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ABSTRACT

The anatomy of the petrosal and associated middle ear structures are described and illustrated for the brown rat, Rattus norvegicus (Berkenhout,
1769). Although the middle ear in this iconic mammal has been treated by prior authors, there has not been a comprehensive, well-illustrated
contribution using current anatomical terminology. Descriptions are based on specimens from the osteological collections of the Section of
Mammals, Carnegie Museum of Natural History, and a CT scanned osteological specimen from the Texas Memorial Museum. The petrosal,
ectotympanic, malleus, incus, stapes, and inner ear were segmented from the CT scans.

The petrosal of the brown rat is only loosely attached to the cranium, primarily along its posterior border; it is separated from the basisphe-
noid, alisphenoid, and squamosal by a large piriform fenestra that transmits various neurovascular structures including the postglenoid vein.
The extent of the piriform fenestra broadly exposes the tegmen tympani of the petrosal in lateral view. The floor of the middle ear is formed
by the expanded ectotympanic bulla, which is tightly held to the petrosal with five points of contact. The surfaces of the petrosal affording
contact with the ectotympanic bulla are the rostral tympanic process, the epitympanic wing, the tegmen tympani, two of the three parts of the
caudal tympanic process, and the tympanohyal, with the ectotympanic fused to the last. The ectotympanic in turn is fused to the elongate rostral
process of the malleus, which is only discoverable through the study of juvenile specimens. In addition to osteology, the major nerves, arteries,
and veins of the petrosal are described and illustrated based on the literature and osteological correlates.

The petrosal of the brown rat is compared with those of several Eocene rodents to put the extant form in the context of early members of
the rodent lineage. Comparisons benefitted from CT scans of the middle Eocene ischromyoid Paramys delicatus Leidy, 1871, from the western
United States, affording the first description of the endocranial surface of the petrosal in an Eocene rodent. The petrosals in the Eocene fossils
are more tightly held in the cranium, but the ectotympanic contacts the petrosal through the same five points, with some modifications. The
most unexpected discovery in Paramys delicatus was the presence of a prominent tentorial process of the parietal in contact with the reduced
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crista petrosa.
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INTRODUCTION

Discoveries of Mesozoic fossils preserving the petrosal
and/or auditory ossicles are occurring at a rapid pace,
which has made the evolution of the middle ear apparatus
in the mammal lineage one of the best documented and oft
cited examples of a morphological transformation series
in vertebrates (Luo 2011). In addition to informing evo-
lutionary models of transformational change, these bony
elements are important sources of characters for phyloge-
netic analysis across Mammaliaformes, the broader clade
of mammals and their extinct relatives. The study of on-
togeny and adult morphology of extant mammals is critical
for providing the bases for transformational models and
for proposing hypotheses of homology across the compo-
nent parts. Toward that end, over the last few years, the
senior author has been reporting on the petrosal and osse-
ous middle ear elements in various extant mammals (e.g.,
Wible 2009, 2010, 2011, 2012). The current report follows
in this mode by describing these structures in an iconic ex-
tant placental, the brown rat, Rattus norvegicus (Berken-
hout, 1769), also known as the common rat, domestic rat,
fancy rat, lab rat, Norway rat, or sewer rat (Burgin 2017).

Rodents are the most diverse clade of extant mam-
mals accounting for 2,552 of 6,111 species of placentals

recognized by Burgin et al. (2018). Muridae, the family in-
cluding R. norvegicus, is the most diverse within Rodentia,
with 834 species (Burgin et al. 2018). Sixty-six species of
Rattus Fischer, 1803, are recognized by Musser and Car-
leton (2005). From proposed origins in central Asia, R.
norvegicus has spread in company with humans to all con-
tinents except Antarctica and is the stock from which the
common laboratory rat was derived (Lindsey and Baker
2006). Given its preeminent role in biomedical research, the
brown rat has been the subject of numerous contributions
regarding all aspects of its anatomy. The most comprehen-
sive anatomical treatments are those of Greene (1935), Heb-
el and Stromberg (1976), Popesko et al. (1992), and May-
nard and Downes (2019), although their treatments of the
skull are not in much detail. A vast literature addressing rat
middle ear anatomy already exists, including general over-
views (e.g., Hellstrom et al. 1982; Judkins and Li 1997), on
osteology (e.g., Parent 1980, 1983; Wysocki 2008), on vas-
culature (e.g., Tandler 1899; Nabeya 1923; Guthrie 1963;
Szabd 1990, 1995), on musculature (e.g., Berge and Wirtz
1989; Berge and Wal 1990), and on aspects of development
(e.g., Youssef 1966, 1969). Yet, there is not a well-illustrated
comprehensive treatment on the petrosal osteology in the



2 ANNALS OF CARNEGIE MUSEUM

current comparative anatomical language. It is the goal of
this report to fill that void. However, it is not a goal here to
compare the middle ear of the brown rat broadly across Pla-
centalia, Euarchontoglires, or Rodentia. Our comparisons
are limited to some early and middle Eocene rodents in or-
der to place the brown rat in context with the early members
of the rodent lineage.

MATERIALS AND METHODS

Extant osteological specimens studied with a stereomicro-
scope are from the Section of Mammals, Carnegie Mu-
seum of Natural History (CM). Adults are those with fully
erupted M1-3. The primary specimens referred to in the
text are:

Rattus norvegicus, CM 493, juvenile male, Pittsburgh,
Pennsylvania, U.S.A., October, 1898. M3 is in the process
of erupting.

Rattus norvegicus, CM 10227, adult female, Butler
County, Pennsylvania, U.S.A., October 25, 1934,

Rattus norvegicus, CM 17504, adult female, Pittsburgh,
Allegheny County, Pennsylvania, U.S.A., July 14, 1939.

Rattus norvegicus, CM 18604, young adult female,
Andover, Essex County, Massachusetts, U.S.A., June 10,
1933. All molars are erupted but sutures between the com-
ponents of the occipital bone are retained (basi-, ex-, and
supraoccipital).

Rattus norvegicus, CM 21415, juvenile male, Dormont,
Allegheny County, Pennsylvania, U.S.A., April 29, 1943.
M3 is in the process of erupting.

Rattus norvegicus, CM 29584, adult male, Somerset,
Somerset County, Pennsylvania, U.S.A., August 8, 1949.

Rattus norvegicus, CM Teaching Collection, adult of
unknown sex and geographic origin. Only the skull is
known. There is no accompanying data, although its iden-
tification to species was confirmed by the late Guy Musser,
Curator Emeritus, American Museum of Natural History.
Because of the lack of data, we forcedly detached the audi-
tory bulla from the petrosal and then the petrosal from the
cranium.

Rattus rattus, CM 101347, juvenile male, Exu, State of
Pernambuco, Brazil, April 15, 1977. M3 is fully formed
and in a crypt.

In addition, two micro-CT datasets were studied:

Rattus norvegicus, Texas Memorial Museum M-2272,
West Point, Hancock County, Illinois, U.S.A. Data were
downloaded from DigiMorph.org (http://digimorph.org/
specimens/Rattus_norvegicus/); University of Texas High-
Resolution X-ray CT Facility Archive 2660, scanning
funded by Ms. Jeri Rodgers. The specimen was scanned
January 20, 2012 along the coronal axis for a total of 1571
slices, each 1024 x 1024 slice being 0.02961 mm, with
interslice spacing of 0.02961 mm and a field of reconstruc-
tion of 28 mm. The right petrosal, ectotympanic, malleus,
incus, stapes, and inner ear were segmented in Avizo 9.5.0
software (Visualization and Sciences Group, 1995-2018).
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Paramys delicatus, American Museum of Natural His-
tory (AMNH-FM) 12506, Black Fork Member, middle
Eocene, Bridger Formation, Bridger Basin, Wyoming,
USA. Data were downloaded from morphosource.org
(https://www.morphosource.org/Detail/SpecimenDe-
tail/Show/specimen_id/2381) with the permission of the
AMNH. Details on this scan are included in the supple-
mental material to Bertrand et al. (2016). The left petrosal
was segmented in Avizo 9.5.0 software (Visualization and
Sciences Group, 1995-2018).

The anatomical terminology employed follows that in
prior publications by the senior author (e.g., Wible 2008,
2009, 2010, 2011, 2012). Usage of English equivalents of
the Nomina Anatomica Veterinaria (Fifth Edition, 2005),
abbreviated NAV here, is preferred when appropriate.
For certain anatomical systems, the NAV is not adequate
because its comparative base is not sufficiently broad. In
particular, this is the case for the vasculature and for the
ectotympanic and middle-ear ossicles. For the former, we
employ the terminology in Wible (1984, 1987), and for the
latter in Henson (1961).

Institutional Abbreviations

AMNH—Department of Vertebrate Paleontology, Ameri-
can Museum of Natural History, New York, New York,
U.S.A.

CM—Section of Mammals, Carnegie Museum of Natural
History, Pittsburgh, Pennsylvania, U.S.A.

TMM—Texas Memorial Museum, University of Texas,
Austin, Texas, U.S.A.

USNM-—National Museum of Natural History, Smithson-
ian Institution, Washington, D.C., U.S.A.

DESCRIPTIONS
Overview

In ventral view in situ in the brown rat cranium, most of the
petrosal is hidden by the auditory bulla, which is formed
by the expanded ectotympanic bone (“e” in Fig. 1). Small
portions of the petrosal are exposed ventrally posteromedi-
al and posterolateral to the bulla. The medial margin of the
petrosal approximates the occipital bone, here composed
of the fused basi- and exoccipital (“bo” and “eo,” respec-
tively in Fig. 1). The petrosal and basioccipital (based on
CM 18604, a juvenile preserving sutures within the occipi-
tal bone) contact in some specimens (e.g., CM 17504) but
in others (e.g., CM 10227) are separated by a gap, the ba-
sicapsular fissure or fenestra (De Beer 1937; petrobasilar
fissure of Popesko et al. 1992). The contact occurs along
the raised lateral lip of the basioccipital, which represents
a tympanic process of that bone (“tpbo” in Fig. 1). At the
anterior and posterior ends of the petrosal’s medial mar-
gin with the occipital are two neurovascular conduits, the
carotid canal and the jugular foramen, respectively. The
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tpbo

5mm

Fig. 1.—Rattus norvegicus, CM 10227, cranium in ventral view with enlarged basicranium. The left and right petrosals are in light blue; the right
ectotympanic and malleus are removed, except for a small remnant of the posterior crus of the ectotympanic lying ventral to the incus and stapes.
Abbreviations: as, alisphenoid; ats, auditory tube sulcus; bo, basioccipital; bs, basisphenoid; cc, carotid canal; cty, crista tympanica; e, ectotympanic;
eam, external acoustic meatus; eo, exoccipital; ewbs, epitympanic wing of basisphenoid; fo, foramen ovale; gf, glenoid fossa; hf, hypoglossal foramen;
jf, jugular foramen; oc, occipital condyle; pep, paracondylar process of exoccipital; pf, piriform fenestra; psf, proximal stapedial artery foramen; pt,
pterygoid; ptp, posttympanic process of squamosal; rpm, rostral process of malleus; spe, sphenopterygoid canal; sq, squamosal; tef, transverse canal

foramen; tpbo, tympanic process of basioccipital.

carotid canal (“cc” in Fig. 1) for the internal carotid artery
and nerve (Greene 1935; Wible 1984) is more a gap be-
tween the ectotympanic, petrosal, and basioccipital than
an enclosed canal. The jugular foramen (“jf” in Fig. 1;
posterior lacerated foramen of Greene 1935) for the in-
ternal jugular vein along with cranial nerves IX, X, and
XI (Greene 1935) is between the petrosal and exoccipital
(based on CM 18604). Ventrolateral to the jugular foramen
and hidden in direct ventral view is the proximal stapedial
foramen (“psf” in Fig. 1) between the petrosal and ecto-
tympanic transmitting a branch of the internal carotid, the
stapedial artery (pterygopalatine artery of Greene 1935),
into the middle ear. For descriptive purposes, we divide
the stapedial artery into proximal and distal parts by their
relationship to the stapes and apply those positional de-
scriptors to the corresponding grooves and foramina for
the vessel’s subdivisions.

