the pres-
ence of mystacial whiskers, though they were not likely
engaged in whisking; however, mystacial whiskers are still
highly mobile even if they do not engage in whisking
(Ahl, 1986; Grant & Goss, 2022; Milne et al., 2020).

The diversification of vertebrates into novel habitats,
functions, and behaviors often evolve in concert with
their nervous systems. We have explored some of these
possibilities, that enhancing the sense of facial tactile sen-
sitivity through highly innervated skin or whiskers is
important for close-range detection and investigation of
objects, especially in low-light conditions resulting from
a temporal shift into nocturnal activity patterns, going
into burrows, entering the water, or searching for items
hidden in the substrate. But facial touch also has impor-
tant behavioral and social uses in fostering social bonds,
communicating social dominance/submission, and devel-
oping the neural and behavioral pathways for parental
care and normal social behavior (Ahl, 1986; Brecht
et al., 1997; Gromov, 2013; Wolfe et al., 2011). Intrigu-
ingly, the early and extensive development of the trigemi-
nal nerve and consequent sensory innervation of the
perioral region and snout (including incipient vibrissae)
appears critical for neonates in locating milk sources,
attaching to the teat, and coordinating critical reflexes
(Ahl, 1986; Ashwell, 2015; Finan & Barlow, 1998; Kenyon
et al., 1982; Larson & Stein, 1984; Smith & Keyte, 2020;
Sperber et al., 2000). Newborn kittens (Felis catus) were
demonstrated to rely upon tactile sensation of the snout
for locating and attaching to a nipple (Larson &
Stein, 1984). Rat neonates (Rattus norvegicus) placed into
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artificially large litters compensated for the intensified
competition for milk with faster mystacial whisker
growth (Park, 1970). The expansion of the trigeminal sen-
sory field over the face and concomitant evolution of
facial muscles may thus have a role in mammalian life
history traits and maternal provisioning of offspring with
milk. Though the integration of these data into our
understanding of nonmammalian synapsid and mammal
evolution is still speculative, the deep history and legacy
of sensory innovations in shaping the identity of mammals
can be appreciated.

4.5 | Caveats and nuances to the
interpretation of sensory biology from
trigeminal canals

We have used maxillary and mandibular canal morphol-
ogy to infer the pathways of the sensory branches of the
trigeminal nerve and, thus, the evolution of facial tactile
sensing in synapsids. This interpretation was supported
by comparisons with modern analogues for which we
have some data about their sensory capabilities. The gen-
eral relationship we found is that a greater number of
foramina correlates to greater sensory sensitivity, as more
openings in the surface of the bone we assumed to mean
more nerve branches were diverging from the main
trunks of V2 and V3 housed inside the respective maxil-
lary and mandibular canals to innervate the surrounding
soft tissue and integument. However, accessing a broad
phylogenetic sampling has been helpful in introducing
some nuance to this correlative relationship. For
instance, in our own evaluation of synapsids, strict adhe-
sion to the number of maxillary and mandibular foram-
ina alone as indicators of tactile sensitivity would result
in misinterpreting the simplification of canal morphology
is a diminishment rather than an indicator for the novel
emergence of mystacial whiskers, which neurophysiolog-
ical and behavioral studies with extant mammals reveals
to be a surprisingly sophisticated sensory organ.

Even if the correlation between foramina number and
tactile sensitivity holds, using such data may not always be
appropriate within a given context. Bowman et al. (2022)
made the initial assumption that as excellent semi-aquatic
predators, the trigeminal canal morphology of modern cro-
codylians would be a good indicator of the terrestrial-
to-aquatic ecological shift in the evolutionary history of
metriorhynchoid thalattosuchians, a marine clade of croco-
dylomorphs from the Jurassic. However, an investigation of
the maxillary canals preserved in metriorhynchoid skulls
found a lack of extensive and complex trigeminal innerva-
tion. The integumentary sensory organs that are so impor-
tant and prominent in extant crocodylians were neither

ancestral nor a necessity for metriorhynchoids to enter the
marine realm. However, integrating information about
the presence of scleral rings in the eye provided support for
the hypothesis that metriorhynchoids employed an alter-
nate sensory strategy by investing in greater visual acuity as
their dominant sensory modality (Bowman et al., 2022).