The rear of the petrosal is wedged between the exoc-
cipital medially and the squamosal laterally. Where the pe-
trosal abuts the exoccipital, the latter has a prominent mus-
cular process, the paracondylar process (“pcp” in Fig. 1;
paramastoid process of Greene 1935; paroccipital process
of Wahlert 1974), which provides attachment for the ster-
nomastoid and digastric muscles (Greene 1935). Where
the petrosal abuts the squamosal, the latter has a very weak
posttympanic process (“ptp” in Fig. 1; occipital process of
Popesko et al. 1992; post-tympanic hook of Maynard and
Downes 2019), which lies entirely dorsal to the external
acoustic meatus, best seen in lateral view (Fig. 2). Hidden
in the interval between these two processes is the stylo-
mastoid foramen between the petrosal and ectotympanic
(“smf” in Fig. 2), which transmits the facial nerve, cranial
nerve VII, from the middle ear (Greene 1935).

Anterior and anterolateral to the petrosal is a large
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pof

5 mm

pcp

smf

Fig. 2.—Rattus norvegicus, CM 10227, cranium in left lateral view. Left petrosal is in light blue; the left incus is missing. Abbreviations: alc, alisphenoid
canal; as, alisphenoid; e, ectotympanic; eo, exoccipital; fo, foramen ovale; frt, foramen for ramus temporalis; ip, interparietal; m, malleus; me, mastoid
exposure; mf, mastoid foramen; ne, nuchal crest; oc, occipital condyle; pa, parietal; pep, paracondylar process of exoccipital; pf, piriform fenestra;
pgf, postglenoid foramen; pt, pterygoid; ptp, posttympanic process of squamosal; smf, stylomastoid foramen; so, supraoccipital; sq, squamosal; t,

temporal line.

opening formed by two crescent-shaped, confluent gaps
separating the petrosal and bulla from the alisphenoid
and squamosal (“pf” in Figs. 1-2). This wide gap is the
piriform fenestra (pyriform fenestra of McDowell 1958;
middle lacerate foramen of Wahlert 1974; petrotympanic
fissure of Popesko et al. 1992), which as documented here
transmits several neurovascular structures. At the antero-
medial corner of the bulla is a large opening into the mid-
dle ear hidden by the ectotympanic in direct ventral view.
This opening, the musculotubal canal (Eustachian canal),

is for the auditory tube (pharyngotympanic or Eustachian
tube); it lies between the ectotympanic, petrosal, and basi-
sphenoid, and directs this connection between the middle
ear and nasopharynx into a broad, anteromedially directed
sulcus on the basisphenoid (“ats” in Fig. 1).

In lateral view in situ in the cranium, the petrosal has
a broad quadrangular contribution to the posteroventral
braincase wall, the mastoid exposure (“me” in Fig. 2). The
anterior, dorsal, and posterior sides of the quadrangle abut
the occipital bone. Based on the juvenile CM 18604, the
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exoccipital contacts the posterior side of the quadrangle
and the supraoccipital the dorsal and anterior sides (“so” in
Fig. 2) with a small area of contact with the posttympanic
process of the squamosal anteroventrally. In the dorsal
suture with the supraoccipital is a small mastoid foramen
(“mf” in Fig. 2) transmitting a vein to the sigmoid sinus
(Butler 1967). The ventral margin of the mastoid exposure
is free, separated on its anterior surface from the ectotym-
panic by a narrow gap. It is in the anterior end of this gap
that the stylomastoid foramen is situated (“smf” in Fig. 2).
Anterior to the mastoid exposure, a sliver of the petrosal is
visible in the interval deep to the squamosal and ectotym-
panic, anterodorsal to the external acoustic meatus, in the
posterolateral aspect of the piriform fenestra. In the rear of
this interval between the petrosal and squamosal is the exit
for the postglenoid vein (transverse sinus of Greene 1935;
retroglenoid vein of Popesko et al. 1992) from the cranial
cavity (Hill 1935; “pgf” in Fig. 2). This opening represents
a postglenoid foramen that is not fully enclosed in bone.

In endocranial view in situ in the cranium, based on the
CT scans of TTM M-2247, the petrosal is broadly exposed
in the caudal cranial fossa and appears to have a smaller
exposure in the middle cranial fossa (“ccf” and “mcf,” re-
spectively in Fig. 3). However, the pronounced crista pe-
trosa (“crp” in Fig. 3) marking the boundary of these two
endocranial spaces hides most of the petrosal’s contribu-
tion to the middle cranial fossa in direct medial view. The
petrosal is positioned on top of the ectotympanic, which
has a small exposure in the floor of these two cranial fos-
sae. The petrosal contacts the squamosal and supraoc-
cipital dorsally and the exoccipital posteriorly. As noted
above, the petrosal approximates the basioccipital medi-
ally and is separated from the alisphenoid and squamosal
anteriorly by the piriform fenestra.

Petrosal

In extant therian mammals, the petrosal is a paired endo-
chondral bone enclosing the inner ear and contributing to
the roof of the middle ear. Following Wible (1990), we de-
scribe the petrosal in two parts: the pars cochlearis (“pco”
in Fig. 4A), enclosing the cochlea (“co” in Fig. 4C) and sac-
cule, and the pars canalicularis (“pca” in Fig. 4A), enclos-
ing the utricle and semicircular canals (Figs. 4B—C). A large
subdivision of the pars canalicularis is the tegmen tympani
(“tt” in Fig. 4A), which forms a roof over the malleus and
incus. This subdivision between the pars cochlearis and pars
canalicularis is equivalent to the petrous and mastoid parts
of other authors (e.g., MacIntyre 1972). A definitive bound-
ary delimiting the two parts does not exist: the pars cochle-
aris and pars canalicularis are generally positioned antero-
ventromedially and posterodorsolaterally, respectively.
During ontogeny a variety of processes grow from the
core cartilaginous capsule of the chondrocranium that en-
closes the inner ear (gray in Fig. 5A). Based on his devel-
opmental studies in primates, treeshrews, elephant shrews,
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and lipotyphlans, MacPhee (1981) identified two classes
of such processes, which generally have been followed by
subsequent researchers: tympanic processes in the middle
ear floor (blue and purple in Fig. 5A) and epitympanic
wings in the middle ear roof (red in Fig. 5SA). Although we
are only considering these processes on the petrosal here,
MacPhee (1981) used the same terminology to describe
processes into the tympanic floor and roof from bones
neighboring the petrosal (i.e., alisphenoid, basisphenoid,
basioccipital, exoccipital, and squamosal). Tympanic pro-
cesses grow into a plane of connective tissue stretched be-
tween the primordial petrosal and the ectotympanic bone,
which MacPhee (1981) called the fibrous membrane of the
tympanic cavity; epitympanic wings grow into a plane of
connective tissue that covers the piriform fenestra, the gap
anterior to the primordial petrosal that separates it from
the squamosal, alisphenoid, and basisphenoid. Regarding
the petrosal epitympanic wing, it grows from the anterior
aspect of the pars cochlearis (red in Fig. SA). Regarding
the petrosal tympanic processes, MacPhee (1981) recog-
nized two sorts: a rostral tympanic process derived from
the pars cochlearis (blue in Fig. 5A) and a caudal tympanic
process from the pars canalicularis (purple in Fig. S5A). For
the caudal tympanic process, he recognized three parts: a
medial section (“1” in Fig. 5A) and two lateral sections
distinguished by their positional relationship to the origin
of the stapedius muscle (“s” in Fig. 5A), that is, a lateral
section medial to the stapedius muscle (“2” in Fig. 5A) and
a lateral section lateral to the stapedius muscle (“3” in Fig.
5A). The epitympanic wing and rostral and caudal tym-
panic processes have become rich sources of characters for
phylogenetic analysis regarding their presence, size, and
contribution to neurovascular passageways.

In Figure 5B, we apply MacPhee’s (1981) schema to
the petrosal of the adult brown rat to illustrate the basis for
our terminology of outgrowths to the pars cochlearis and
pars canalicularis. At first glance, the petrosal of the adult
brown rat may seem complicated. However, this complex-
ity fits well into MacPhee’s (1981) schema with the rat
petrosal having an expanded epitympanic wing and a full
complement of rostral and caudal tympanic processes.
Obvious differences between MacPhee’s schema and the
adult brown rat concern the lack of connection between the
rostral and caudal tympanic processes as well as between
the two lateral sections of the caudal tympanic process
(“2” and “3” in Fig. 5B).

Ventral view.—The pars cochlearis of the brown rat is
dominated by a roughly ovoid promontorium, longer
than wide with the long axis directed anteromedially in
the intact cranium (“pr” in Fig. 6A; see also Fig. 1). The
promontorium encloses the coils of the cochlea (Fig. 4).
Burda et al. (1988) reported 2.2 coils for R. norvegicus
(2.5 in Nabeya 1923; Albuquerque et al. 2009); in the CT
scanned specimen studied here, following the method of
Ekdale (2013), the left cochlear duct coils 790° equivalent
to 2.2 coils (Fig. 4C). In the cranium, the ventral limit of
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tcf

ds trs

Fig. 3.—Rattus norvegicus, TMM M-2272, mid-sagittal ortho slice of isosurface rendered from CT data. Petrosal is in light blue; for simplification, the
spongy bone along the cut midline edge has been filled in with uniform color and only the major midline vascular conduits have been left open. Ab-
breviations: ale, alisphenoid canal; as, alisphenoid; bo, basioccipital; bs, basisphenoid; ccf, caudal cranial fossa; crp, crista petrosa; ds, dorsum sellae;
e, ectotympanic; eo, exoccipital; fr, frontal; ip, interparietal; mef, middle cranial fossa; mf, mastoid foramen; pa, parietal; pep, paracondylar process
of exoccipital; pf, piriform fenestra; ps, presphenoid; pt, pterygoid; rtp, rostral tympanic process of petrosal; so, supraoccipital; sq, squamosal; tcf,

transverse canal foramen; trs, trigeminal sulcus.

the promontorium is roughly in the same plane as the tym-
panic process of the basioccipital (Fig. 1).

Extending medially, anteriorly, and anterolaterally from
the promontorium is a continuous bony shelf. We iden-
tify the thin, flange-like, medial part of this shelf as the
rostral tympanic process (blue in Fig. 5SB; “rtp” in Fig.

6A), because it is angled obliquely such that it approaches
or contacts the tympanic process of the basioccipital (Fig.
1) and it broadly contacts the ectotympanic bulla (“1” in
Fig. 6B). The anterior and anterolateral part of this shelf,
the epitympanic wing (red in Fig. 5B; “ew” in Fig. 6A),
is in a nearly horizontal plane. The rostral tympanic pro-
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2 mm

Fig. 4—Rattus norvegicus, TMM M-2272, isosurface rendered from CT data of left petrosal and inner ear in ventral view as positioned in the cranium,
anterior to the top of the page. A, petrosal; B, transparent petrosal (light blue) showing inner ear (gold); C, inner ear. Abbreviations: asc, anterior semi-
circular canal; co, cochlea; ere, crus commune; end, endolymphatic duct; fco, fenestra cochleae; fv, fenestra vestibuli; Ise, lateral semicircular canal;
pca, pars canalicularis; peo, pars cochlearis; pld, perilymphatic duct; pse, posterior semicircular canal; tt, tegmen tympani.

cess and epitympanic wing are partially separated by a low
septum extending anteriorly from the promontorium. The
epitympanic wing is wider than the promontorium and
divided into medial and lateral sections by a low oblique
ridge. The medial section is a deep concavity, longer than
wide, serving as the origin for the tensor tympani muscle
(Berge and Wirtz 1989a; “ttf” in Fig. 6A). The lateral sec-
tion is a shallow concavity, also longer than wide, that pro-
vides attachment for the ectotympanic bulla (“2” in Fig.
6B). The anterolateral part of the epitympanic wing has a
small, slit-like aperture leading into a narrow, anteromedi-
ally directed groove; this is the hiatus Fallopii (“hF” in Fig.
6A) for the greater petrosal nerve (Berge and Wirtz 1989a;
Berge and Wal 1990; “gpn” in Fig. 6C). The position of
the hiatus varies with respect to the oblique ridge between
the medial and lateral sections of the epitympanic wing: it
is lateral to the ridge in some (as illustrated in Fig. 6; e.g.,
CM 17504) and medial in others (e.g., CM 10227).

A large, oval aperture, wider than high, penetrates the
posterior aspect of the pars cochlearis (“acf” in Fig. 6A).
Recessed within this aperture, and hidden in ventral view,
is a thin ridge representing the point of attachment for the
secondary tympanic membrane, which marks the location
of the round window or fenestra cochleae (Hellstrom et al.

1988). The aperture in the surface of the pars cochlearis
leading to the fenestra cochleae is the aperture of the co-
chlear fossula (sensu MacPhee 1981). In the intact cranium,
the aperture points posterolaterally (Fig. 1). Posterior to the
aperture of the cochlear fossula is a low, rounded, curved
ridge on the pars canalicularis, which forms the posterior
wall of a recess, the cochlear fossula (“cf” in Fig. 6A). Fol-
lowing MacPhee (1981), we identify this ridge as part of
the caudal tympanic process (“1”” and “2” on purple in Fig.
5B; “ctpl&2” in Fig. 6A). A well-developed groove for
the proximal stapedial artery crosses the posterior aspect
of the pars cochlearis immediately in front of the aperture
of the cochlear fossula (“psg” in Fig. 6A), although in at
least one specimen (CM 10227) the groove is positioned
such that the artery crosses the ventromedial face of the
cochlear fossula aperture. The proximal stapedial groove
begins posterior to the rostral tympanic process and curves
anteromedially towards a large oval opening, the oval
window or fenestra vestibuli for the footplate of the sta-
pes (“tv” in Fig. 6A), into the posterolateral aspect of the
pars cochlearis. The stapedial ratio (of Segall 1970; ratio
of length to width of the oval window) for the right fenes-
tra vestibuli of the petrosal in Figure 6 is 1.55; Wysocki
(2008) provided length and width measures that produce
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Fig. 5.—Right petrosals in ventral view illustrating outgrowths into the floor and roof of the middle ear. A, a hypothetical fetal placental (modified from
MacPhee 1981: figs. 2-3); B, adult Rattus norvegicus, CM teaching collection. The epitympanic wing (red) grows into the middle ear roof and the rostral
tympanic process (blue) and caudal tympanic process (purple) grow into the middle ear floor. The caudal tympanic process has three parts: 1, medial; 2,
lateral, and medial to the stapedius muscle origin (*); and 3, lateral, and lateral to the stapedius muscle origin (*). Abbreviations: acf, aperture of cochlear
fossula; fv, fenestra vestibuli; pea, pars canalicularis; pco, pars cochlearis; th, tympanohyal; tt, tegmen tympani.

a stapedial ratio of 1.76. The fenestra vestibuli is angled
such that it is directed posterolateroventrally; its poste-
rior half is recessed within a shallow vestibular fossula.
Separating the oval and round windows is a broad bar of
bone on the rear of the promontorium, the crista interfenes-
tralis (“ci” in Fig. 6A).

For descriptive purposes, we divide the pars canalicu-
laris into two parts based on their position to the promon-
torium: one posterolateral and the other anterolateral. In
the lateral corner where these two parts meet is a promi-
nent process with a knob-like ventral end, the paroccipi-
tal process (“pp” in Fig. 6A; mastoid process of Wahlert
1974). In the intact cranium, the anterolateral surface of
the paroccipital process abuts the posttympanic process of
the squamosal (Figs. 1-2). The medial surface of the par-
occipital process has a groove that represents the posterior
terminus of the facial sulcus (“fs” in Fig. 6A) transmitting
the facial nerve (“fn” in Fig. 6C).

The posterolateral part of the pars canalicularis has a
high rear wall formed by a sharp crest that stretches be-
tween the paroccipital process laterally and the paracon-
dylar process of the exoccipital medially (“3” on purple in
Fig. 5B; “ctp3” in Fig. 6A). In situ in the cranium in lateral
view, the medial end of this crest abutting the paracondylar
process projects farther ventrally than the lateral end (Fig.

2). Although the rear surface of the ectotympanic bulla ap-
proximates this crest, there is no contact. With an origin at
the paroccipital process, this crest represents a part of the
caudal tympanic process (primarily the lateral section situ-
ated lateral to the stapedius fossa of MacPhee 1981; Fig.
5). Situated deep within the space between the lateral half
of this crest and the promontorium is an obliquely-orient-
ed, oval depression wider than long, the stapedius fossa for
the origin of the stapedius muscle (Berge and Wirtz 1989b;
“sf” in Fig. 6A). This fossa is larger in area than the fe-
nestra vestibuli. Contained within the rim of the stapedius
fossa is the lateral semicircular canal (“Isc” in Fig. 4C).
Medial to the stapedius fossa and in the plane between
that of the fossa and paroccipital process is the cochlear
fossula described above (Fig. 6A). The curved, rounded
ridge forming the rear wall of the cochlear fossula, parts
of the caudal tympanic process mentioned above, attaches
to the promontorium on either side of the aperture of the
cochlear fossula. The ventral surface of this ridge abuts the
ectotympanic bulla (“5” in Fig. 6B) enclosing the cochlear
fossula within the middle ear whereas the narrow space
posterior to it is extratympanic.

The anterolateral part of the pars canalicularis is domi-
nated by the tegmen tympani (“tt” in Figs. 4A, 5B, 6A),
a large, oval, bowl-like structure, longer than wide, with
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a footprint roughly comparable to the promontorium. The
tegmen tympani tapers anteriorly and projects ventrally,
nearly to the same extent as the paroccipital process. The
ventral surface of the tegmen tympani can be divided into
posteromedial and anterolateral parts. The posteromedial
part forms the roof over the malleus and incus (“m” and
“i,” respectively in Fig. 7B) and the anterolateral part con-
tacts the anterior crus of the ectotympanic bulla (“3” in Fig.
6B; “ac” in Fig. 7A). The space over the mallear-incudal
articulation is the epitympanic recess (sensu Klaauw 1931;
“er” in Figs. 6A, 7B) and the crus breve or short process of
the incus (“cb” in Fig. 7C) sits in a small depression, the
fossa incudis (“fi” in Fig. 6A), posterior to and continuous
with the epitympanic recess.

The medial and lateral walls of the tegmen tympani are
formed by crests that originate posteriorly at the paroccipi-
tal process. In the intact cranium, the sharp lateral crest of
the tegmen tympani approximates the squamosal (Fig. 1),
but is only tightly held to the squamosal just anterior to
the posttympanic process (“sqf” in Fig. 6B). The round-
ed medial crest is the crista parotica (“cp” in Fig. 6A), to
which is attached the tympanohyal (“th” in Fig. 6B), the
most proximal segment of the hyoid apparatus. In the left
petrosal illustrated in Figure 6A, the tympanohyal is bro-
ken, exposing the facial sulcus (“fs” in Fig. 6A), which
transmits the facial nerve posteriorly to the stylomastoid
foramen between the petrosal and ectotympanic (Fig. 2)
and then onto a groove on the paroccipital process (Figs.
6A, C). The tympanohyal is reconstructed on the left pe-
trosal in Figures 6B—C, based on the intact one on the right
petrosal of the same specimen. The tympanohyal is a tri-
angular prong directed posteromedially and is contacted
on its ventral surface by the posterior crus of the ectotym-
panic (“4” in Fig. 6B; “pc” in Fig. 7A). The crista parotica
nearly encloses the facial sulcus in a canal (Fig. 6A), but
there is a gap in the medial surface of the crista up to the
level of the anterior margin of the fenestra vestibuli (see
Fig. 5B). It is through this gap that the distal stapedial ar-
tery enters a common canal with the facial nerve (Fig. 6C).
Anterior to the level of the fenestra vestibuli, the crista par-
otica divides into medial and lateral branches (Fig. 6A).
The medial branch joins the promontorium, delimiting the
fenestra vestibuli from the tensor tympani fossa and the
lateral branch joins the low ridge on the epitympanic wing,
separating the tensor tympani fossa from the ectotympan-
ic contact (“2” in Fig. 6B). Both the medial and lateral
branches contribute to the wall delimiting the rear of the
tensor tympani fossa.

Dorsal view.—In a direct dorsal view of the petrosal as it
sits in the cranium, the tall crista petrosa divides the bone
into dorsolateral and ventromedial surfaces (Fig. 8A). The
concave dorsolateral surface lies in the floor of the mid-
dle cranial fossa and accommodates the cerebrum (“cs”
in Fig. 8A); the ventromedial surface lies in the floor of
the caudal cranial fossa and includes the internal acoustic
meatus anteriorly (which includes two openings described
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below, “fas” and “fai” in Fig. 8 A) and the subarcuate fossa
posteriorly (“saf” in Fig. 8A). The crista petrosa extends
the length of the pars canalicularis and pars cochlearis
and overhangs the latter anteriorly (Figs. 1, 3); attached
to the crista petrosa in life is the tentorium cerebelli
(Greene 1935). The anterior portion of the crista petrosa is
deflected medially to create a broad trigeminal sulcus on
its medial aspect (“trs” in Figs. 3, 6A) for the sensory
and motor roots of the trigeminal nerve, cranial nerve V
(Greene 1935). On the dorsal aspect of the anterior portion
of the crista petrosa is a vascular sulcus that held the supe-
rior petrosal sinus, which ran in the fold of the tentorium
(Greene 1935; Wysoki 2008; “spss” in Fig. 9A; “sps” in
Fig. 9C); this sulcus is not present in all specimens (Fig.
10). The rear of the crista petrosa has a small prong di-
rected anterolaterally (“x” in Fig. 9A) in some specimens,
but this is wholly lacking in others (Figs. 8, 10). There is
a notch between this prong and the crista petrosa that we
interpret as transmitting the superior petrosal sinus (Fig.
9C). The cerebral surface is formed by the crista petrosa
medially and the tegmen tympani laterally. At the anterior
edge of the cerebral surface is a large, anteriorly directed
foramen transmitting the distal stapedial artery from the
petrosal (“dsf” in Figs. 8A, 10).