In a comparison between extant monotremes, the
number of maxillary foramina in platypus is considerably
fewer than in echidnas, but supports approximately
100 times more electroreceptors (Pettigrew, 1999). The
maxillary canal of the platypus houses massive nerves con-
sisting of nearly 400,000 axons bundled together to support
the array of electroreceptors and mechanoreceptors in the
bill (Manger & Pettigrew, 1996). Taking this into account,
canal or foramina size is another metric for estimating
sensory abilities based on canal morphology. Cross-
sectional area of the IOF has been explored as a proxy for
nerve size to predict the relative abundance of whiskers,
tactile sensitivity, and ecology and has been found to have
only broad predictive power (Muchlinski, 2008, 2010;
Muchlinski et al., 2020; S�anchez-Villagra & Asher, 2002).
Muchlinski (2008) provided the essential groundwork in
assessing the contents of the infraorbital canal, which con-
sists primarily of the infraorbital nerve and an artery that
occupied a very small portion of the IOF cross-sectional
area. Examining the contents of the maxillary and man-
dibular canals, especially of the finer ramifications,
through histology or dissection is important for confirming
that the nerve canals identified osteologically are, in fact,
conveying nerves or if they only carry blood vessels or
other structures. The IOF of rodents can be especially mis-
leading if the size of the opening is assumed to represent
the size of the infraorbital nerve alone. The IOF size in the
rodents Mus (Figure 11a,b) and Octodon (Figure 11d,e) are
both substantial, but part of that space is occupied by a
jaw adductor muscle, the infraorbital zygomaticomandibu-
laris, which threads through the IOF (Baverstock
et al., 2013; Cox & Jeffery, 2011; Ginot et al., 2018). How-
ever, as a hystricomorph rodent, the opening in Octodon is
characteristically massive because the infraorbital zygoma-
ticomandibularis is a larger muscle in this group of
rodents compared to either myomorph or sciuromorph
rodent groups (Cox & Jeffery, 2011).

While a few selected species have been well-studied
as model organisms, there remains a significant pau-
city of data on the gross and cellular anatomy, physiol-
ogy, ecology, and behavior for many species. The
remarkable diversity of maxillary and mandibular
canal morphology across extant tetrapods deserves to
be investigated by integrating data from these various
methodological approaches so that we may come to a
closer approximation in reconstructing the sensory
world of extinct taxa.
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5 | CONCLUSION

The morphology of the maxillary and mandibular canals
that serve as passageways for trigeminal nerve branches of
V2 and V3, respectively, have frequently been used as osteo-
logical correlates to interpret the sensory capabilities of
extinct fossil taxa. In order to support our own investigation
into the evolution of the mammalian facial sensory systems,
we have described the maxillary and mandibular canal
morphologies of 38 extinct and extant tetrapod species
(amphibians, sauropsids, synapsids) to both reveal a pattern
of evolutionary change that is specific to synapsids and to
test these form-function relationships using a variety of
modern analogues with known ecologies and sensory biol-
ogy. We have found that compared to an amphibian and
sauropsid outgroup, the maxillary and mandibular canal
morphology of synapsids records a unique evolutionary his-
tory of change from a branched transitional to a simplified
derived morphological form. In nonmammalian synapsids
with the transitional state morphology, we interpreted the
heavy concentration of maxillary and mandibular foramina
at the rostral ends of the snout as an indicator for touch-
sensitive skin that could be used as a rostral probe based on
modern analogues such as alligators, probing shorebirds,
and monotremes. A gradual shift toward more simplified
canals with reduced branching and the emergence of a sin-
gle large IOF is correlated with the presence of facial mus-
cle mobilized mystacial whiskers, a specialized sensory
organ unique to mammals.

There are necessary caveats and nuances to interpret-
ing sensory functionalities based on trigeminal canal
morphology that can be addressed through integrating
anatomical, paleontological, physiological, behavioral,
ecological, and other contextual data to establish robust,
clade-specific form-function relationships.
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