Features in the caudal cranial fossa are better seen in an
oblique dorsomedial view (Fig. 9). The internal acoustic
meatus (“iam” in Fig. 9B) in the pars cochlearis is shal-
low with the contained openings and transverse crest (“tc”
in Fig. 9A) weakly recessed from the dorsal surface. The
thin transverse crest divides the meatus into ventromedial
and dorsolateral parts. In the ventromedial part, the fora-
men acusticum inferius, the major occupant is the cochlear
nerve, which coils anteroventrally in the spiral cribriform
tract (“sct” in Fig. 9A). At the top of the spiral cribriform
tract, medial to the transverse crest is a small, slit-like
opening, the foramen singulare (“fsi” in Fig. 9A), trans-
mitting the nerve to the posterior ampulla. Posteromedial
to the foramen singulare in the rear of the foramen acus-
ticum inferius is the inferior vestibular area (not visible
in the figures), a small cribriform depression transmitting
branches of the vestibular nerve. The dorsolateral part of
the internal acoustic meatus, the foramen acusticum su-
perius, has a larger anterior opening, the facial canal (“fc”
in Fig. 9A), transmitting the facial nerve into the substance
of the petrosal, and a smaller, posterior cribriform depres-
sion, the superior vestibular area (“sva” in Fig. 9A), for
additional branches of the vestibular nerve.

Posterodorsolateral to the internal acoustic meatus in
the pars canalicularis is the large, oval (wider than tall) os-
tium of the subarcuate fossa for the petrosal lobe (parafloc-
culus) of the cerebellum. The ostium is narrower than the
contained fossa, with the width of the ostium comparable
to the depth of the fossa. In the cranium, the ostium faces
anterodorsomedially (Figs. 3, 8A). Forming much of the
rim of the ostium is the gyrus of the anterior semicircular
canal (Figs. 8B—C). Posterodorsal to and running parallel
to the gyrus of the anterior semicircular canal is a vascular



10

ANNALS OF CARNEGIE MUSEUM VoL. 86

Z
2
E
=
Z
Z
=
E

er
cp
fi

ips
ica

pp

acf

ctp3 ctp1&2

2 mm

Fig. 6—Rattus norvegicus, CM teaching collection, right petrosal in ventral view as positioned in the cranium, anterior to the top of the page. A, tone
drawing; B, line drawing with dark grey indicating contacts with the ectotympanic (numbers 1-5 correspond to surfaces on the ectotympanic in Figure
17) and squamosal; and C, line drawing with major neurovascular structures (after Tandler 1899; Greene 1935; Guthrie 1963; Butler 1967; Wible 1984;
Szab6 1990, 1995; CM 17504). In A, the tympanohyal was broken with the removal of the ectotympanic bulla, with the break indicated by dotted line; in
B and C, the tympanohyal is reconstructed based on the left petrosal of the same specimen. Abbreviations: acf, aperture of cochlear fossula; cf, cochlear
fossula; ci, crista interfenestralis; cp, crista parotica; erp, crista petrosa; ctn, chorda tympani nerve; ctpl&2, part 1 and 2 of caudal tympanic process (see
Fig. 5B); ctp3, part 3 of caudal tympanic process (see Fig. 5B); dsa, distal stapedial artery; er, epitympanic recess; ew, epitympanic wing; fi, fossa incu-
dis; fn, facial nerve; fs, facial sulcus; fv, fenestra vestibuli; gpn, greater petrosal nerve; hF, hiatus Fallopii; ica, internal carotid artery; icn, internal carotid
nerve; ijv, internal jugular vein; ips, inferior petrosal sinus; pgv, postglenoid vein; pp, paroccipital process; pr, promontorium; psa, proximal stapedial
artery; psg, proximal stapedial artery groove; ri, ramus inferior; rp, ramus posterior; rs, ramus superior; rtp, rostral tympanic process; sf, stapedius
fossa; sqf, squamosal facet; ss, sigmoid sinus; th, tympanohyal; trs, trigeminal sulcus; tt, tegmen tympani; ttf, tensor tympani fossa; vv, vertebral vein.
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Fig. 7.—Rattus norvegicus, TMM M-2272, isosurface rendered from CT data of left ear region in ventral view, tilted medially to visualize the auditory
ossicles, anterior to the top of the page. Although shown as separate structures, the rostral process of malleus is fused to the anterior crus of the ectotym-
panic at the Glaserian fissure, and the tympanohyal is fused to the posterior crus of the ectotympanic. A, petrosal (light blue) with ectotympanic (grey),
malleus (red), and incus (dark blue) in place; B, with ectotympanic removed to expose petrosal and auditory ossicles (stapes in green); and C, auditory
ossicles alone. Abbreviations: ac, anterior crus of ectotympanic; ¢b, crus breve of incus; cl, crus longum of incus; e, ectotympanic; er, epitympanic
recess; Gf, Glaserian fissure; i, incus; m, malleus; me, mastoid exposure; mn, manubrium of malleus; pe, posterior crus of ectotympanic; pp, paroc-
cipital process; pr, promontorium; rpm, rostral process of malleus (detached from its fusion to ectotympanic); s, stapes; smf, stylomstoid foramen; sp,

styliform process; th, tympanohyal; tt, tegmen tympani.

sulcus for the sigmoid sinus (Butler 1967; “sss” in Fig. 9A;
“ss” in Fig. 9C); CM 29584 has only the faintest indica-
tion of the sigmoid sinus sulcus (Fig. 10). Near the medial
margin of the subarcuate fossa, the sulcus for the sigmoid
sinus sends another sulcus posteriorly (“oevs” in Figs.
9A, 10B) and as it approaches the rear of the petrosal this
sulcus is nearly fully enclosed in a canal in that bone; this
transmits the occipital emissary vein (“oev” in Fig. 9C)
to the mastoid foramen in the suture between the petrosal
and supraoccipital (Figs. 2-3). The shelf of pars canalicu-
laris posterior to the sulcus for the sigmoid sinus contacts
the supraoccipital in the intact cranium (“sof” in Fig. 9B).
The column of bone medial to the subarcuate fossa ostium
contains the crus commune, formed where the anterior
and posterior semicircular canals join (Fig. 8). The medial
aspect of the bony column has a slit-like opening for the
endolymphatic duct (“end” in Fig. 8C), the vestibular ag-
ueduct (“va” in Figs. 8A, 9A, 10B). A sharp spine marks
the entrance to the aqueduct in some specimens (Figs. 8A,
10B).

Lateral view.—In lateral view of the skull (Fig. 2), the
petrosal is exposed in three areas: from anterior to poste-
rior, in the piriform fenestra, in the middle ear, and on the
posterolateral braincase. Overlying and laterally obscuring
the petrosal between these exposed parts are the ectotym-
panic, the auditory ossicles, the posttympanic process of
the squamosal, and the supraoccipital’s contribution to the
ventral end of the nuchal crest. Viewing the isolated petro-
sal (Fig. 11B), it is the tegmen tympani that is visible in the
piriform fenestra, the pars cochlearis in the middle ear, and
the main pars canalicularis on the posterolateral braincase
as the mastoid exposure (“me” in Fig. 11A). Although the
ectotympanic is illustrated as fully distinct from the petro-
sal in Figures 7A and 11A, the posterior crus is fused to the
pars canalicularis in the vicinity of the paroccipital process
and tympanohyal (Fig. 12), even in juveniles with the M3
erupting (e.g., CM 493). Because of this fusion, removal of
the ectotympanic results in breakage on the tympanohyal
(Fig. 6A) and/or posterior crus (Fig. 1).

In the oblique anterolateral view in Figure 13, the an-
terior half of the petrosal is dominated by the large sur-
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Fig. 8. —Rattus norvegicus, TMM M-2272, isosurface rendered from CT data of left petrosal and inner ear in dorsal view as positioned in the cranium,
anterior to the top of the page. A, petrosal; B, transparent petrosal (light blue) showing inner ear (gold); C, inner ear. Abbreviations: aa, anterior am-
pulla; ase, anterior semicircular canal; co, cochlea; ere, crus commune; crp, crista petrosa; cs, cerebral surface; dsf, distal stapedial artery foramen; end,
endolymphatic duct; fai, foramen acusticum inferius; fas, foramen acusticum superius; Isc, lateral semicircular canal; pea, pars canalicularis; peo, pars
cochlearis; pld, perilymphatic duct; pse, posterior semicircular canal; saf, subarcuate fossa; tt, tegmen tympani; v, vestibule; va, vestibular aqueduct.

face contacting the cerebrum. In this figured specimen,
the cerebral surface is rough with many small longitudinal
ridges, but in others (e.g., CM 29584, TTM M-2272) this
surface is smooth (Figs. 8A, 10). The superior petrosal si-
nus runs in the variably present longitudinal sulcus at the
top of the cerebral surface (Greene 1935; Wysoki 2008;
Figs. 13A, C), and the sharp crista petrosa above that sul-
cus delimits the medial boundary of the cerebral surface.
The crista petrosa increases in height posteriorly to its
high point on the pars canalicularis. From there, a much
lower crest descends sharply anterolaterally onto the dor-
sal aspect of the tegmen tympani and delimits the lateral
boundary of the cerebral surface. At the apex of this crest
is the variably present prong (“x” in Fig. 13A) described
above. On the lateral surface of this crest is a sulcus for the
postglenoid vein (“pgvs” in Fig. 13A; “pgv” in Fig. 13C),
which can be followed posterodorsally where it intersects
with the sulcus for the sigmoid sinus. Some specimens
(e.g., CM 29584, TTM M-2272) have a well-developed
foramen within the postglenoid vein sulcus (“vf” in Figs.
11A, 12B), which is lacking in others (Fig. 13A). Based
on the CT scans of TTM M-2272, the foramen ends in the
substance of the pars canalicularis and likely transmitted

a vein given its relationship to the postglenoid vein. Pos-
terior to the postglenoid vein sulcus is the quadrangular-
shaped facet for the squamosal bone (“sqf” in Fig. 13B).
Between the cerebral surface and the promontorium, the
foramen transmitting the distal stapedial artery from the
petrosal is barely visible in the figured specimen (“dsf”
in Fig. 13A). However, in others (e.g., CM 29584, TTM
M-2272), this foramen opens within the cerebral surface
(Figs. 8A, 10).

Medial view.—The petrosal in situ in the skull is shown
in medial view in Figure 3, whereas the isolated bone is
illustrated in an oblique dorsomedial view in Figure 14B.
With the ectotympanic in place (Fig. 14A), two conduits
into the posterior aspect of the middle ear are discernible.
The more posterior conduit (not labeled in Fig. 14A) is
between the part of the caudal tympanic process abutting
the paracondylar process of the exoccipital (“ctp3” in Fig.
14A) and the ectotympanic. We have not found named
structures passing through this conduit in the rodent litera-
ture; however, in other mammals, this represents the pas-
sageway for the auricular branch of the vagus nerve and,
therefore, represents the mastoid canaliculus (MacPhee
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Fig. 9.—Rattus norvegicus, CM teaching collection, right petrosal in oblique dorsomedial view, anterior to the top of the page. A, tone drawing; B, line
drawing with dark grey indicating contacts with supraoccipital dorsally and exoccipital medially; C, line drawing with major veins (after Greene 1935;
Butler 1967; Szabo 1990, 1995). In A, the bone around the vestibular aqueduct was broken, with the break indicated by dotted line; in B and C, the bone
hiding the vestibular aqueduct aperture is reconstructed based on the left petrosal of the same specimen. Abbreviations: crp, crista petrosa; cs, cerebral
surface; eof, exoccipital facet; fe, facial canal; fsi, foramen singular; iam, internal acoustic meatus; ijv, internal jugular vein; ips, inferior petrosal sinus;
oev, occipital emissary vein; oevs, occipital emissary vein sulcus; pea, pars canalicularis; pco, pars cochlearis; pgv, postglenoid vein; pgvs, postglenoid
vein sulcus; saf, subarcuate fossa; sct, spiral cribriform tract; sof, supraoccipital facet; sps, superior petrosal sinus; spss, superior petrosal sinus sulcus;
ss, sigmoid sinus; sss, sigmoid sinus sulcus; sva, superior vestibular area; tc, transverse crest; ts, transverse sinus; tt, tegmen tympani; va, vestibular
aqueduct; vv, vertebral vein; x, anterolaterally directed prong from crista petrosa.
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Fig. 10.—Rattus norvegicus, CM 29584, right petrosal and ectotympanic in oblique dorsolateral view, anterior to the top of the page. A, drawing on
photo; B, line drawing. Abbreviations: ats, auditory tube sulcus; erp, crista petrosa; cs, cerebral surface; dsf, distal stapedial artery foramen; dsg, distal
stapedial artery groove; e, ectotympanic; fai, foramen acusticum inferius; mte, musculotubal canal; oevs, occipital emissary vein sulcus; pgvs, postgle-
noid vein sulcus; saf, subarcuate fossa; te, transverse crest; tt, tegmen tympani; va, vestibular aqueduct.

1981; Wible and Spaulding 2013). The anterior conduit
into the middle ear is the foramen between the pars cochle-
aris and ectotympanic transmitting the proximal stapedial
artery onto the promontorium (“psf” in Fig. 14A). Dorsal
to the foramen for the proximal stapedial artery is a smaller
opening into the pars cochlearis, the cochlear canaliculus
for the perilympatic duct (“coc” in Fig. 14A). Although the
cochlear canaliculus is recessed dorsally from the ventral
surface of the pars cochlearis, it is visible through the jugu-
lar foramen in the skull (e.g., CM 10227).

There is a large opening in the medial aspect of the pars
canalicularis that we have not found reference to in the
rodent literature. It opens through the medial wall of the
subarcuate fossa and we call here the subarcuate fenestra

(“sfe” in Fig. 14A). As is apparent from the transparent
petrosal in Figure 14B, the subarcuate fenestra passes
through the middle of the arc of the posterior semicircular
canal. With the petrosal in situ in the skull, the subarcu-
ate fenestra faces the exoccipital but is not firmly pressed
against that bone. All specimens in which we were able to
visualize this area have a fenestra (e.g., CM 10227, 29584)
but it is variable in size and shape. McClure and Daron
(1971) studied the development of the subarcuate fossa in
the King-Holtzman strain of laboratory rats. In the adults
they found no similar perforation, but in this position in
embryos (i.e., within the arc of the posterior semicircular
canal), they reported a cord of loose, vascularized connec-
tive tissue, with the vascular elements draining into the
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Fig. 11.—Rattus norvegicus, TMM M-2272, isosurface rendered from CT data of left ear region in lateral view as positioned in the cranium, anterior to
the left. As noted with Figure 7, the rostral process of the malleus is fused to the anterior crus of the ectotympanic and the tympanohyal is fused to the
posterior crus of the ectotympanic. A, petrosal (light blue), ectotympanic (grey), malleus (red), and incus (dark blue); B, transparent petrosal (light blue)
showing inner ear (gold); C, inner ear. Abbreviations: ac, anterior crus of ectotympanic; ase, anterior semicircular canal; ¢fz, chordaforsatz; co, cochlea;
cre, crus commune; e, ectotympanic; er, epitympanic recess; fco, fenestra cochleae; fv, fenestra vestibuli; pgvs, postglenoid vein sulcus; i, incus; Isc,
lateral semicircular canal; m, malleus; me, mastoid exposure; mf, mastoid foramen; mtc, musculotubal canal; pe, posterior crus of ectotympanic; pca,
pars canalicularis; pco, pars cochlearis; pp, paroccipital process of petrosal; pse, posterior semicircular canal; rpm, rostral process of malleus (fused to

ectotympanic); th, tympanohyal; tt, tegmen tympani; vf, venous foramen.

sigmoid sinus. Although this vascular connection disap-
peared in later ontogenetic stages and its “aperture” ulti-
mately ossified, it did so later than the surrounding bone.
Based on the observations of McClure and Daron (1971),
we suggest that the subarcuate fenestra in our sample results
from a failure to fully ossify this area and that it is closed
by a connective tissue membrane and does not transmit
structures.

Also visible in this oblique dorsomedial view is a lon-
gitudinal vascular sulcus on the medial aspect of the pars
cochlearis (“ipss” in Fig. 14A). This transmits the inferior
petrosal sinus (Greene 1935; “ips” in Fig. 6C) from the
cavernous sinus around the hypophysis to the internal jug-
ular vein. This sulcus is not visible in direct medial view in
the skull because it faces the basioccipital (Fig. 3).

Ectotympanic, Malleus, Incus, and Stapes

The paired ectotympanics (tympanics of Greene 1935) pro-
vide attachment for the tympanic membranes and form the
floors of the middle ears and partial floors for the external
ears. The paired mallei articulate with the incudes, attach to
the tympanic membranes, and are fused to the ectotympan-

ics through their rostral processes. The paired incudes ar-
ticulate with the stapes, which in turn occupy the fenestrae
vestibuli of the pars cochlearis. Because of the intimate
relationship between these bones, we consider them to-
gether here. Mason (2001: appendix and references there-
in) recorded measurements of these bones in R. norvegi-
cus, including mass of the stapes (0.090 mg) and combined
mass of the malleus + incus (1.468 mg), the malleus and
incus lever arms (2.13 mm and 0.88 mm, respectively) and
their ratio (2.42), and the area of the stapedial footplate
(0.356 mm?2) and pars tensa of the tympanum (7.83 mm?).
Lavender et al. (2011: table 1) recorded the moment of in-
ertia of the malleus (0.170 mg mm?) and incus (1.377 mg
mm?2).

In early ontogenetic stages, the rat malleus has a well-
developed rostral process situated adjacent to the anterior
crus of the ectotympanic and forming from a separate in-
tramembranous ossification, the goniale (Youssef 1966),
that fuses to the malleus in later stages (“rpm” in 14-day-
old mouse in Fig. 15A; Anthwal et al. 2013). However, the
adult rat malleus (in red in Fig. 15B) is usually shown with
a reduced rostral process (e.g., Albuquerque et al. 2009:
fig. 4B; Salih et al. 2012: fig. 1d; Maynard and Downes
2019: fig. 23.3), which is reported to articulate with the
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Fig. 12.—Rattus norvegicus, CM 29584, right petrosal, ectotympanic, and auditory ossicles in lateral view as positioned in the cranium, anterior to
the right. A, photograph; B, line drawing. Abbreviations: ac, anterior crus of ectotympanic; cfz, chordaforsatz; cp, crista parotica; crp, crista petrosa;
cty, crista tympanica; e, ectotympanic; i, incus; Ip, lateral process of malleus; me, mastoid exposure; oevs, occipital emissary vein sulcus; pe, posterior
crus of ectotympanic; pgvs, postglenoid vein sulcus; pp, paroccipital process of petrosal; rpm, rostral process of malleus (fused to ectotympanic); smf,
stylomastoid foramen; sqf, squamosal facet; tt, tegmen tympani; vf, venous foramen.

ectotympanic (Hellstrom et al. 1982:350). In contrast,
Fleischer (1973: fig. 31) illustrated an elongate rostral
process in Rattus rattus (Linnaeus, 1758) and reported it
as “fused firmly with the tympanic” (Fleischer 1978: 51),
characteristic of his microtype ossicle category (versus
freely mobile; see also Lavender et al. 2011; Mason 2015).

In our study, we encountered juvenile brown rat speci-
mens that confirm Fleischer’s claim, i.e., having an elon-
gate rostral process that is set off from the ectotympanic
by sutures (e.g., CM 493, 21415). In contrast, in adults the
rostral process and ectotympanic are seamlessly fused. To
illustrate the relationship between the rostral process and
the ectotympanic, a dorsal view is best, which requires that
the petrosal and ectotympanic be isolated from the skull.
The CM holdings of brown rat juveniles contained no such
examples, but we found several suitable juveniles of the
black rat, Rattus rattus, one of which is illustrated in Fig-
ure 16 (CM 101347). Its rostral process is a spoon-shaped
bony lamina (Fig. 15B) dorsal to the anterior crus of the
ectotympanic (Fig. 16). The bowl of the spoon is flat with
a slightly raised lateral lip and is partially fused to the ec-
totympanic along its posteromedial border. Overlying and
obscuring the proximal part of the bowl and the handle of
the spoon is the tegmen tympani. Continuity between the

part of the malleus in the middle ear and the extratympanic
part dorsal to the tegmen tympani is via the Glaserian fis-
sure (“Gf” in Fig. 7A), which transmits the chorda tympani
nerve from the middle ear in mammals (Klaauw 1931). Be-
tween the anterior tip of the tegmen tympani and the rostral
process is a narrow gap that represents the rostral continu-
ation of the Glaserian fissure (Fig. 16).

For the adult brown rat, an isolated right ectotympanic
is illustrated in two views in Figure 17, a left ectotympanic
in contact with the petrosal is shown in Figures 7A, 11A,
and 14A, and a right ectotympanic in situ in the skull is
shown in Figures 1-3. In all of these adults, the ectotym-
panic is fused to the rostral process of the malleus, that is,
the bowl and the adjacent part of the handle of the spoon.
In CM 10227 and TTM M-2272, the rostral process is con-
tinuous with the rest of the malleus (the different colors
applied to the ectotympanic and malleus in Figs. 7A and
11A masks this continuity), whereas in the CM teaching
collection brown rat (Fig. 17), the rostral process has been
isolated from the rest of the malleus through breakage.
In its embryonic form, the rat ectotympanic is a simple
U-shaped rod with a very broad gap between the crurae,
the tympanic incisure, directed posterolaterally (Youssef
1966). This dramatically changes by the adult with the ec-
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pgv

Fig. 13.—Rattus norvegicus, CM teaching collection, right petrosal in oblique lateral view, anterior to the right. A, tone drawing; B, line drawing with
dark grey indicating contacts with supraoccipital and squamosal; C, line drawing with major veins (after Butler 1967; Szabo 1990, 1995). Abbrevia-
tions: crp, crista petrosa; cs, cerebral surface; dsf, distal stapedial artery foramen; pco, pars cochlearis; pgv, postglenoid vein; pgvs, postglenoid vein
sulcus; pp, paroccipital process; pr, promontorium; rtp, rostral tympanic process; saf, subarcuate fossa; sof, supraoccipital facet; sps, superior petrosal
sinus; spss, superior petrosal sinus sulcus; sqf, squamosal facet; ss, sigmoid sinus; sss, sigmoid sinus sulcus; ts, transverse sinus; tt, tegmen tympani; x,

anterolaterally directed prong from crista petrosa.

totympanic shaped like a bowl with conduits for structures
gaining access to the middle ear, with prominences and
facets contacting the tympanic surface of the petrosal, and
with a reduced tympanic incisure (“ti” in Fig. 17A).

In dorsal view (Fig. 17A), the ectotympanic’s five sepa-
rate areas of contact with the petrosal are all visible. The
largest (“1” in Fig. 17A) on the medial side is slightly con-
vex and contacts the concave surface of the rostral tympanic

process (Fig. 6B). A distinct lip is present on its extratym-
panic margins. It is flanked posteriorly by a deep groove
for the proximal stapedial artery, marking that vessel’s
entrance into the middle ear between the ectotympanic and
petrosal near the jugular foramen (Figs. 1, 14A), and ante-
riorly by the large musculotubal canal for the auditory tube
(“mtc” in Figs. 14A, 16—-17), which is roofed dorsally by
the styliform process. The auditory tube opening is oval
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Fig. 14.—Rattus norvegicus, TMM M-2272, isosurface rendered from CT data of left ear region in oblique medial view, anterior to the right. A, petrosal
(light blue) and ectotympanic (gray); B, transparent petrosal (light blue) showing inner ear (gold); C, inner ear. Abbreviations: asc, anterior semicircular
canal; ¢g, carotid groove; co, cochlea; coc, cochlear canaliculus; cre, crus commune; erp, crista petrosa; ctp3, part 3 of caudal tympanic process (see Fig.
5B); e, ectotympanic; end, endolymphatic duct; fc, facial canal; ipss, inferior petrosal sinus sulcus; Isc, lateral semicircular canal; mte, musculotubal
canal; pea, pars canalicularis; pco, pars cochlearis; pld, perilymphatic duct; psc, posterior semicircular canal; psf, proximal stapedial artery foramen;
rtp, rostral tympanic process of petrosal; saf, subarcuate fossa; sfe, subarcuate fenestra; sp, styliform process; sva, superior vestibular area; trs, trigemi-

nal sulcus; v, vestibule; va, vestibular aqueduct.

(wider than high) and primarily formed by the ectotym-
panic, with only a small contribution dorsally from the
pars cochlearis. Lateral to the auditory tube opening, on
the anterior crus, is the next largest contact area (“2” in
Fig. 17A), which is strongly convex and fits into the con-
cave depression on the epitympanic wing of the petrosal
(Fig. 6B). It is flanked anteromedially by the sulcus for the
greater petrosal nerve (“gpns” in Fig. 17A), which runs for-
ward from the hiatus Fallopii (Fig. 6A), and posteriorly by
the narrow Glaserian fissure for the chorda tympani nerve
(“Gf”in Fig. 17A). Posterior to the Glaserian fissure, on the
distalmost anterior crus is an irregular convex surface (“3”
in Fig. 17A), which contacts the anterolateral aspect of the
tegmen tympani’s ventral surface and forms the lateral wall
of the epitympanic recess and fossa incudis (Fig. 6B). The
posterolateral aspect of this irregular surface has a minor
contact with the medial aspect of the posttympanic process
of the squamosal (Fig. 2). The remaining two smaller con-
tact surfaces are on the posterior crus. The medial one is
a narrow, curved convex surface (“5” in Fig. 17A) abut-
ting the part of the caudal tympanic process posterior to the
cochlear fossula (Fig. 6B). Lateral to it, at the distalmost
posterior crus (“4” in Fig. 17A) is the irregular surface that
fuses to the tympanohyal (Fig. 6B) and, therefore, is usu-
ally broken in isolated ecotympanics. Between these two

contact surfaces is a broad sulcus transmitting the facial
nerve from the middle ear (“fs” in Fig. 17A), which marks
the position of the stylomastoid foramen in the skull (Figs.
2, 7A). In the medial wall of the facial sulcus (hidden by
contact area 5 in Fig. 17A) is a small foramen that transmits
the chorda tympani nerve from its origin on the facial nerve
into the middle ear (“fct” in Fig. 17A).

Part of the intrabullar surface of the ectotympanic is
visible in dorsal view. Extending from contact area 3 on
the anterior crus to near the end of the posterior crus is
the prominent crista tympanica (“cty” in Fig. 17A), which
forms the internal wall of the sulcus tympanicus (“sty” in
Fig. 17A), the site of attachment for the tympanum. Exter-
nal to the sulcus tympanicus is the floor of the recessus me-
atus (“rem” in Fig. 17A; recessus meatus acustici externi
of Klaauw 1931), the part of the bulla that floors part of
the membranous external acoustic meatus. The incorpora-
tion of the recessus meatus into the bulla results from the
oblique orientation of the tympanum, which as measured
in the CT scans is 70° from the horizontal.

In ventral view (Fig. 1), the part of the bulla flooring
the middle ear is reniform with thinner, translucent bone.
Marking its lateral boundary is a thicker, curved line in-
dicating the crista tympanica (“cty” in Fig. 1). Lateral to
the position of the crista tympanica is the part of the bulla
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Fig. 15.—Left auditory ossicles, isosurfaces rendered from CT data in oblique ventrolateral view, anterior to the left. A, 14 day-postnatal mouse (modi-
fied from Anthwal et al. 2013: fig. 1D; no scale provided); B, Rattus norvegicus, TMM M-2272 (for scale, see Fig. 18). In B, the dark red part of the
malleus is as the bone is figured in, for example, Albuquerque et al. (2009: fig. 4B) and Salih et al. (2012: fig. 1d); the elongate rostral process is re-
constructed in light red based on that structure in juveniles (e.g., CM 101347), with the proportions fit to the adult. Abbreviations: cac, capitular crest;
cas, capitular spine; cb, crus breve; cl, crus longum; ils, interlamellar sulcus; Ip, lateral process of malleus; mm, membrane margin of manubrium; mn,
manubrium; oa, orbicularis apophysis; ol, osseous lamina; ola, outer lamella; rpm, rostral process of malleus; s, stapes.

flooring the recessus meatus. Its lateral margin has some
slight lipping that represents the floor to the proximal part
of the cylindrical external meatus. The ectotympanic is
much broader across the anterior crus than the posterior
crus (Fig. 7A). Both crurae are narrow at their distal ends,
but the anterior crus has a prominent boss extending lateral
to the plane of the tegmen tympani (“ac” label is on this
boss in Fig. 7A). The narrow tympanic incisure is roofed
entirely by the pars canalicularis anterior to the paroccipi-
tal process. Two variable processes are found along the
anterior margin of the bulla. At the anteromedial corner
is the styliform process of the ectotympanic (“sp” in Fig.
17; muscular process of Popesko et al. 1992), which floors
the auditory tube. This variably is sharply pointed (Fig.
7A), more rounded (Fig. 17), or irregular (Fig. 1). At the
anterolateral corner is the terminus of the rostral process of
the malleus, which as noted above is fused to the ectotym-
panic in the adult. This may be gently rounded and not pro-
truding far from the adjacent ectotympanic (“rpm” in Figs.
12B, 17B), a short sharp spine (“rpm” in Figs. 7A, 11A), or
an elongate sharp spine extending into the piriform fenes-
tra (“rpm” in Fig. 1). Medial to the distal end of the rostral
process is the groove in the ectotympanic transmitting the
distal stapedial artery after it leaves the middle ear (“dsg”
in Figs. 16, 17B).

A last outgrowth on the bulla to consider is the chorda-
forsatz, a structure reported in various mammals related
to the course of the chorda tympani nerve in the middle
ear (Bondy 1907; Klaauw 1923, 1931). In the brown rat,
the chordafortsatz (‘fortsatz’ is German for ‘process’) is a
short, thin shelf reaching anteriorly from the distal end of
the posterior crus (“cfz” in Figs. 11A, 12B, 17B) towards
the malleus, near its lateral process (“Ip” in Fig. 12B). The
sharp crest on the ventrolateral aspect of this shelf is the
terminus of the crista tympanica (Fig. 12) and running on
the dorsal aspect of the shelf is the chorda tympani nerve
from its posterior foramen of entrance described above.
The term chordaforsatz has been applied to non-homol-
ogous structures arising from the petrosal, the ectotym-
panic, the squamosal, and the element of Spence, an inde-
pendent cartilage that may fuse to a neighboring bone. We
are uncertain of the embryonic origin of the chordafortsatz
in the brown rat, but given its relationship to the crista
tympanica, we interpret it as an outgrowth of the poste-
rior crus. The term caudal chordafortsatz has been used
(e.g., Mason 2013, 2015; Maynard and Downes 2019) for
the structure in rodents, including the rat, that we describe
here as the chordaforsatz. Adding ‘caudal’ as a descrip-
tor is unnecessary as, to our knowledge, there is no rostral
chordafortsatz.
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Fig. 16.—Rattus rattus, CM 101347, left petrosal, ectotympanic, and
malleus in oblique dorsomedial view, drawing on photograph, anterior
to the top of the page. The rostral process of the malleus is separated
from the underlying ectotympanic by sutures laterally and anteromedi-
ally, but is fused to the ectotympanic posteromedially. Abbreviations: ac,
anterior crus of ectotympanic; at, ¢g, carotid groove; crp, crista petrosa;
cs, cerebral surface; dsf, distal stapedial artery foramen; dsg, distal stape-
dial artery groove; e, ectotympanic; fai, foramen acusticum inferius; Gf,
Glaserian fissure; mte, musculotubal canal; pea, pars canalicularis; pco,
pars cochlearis; rpm, rostral process of malleus; saf, subarcuate fossa;
sp, styliform process; tt, tegmen tympani.

Although the malleus (minus the distal rostral process),
incus, and stapes have been treated previously by other au-
thors (e.g., Albuquerque et al. 2009; Salih et al. 2012), we
include descriptions of them here for the sake of complete-
ness. The malleus of TTM M-2272 with reconstructed
distal rostral process is illustrated in oblique ventrolateral
view in Figure 15B, and without the reconstructed dis-
tal rostral process in lateral and medial views in Figures
18A and B, respectively. The head of the malleus (“hm”
in Figs. 18A-B) is dorsoventrally compressed and is piri-
form shaped in dorsal view with the broader part articulat-
ing with the incus. The head is not delimited by a capitu-
lar crest or capitular spine as occurs in the mouse (“‘cac”
and “cas,” respectively, in Fig. 15A). The head has two
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convex articular surfaces for the incus separated by a tiny
groove and set off from each other at a 100° angle, with the
superior surface slightly larger than the inferior (“suaf” and
“iaf” in Fig. 18A). Adjacent to the latter articular surface is
the thick, fairly straight neck of the malleus (“nm” in Figs.
18 A—B) that ends at the manubrial base. The manubrium
(“mn” in Figs. 15B, 18A-B) is saber-shaped, anteroposte-
riorly compressed, with a very slightly spatulated tip. The
membrane margin of the manubrium on the lateral aspect
is prominent (“mm” in Fig. 15B) compared to that in the
mouse (Fig. 15A). In addition to the manubrium, the ma-
nubrial base supports three prominences. The largest, the
lateral process (“lp” in Figs. 12B, 15B, 18A), on the lateral
surface projects into the tympanum; the smallest on the
medial surface is the muscular process for the attachment
of the tensor tympani muscle (“mptt” in Fig. 18B); and
the last is the orbicularis apopohysis (“oa” in Figs. 15B,
18 A—B), projecting ventrally, which is much smaller than
that in the mouse (Fig. 15A). The orbicular apophysis has
been shown to be derived from the second branchial arch
in mice in contrast to the first arch origin of the remainder
of the malleus (O’Gorman 2005; see Mason 2013). Be-
tween the muscular process and the orbicularis apophy-
sis is a deep notch for the chorda tympani nerve (“gct”
in Fig. 18B). The osseous lamina (transversal lamina of
Mason 2015) (“ol” in Figs. 18A-B) is a thin, triangular
plate between the head, neck, manubrial base, and rostral
process. The anterior free margin of the osseous lamina is
thickened, creating a deep concavity on the lateral aspect
of the osseous lamina. The rostral process often has raised
edges (lamellae) on its inner (medial) and outer (lateral)
margins (Henson 1961). The thick inner lamella extends
from the head (“ila” in Fig. 18B), but as the rostral process
is broken, it is unclear how far the inner lamella extends.
Also, the inner lamella is often pierced by a foramen for
the chorda tympani nerve (Henson 1961), which cannot be
evaluated in the available brown rat sample. The outer la-
mella is most evident distally (“ola” in Fig. 15B). Between
the two lamellae on the dorsal surface is the interlamellar
sulcus for the chorda tympani nerve (“ils” in Fig. 15B).

The body of the incus (“bi” in Figs. 18C-D) has con-
cave superior and inferior articular surfaces (“sas” and
“ias,” respectively, in Fig. 18D) contacting the articular
facets on the malleus. Extending posteriorly from the body
is the crus breve or short process (“cb” in Figs. 18C-D),
which tapers to a blunt end that is held in the fossa incu-
dis by the posterior incudal ligament. Perpendicular to the
crus breve is the crus longum or long process (“cl” in Figs.
18C-D), which parallels the neck of the malleus in situ. At
the distal end of the crus longum is the medially directed
lenticular process (“lpr” in Figs. 18C-D), which contacts
the stapes.

The stapes (Fig. 18E) is bicrurate with a large stapedial
foramen (intercrural or obturator foramen) transmitting the
proximal stapedial artery. The head of the stapes (“hs” in
Fig. 18E), which articulates with the lenticular process of
the incus, is not well delimited from the rest of the bone in
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Fig. 17.—Rattus norvegicus, CM teaching collection, right ectotympanic with fused rostral process of the malleus. The damaged styliform process is
reconstructed in dashed line based on the specimen’s right side. A, ventral view, anterior to the top of the page; B, oblique posterolateral view, anterior
to the left. Numbers 1-5 denote contact areas with the petrosal (see Fig. 6B): 1, rostral tympanic process; 2, epitympanic wing; 3, tegmen tympani; 4,
tympanohyal; 5, caudal tympani process 1 + 2. Abbreviations: ac, anterior crus; c¢fz, chordaforsatz; c¢g, carotid groove; cty, crista tympanica; dsg, distal
stapedial artery groove; eam, external acoustic meatus; fet, foramen for chorda tympani nerve (hidden); fs, facial sulcus; Gf, Glaserian fissure; gpns,
greater petrosal nerve sulcus; mte, musculotubal canal; pe, posterior crus; psg, proximal stapedial artery groove; rem, recessus meatus; rpm, rostral
process of malleus (fused to ectotympanic); smf, position of stylomastoid foramen; sp, styliform process; sty, sulcus tympanicus; ti, tympanic incisure.

TTM M-2272, but has a more distinct rim in, for example,
CM 10227 and 18604. The arrangement of the two crurae,
anterior and posterior (“acr” and “pcr,” respectively in Fig.
18E) is fairly symmetrical. Near the head, the posterior
crus has a faint muscular process for the attachment of the
stapedius muscle in TTM M-2272 (“mpr” in Fig. 18E); this
is more distinct in, for example, CM 10227. The footplate,
which occupies the fenestra vestibuli, has a slight thick-
ened peripheral rim, the stapedial labrum, for the attach-
ment of the annular ligament.

Neurovascular Structures

Nerves.—Branches of cranial nerves V, VII, and VIII are
found in an around the petrosal and middle ear. Regard-
ing the vestibulocochlear nerve (cranial nerve VIII), its
branches are described above with the internal acoustic me-
atus in the dorsal view of the petrosal. Branches of the two

other cranial nerves are considered below. Cranial nerve
IX, the glossopharyngeal, often supplies the tympanic and
lesser petrosal nerves in placentals (Davis and Story 1943;
MacPhee 1981; Evans 1993), but Maynard and Downes
(2019) reported these absent in the rat. Cranial nerve X,
the vagus, often supplies the auricular branch in placentals,
which joins the facial nerve at the stylomastoid foramen
(Davis and Story 1943; MacPhee 1981; Evans 1993), but
we have found no mention of this branch of the vagus in
the rat literature.

The large sensory root and smaller motor root of the
trigeminal nerve (cranial nerve V) run from the pons to the
middle cranial fossa within a broad sulcus on the medial
aspect of the crista petrosa (“trs” in Figs. 3, 14A; Greene
1935; Wysocki 2008). The only branch of the trigeminal
nerve within the middle ear is the tensor tympani nerve.
It enters the middle ear dorsal to the auditory tube (Berge
and Wal 1990) through the musculotubal canal between the
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Fig. 18.—Rattus norvegicus, TTM M-2272, left auditory ossicles, isosurfaces rendered from CT data. A, malleus in lateral view, anterior to the left; B,
malleus in medial view, anterior to the right; C, incus in lateral view, anterior to the left; D, incus in medial view, anterior to the right; E, stapes in ventral
view, anterior to the left. Abbreviations: acr, anterior crus of stapes; bi, body of incus; cb, crus breve; cl, crus longum; fp, footplate of stapes; get, groove
for chorda tympani; hm, head of malleus; hs, head of stapes; iaf, inferior articular facet of malleus; ias, inferior articular surface of incus; ila, inner
lamella; lp, lateral process of malleus; Ipr, lenticular process; mn, manubrium; mpr, muscular process for stapedius muscle; mptt, muscular process for
tensor tympani muscle; nm, neck of malleus; oa, orbicularis apophysis; ol, osseous lamina; per, posterior crus of stapes; rpm(br), broken rostral process
of malleus; sas, superior articular surface of incus; suaf, superior articular facet of malleus.

ectotympanic and petrosal (“mtc” in Figs. 14A, 17). The
nerve’s course within the middle ear is not illustrated in
the Figure 6C but it runs posterolaterally from the mus-
culotubal canal and enters the muscle within the tensor
tympani fossa (“ttf”” in Fig. 6A) on the epitympanic wing.

Regarding the facial nerve (cranial nerve VII), Greene

(1935) outlined the main branches; we include additional
details based on the studied specimens. The facial nerve
leaves the internal acoustic meatus via the facial canal in
the foramen acusticum superius (“fc¢” in Fig. 9A). The fa-
cial canal leads to a space within the petrosal dorsal to the
rear of the tensor tympani fossa (Fig. 6A). This space, the
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cavum supracochleare, houses the geniculate ganglion of
the facial nerve. Exiting the cavum supracochleare anteri-
orly via the hiatus Fallopii (“hF” in Fig. 6A) is the greater
petrosal nerve (“gpn” in Fig. 6C). It leaves the ear region
and joins the internal carotid nerve (“icn” in Fig. 6C)
endocranially (Maynard and Downes 2019) to form the
nerves of the pterygoid canal. The main trunk of the facial
nerve leaves the geniculate ganglion in the posterior aspect
of the cavum supracochleare via a broad aperture that rep-
resents the secondary facial foramen. Posterior to this, the
facial nerve runs in company with (and dorsal to) the distal
stapedial artery for a short stretch (Fig. 6C); initially the
two are enclosed in bone and then in a partial canal formed
by the crista parotica (“cp” in Fig. 6A). The distal stape-
dial artery turns medially at the fenestra vestibuli and the
facial nerve continues posteriorly in the facial sulcus (“fs”
in Fig. 6A), undercover of the tympanohyal (“th” in Fig.
6B). It is here that the facial nerve sends off the small sta-
pedial nerve to the stapedius muscle (Berge and Wal 1990;
not illustrated in Fig. 6C). The facial sulcus runs on the
paroccipital process (“pp” in Fig. 6A) and exits the middle
ear at the stylomastoid foramen between the petrosal and
posterior crus of the ectotympanic (“smf” in Fig. 2). The
posterior crus bears a sulcus transmitting the facial nerve
from the foramen (“fs” in Fig. 17A). At the stylomastoid
foramen, the facial nerve sends off the small chorda tym-
pani nerve (“ctn” in Fig. 6C), which enters the middle ear
via a tiny foramen in the posterior crus (“fct” in Fig. 17A).
The chorda tympani runs on the dorsal surface of the mal-
lear process of the posterior crus (“mp” in Figs. 11A, 12B,
17A). It passes medial to the malleus, within the notch
between the muscular process for the tensor tympani and
orbicularis apopohysis (“gct” in Fig. 18B). After crossing
the osseous lamina, the chorda tympani exits the middle
ear with the rostral process of the malleus via the Glaserian
fissure (petrotympanic fissure of Greene 1935) between
the tegmen tympani and anterior crus of the ectotympanic
(“Gf” in Figs. 7A, 17A; “ctn” in Fig. 16). It is unknown if
there is a separate foramen for the chorda tympani in the
inner lamella on the rostral process of the malleus, as often
occurs in placentals (Henson 1961).

Arteries.—The basicranial arteries have been described
for R. norvegicus (Greene 1935; Guthrie 1963; Maynard
and Downes 2019) and R. rattus (Tandler 1899). Based on
these reports and the specimens studied, we reconstruct the
main arteries onto the petrosal in ventral view (Fig. 6C).
The internal carotid artery is the primary artery of the
basicranium and the major supplier of blood to the brain,
with the vertebral arteries playing a secondary role (Guth-
rie 1963). Arising from the common carotid artery in the
neck, the internal carotid artery divides into subequal
branches as it approaches the posteromedial aspect of the
auditory bulla. The anteriorly directed branch, the continu-
ation of the internal carotid (“ica” in Fig. 6C), runs along
the medial aspect of the bulla in a groove in the ectotym-
panic (“cg” in Figs. 14A, 17A) and then enters the carotid
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canal (“cc” in Fig. 1) between the ectotympanic, petrosal,
and basioccipital. It is accompanied by the internal carotid
nerve (deep petrosal nerve) (Maynard and Downes 2019;
“icn” in Fig. 6C). The short carotid canal opens endocrani-
ally lateral to the low dorsum sellae (“ds” in Fig. 1) at the
basisphenoid-basioccipital suture.

The laterally directed branch of the internal carotid
is the stapedial artery (pterygopalatine artery of Greene
1935). As noted above, we divide the stapedial artery into a
proximal part (from its internal carotid origin to the stapes;
“psa” in Fig. 6C) and a distal part (from the stapes to its
terminus at its end branches; “dsa” in Fig. 6C). The proxi-
mal stapedial artery enters the middle ear via the foramen
between the pars cochlearis and ectotympanic in the pos-
teromedial bullar wall (“psf” in Fig. 14A) and runs lateral-
ly across the promontorium in a groove (“psg” in Fig. 6A)
near the anteroventral rim of the aperture of the cochlear
fossula. It turns dorsally through the stapedial foramen in
the stapes and then laterally and anteriorly accompany-
ing the facial nerve as the distal stapedial artery (Fig. 6C).
Although not reported by Tandler (1899), Greene (1935),
Guthrie (1963), and Maynard and Downes (2019), a ramus
posterior is described arising from the proximal stapedial
artery medial to the fenestra vestibuli in several embryonic
stages by Youssef (1966). As we found the dried artery in
place in CM 17504, we have included the ramus poste-
rior in our vascular reconstruction (“rp” in Fig. 6C). This
branch ran posteriorly with the facial nerve and then out
the stylomastoid foramen as the stylomastoid artery.

The common course of the facial nerve and distal stape-
dial artery is directed anteriorly, initially in a partial canal
formed by the crista parotica (“cp” in Fig. 6A) and then into
the substance of the petrosal bone in the facial canal. The
nerve and artery diverge with the facial nerve continuing
forward through the secondary facial foramen into the ca-
vum supracochleare and the distal stapedial artery turning
dorsolaterally, exiting the petrosal through the foramen for
the distal stapedial artery on the cerebral surface of the pe-
trosal (“dsf” in Figs. 8A, 10, 16). Endocranially, the distal
stapedial artery runs in a groove on the dorsal surface of
the ectotympanic (“dsg” in Figs. 16, 17B) and, according
to Tandler (1899), divides into the smaller ramus supe-
rior and larger ramus inferior (“rs” and “ri,” respectively
in Fig. 6C). As noted by Wible (1987), an endocranial
bifurcation for the superior and inferior rami is unusual
among placentals. The ramus superior in the brown rat
turns dorsally and supplies a meningeal branch and a small
ramus temporalis exiting via a foramen in the squamosal
(“frt” in Fig. 2). The ramus inferior runs anteriorly, exits
the skull via the piriform fenestra, sends off a small artery
of the pterygoid canal, and then enters the alisphenoid ca-
nal (“alc” in Figs. 2-3) en route to the orbit. The ramus
inferior feeds the ramus infraorbitalis with the maxillary
nerve, the ramus supraorbitalis with the ophthalmic nerve,
and the ramus orbitalis with the optic nerve; the external
carotid artery supplies the ramus mandibularis with the
mandibular nerve.
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Veins.—For our reconstruction of the veins on the petrosal
(Figs. 9C, 13C), we follow the common pattern reported
for the brown rat in Greene (1935), Butler (1967), and Sz-
abo (1990, 1995). In addition, most of the relevant veins
are dried in place and visible through the foramen magnum
in CM 17504.

The large transverse sinus (“ts” in Fig. 13C) runs ven-
trally in the lateral margin of the tentorium cerebelli along
the endocranial surface of the interparictal and supraoc-
cipital (“ip” and “so,” respectively in Fig. 3). As the trans-
verse sinus approaches the petrosal, a small distributary,
the superior (dorsal) petrosal sinus, runs anteromedially
on the lateral aspect of the crista petrosa (“sps” in Figs.
9C, 13C) dorsal to the trigeminal nerve to connect with the
cavernous sinus around the hypophysis. At the dorsolateral
aspect of the subarcuate fossa, the transverse sinus divides
into a larger postglenoid vein and a smaller sigmoid si-
nus (“pgv” and “ss,” respectively in Figs. 9C, 13C). The
postglenoid vein (transverse sinus of Greene 1935; pet-
rosquamous sinus of Butler 1967 and Szabo 1990, 1995;
retroglenoid vein of Maynard and Downes 2019) runs an-
teroventrally in a sulcus on the lateral surface of the pars
canalicularis and then onto the lateral surface of the tegmen
tympani (Fig. 13C). In lateral view in the skull, this part of
the vein’s course is covered by the overlying squamosal
(“sq” in Fig. 2). The vein appears ventral to the squamosal
through a gap between that bone and the tegmen tympani
that represents the postglenoid foramen (“pgf” in Fig. 2).

From its origin, the sigmoid sinus (“ss” in Fig. 9C) runs
posteromedially in a variably present sulcus posterior to
the subarcuate fossa that reaches to the posteromedial as-
pect of the pars canalicularis. En route, the sigmoid sinus
sends off the occipital emissary vein posteriorly (“oev” in
Fig. 9C; occipital sinus of Butler 1967), which leaves the
cranium via the mastoid foramen (“mf” in Figs. 2-3) be-
tween the petrosal and supraoccipital. At the posteromedial
corner of the pars canalicularis, the sigmoid sinus divides
with part exiting the foramen magnum into the vertebral
veins (“vv” in Fig. 9C) and part joining the internal jugular
vein (“ijv” in Fig. 9C). The main contributor to the internal
jugular vein is the inferior (ventral) petrosal sinus (“ips” in
Fig. 9C), which runs from the cavernous sinus in a sulcus
on the medial aspect of the pars cochlearis (“ipss” in Fig.
14A). This sulcus faces the basioccipital, which encloses
the inferior petrosal sinus in a partial canal (Fig. 1). CM
17504 shows that this partial canal is open endocranially
and that the inferior petrosal sinus and small branch from
the sigmoid sinus meet endocranially dorsal to the inferior
jugular foramen to form the internal jugular vein.

COMPARISONS

We compare the petrosal and middle ear of the brown rat
with those of several early and middle Eocene fossils to
place the anatomy of the extant form in the context of the
early members of the rodent lineage. Descriptions and
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illustrations of the ventral surface of the petrosal of several
early and middle Eocene fossils have been published, no-
tably the cocomyid Cocomys lingchaensis Li et al., 1989,
from the early Eocene of China (Li et al. 1989; Wible et
al. 2005) and the ischryomyoids Paramys copei Loomis,
1907, and Paramys delicatus Leidy, 1871, from the early
and middle Eocene of the western United States, respec-
tively (Wood 1962; Parent 1980; Wahlert 2000). While
ectotympanics are not known for these three taxa, other
Eocene fossils have been described with the ectotympanic
bulla in place, notably the early Eocene cocomyid Exmus
mini Wible et al., 2005, from China (Wible et al. 2005),
the ischryomyoid Reithroparamys delicatissimus (Leidy,
1871) (Wood 1962; Meng 1990), and the sciuravid Sciu-
ravus nitidus Marsh, 1871 (Dawson 1961; Parent 1980;
Wahlert 2000), both from the middle Eocene of the west-
ern United States. The middle ear anatomy of these Eocene
fossils is not uniform, but as noted below, there are numer-
ous shared similarities. Descriptions and illustrations of
the dorsal view of the petrosal in these fossils are lacking
in the literature, which we amend here based on the CT
scans of Paramys delicatus, AMNH 12506.

The phylogenetic position of the Eocene fossils sam-
pled here is controversial. In some phylogenetic analyses,
Cocomys Li et al., 1989, Paramys Leidy, 1871, Reithro-
paramys Matthew, 1920, and Sciuravus Marsh, 1871, fall
outside of the rodent crown group (Meng et al. 2003: figs.
74-75; Asher et al. 2005), whereas in others (Marivaux et
al. 2004) Paramys and Reithroparamys are within crown
Rodentia, but Cocomys is not. The position of Exmus
Wible et al., 2005, has not yet been similarly tested. Using
a node-based definition, Wyss and Meng (1996) proposed
Rodentiaformes to include the stem and crown Rodentia.
Consequently, applying that definition, the Eocene fossils
sampled here are rodentiaforms in some analyses (Meng et
al. 2003; Asher et al. 2005), but in others (Marivaux et al.
2004) some fossils are rodents and others rodentiaforms.
For ease of description here, we refer to our entire fossil
sample as rodents with the caveat that this controversy is still
unresolved.

Petrosal

Ventral view.—A major distinction between the brown rat
and the Eocene rodents is that the petrosal of the former
is more loosely held in the cranium (Figs. 1-3). Anteri-
orly and anterolaterally, the large piriform fenestra sepa-
rates the petrosal from the basisphenoid, alisphenoid, and
squamosal; medially and posterolaterally, the petrosal has
minimal contacts with the basioccipital and squamosal, re-
spectively; it is only posteriorly where the petrosal is held
fast to the ex- and supraoccipital. Although a piriform fe-
nestra is found throughout our Eocene rodent sample, its
size varies from being restricted anterolaterally in Coco-
mys (Li et al. 1989; Wible et al. 2005) to present across the
entire anterior aspect of the petrosal in Paramys delicatus
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(Fig. 19). Nevertheless, the petrosal is more tightly held in
the cranium along its other borders in the Eocene sample
than in the brown rat. In Paramys delicatus, for example,
the entire medial aspect of the petrosal is tightly bound to
the basioccipital and its tympanic process (Fig. 19); later-
ally, the petrosal is overlapped broadly by the squamosal
(Figs. 20). Additionally, although not visible in ventral
view, the petrosal is also buttressed endocranially by the
tentorial process of the parietal (“tpa” in Figs. 20-21).

The brown rat and the Eocene rodents considered here
have a shelf medial to the promontorium, which is angled
ventromedially to abut the basioccipital. In the brown rat,
this shelf has a concave surface that provides broad support
for the ectotympanic bulla (“1” in Fig. 22B) and is identi-
fied here as the rostral tympanic process (Fig. 5). Where
this surface is visible in the Eocene sample, it is flatter
(e.g., Cocomys, Wible et al. 2005: fig. 7A; Figs. 19, 22A),
but still has been interpreted as contacting the ectotym-
panic, based on extant rodents and other fossils with the
bulla in place (e.g., Reithroparamys, Meng 1994; Wahlert
2000; Exmus, Wible et al. 2005). Wible et al. (2005) called
this structure the anteromedial shelf in Eocene rodents, but
given the extent to which this shelf is angled ventrally into
the medial wall of the middle ear, it is better identified as
the rostral tympanic process.

The brown rat and the Eocene sample have an epitym-
panic wing that is continuous with the rostral tympanic
process (Fig. 22). This surface includes a concavity for
the origin of the tensor tympani muscle as well as the ap-
erture for the hiatus Fallopii. The Eocene sample differs
from the brown rat in that the fossils have a high septum
extending anteriorly from the anterolateral aspect of the
promontorium that delimits the epitympanic wing medial-
ly and defines a deep groove for the internal carotid artery
laterally (“icg” in Fig. 22A); the brown rat has a low sep-
tum in a comparable place and no groove for the internal
carotid (Fig. 22B). Further distinguishing the brown rat is
its oblique septum on the epitympanic wing delimiting a
posteromedial space for the tensor tympani from an an-
terolateral space for the ectotympanic (“2” in Fig. 22B);
such a septum is lacking in the Eocene sample. The precise
relationship between the epitympanic wing and ectotym-
panic in the Eocene rodents has not been described. How-
ever, if contact occurred, it was not on the same scale as
in the brown rat as a sizeable facet is not found in the fos-
sils; we designate a possible small area of contact on the
epitympanic wing in Paramys delicatus (“2” in Fig. 22A).

The brown rat and the Eocene sample have a tegmen
tympani that at its anterior end tapers into a ventrally in-
clined process (Figs. 13A, 20, 22). Posteriorly on the teg-
men tympani is the epitympanic recess (Fig. 22), which in-
cludes the fossa incudis in its posterior margin (Figs. 6A).
In both the brown rat and Eocene sample, the fossa incudis
is poorly delimited from the epitympanic recess and the
tegmen tympani forms the lateral wall for the two spaces;
in many placentals, the squamosal contributes to this lat-
eral wall (Wible 2008, 2009, 2010; Wible and Spaulding
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2013). The Eocene sample differs in having a more con-
fined space for the epitympanic recess (Fig. 22). In the
brown rat, the tegmen tympani also provides attachment
for the anterior crus of the ectotympanic anteriorly and
along its lateral margin (“3” in Figs. 6B, 22B). Based on
Meng (1994: fig. 2), Reithroparamys has a similar contact
between the tegmen tympani and anterior crus. The epitym-
panic recess and the surface contacting the ectotympanic
are not demarcated but appear continuous in the brown rat
(Fig. 22B). In contrast, in Paramys copei (Wahlert 2000)
and Paramys delicatus (Fig. 22A), two distinct surfaces
delimited by a low, subtle ridge are found on the tegmen
tympani: a posterior one for the epitympanic recess and
an anterior one for the ectotympanic, the latter was called
the bullar process of the petrosal by Wahlert (2000). Coco-
mys (Wible et al. 2005: fig. 7) resembles the brown rat in
that only one continuous surface is present on the tegmen
tympani. Wible et al. (2005: fig. 7B) erroneously placed
their label for the epitympanic recess (“er”) in Cocomys
in the anterior part of the tegmen tympani; it should have
been located more posteriorly and not in the surface that
likely contacted the ectotympanic. A major distinction be-
tween the brown rat and the Eocene sample concerns the
relationship between the tegmen tympani and epitympanic
wing; whereas these structures have a broad abutment in
the Eocene petrosals (Fig. 22A; Wible et al. 2005), they
are widely separated in the brown rat (Fig. 22B).

On the ventral surface of the pars canalicularis, the
brown rat has a tripartite caudal tympanic process (Figs.
6A-B, 22B): parts one and two are continuous, form a low
curved ridge on a raised platform behind the aperture of
the cochlear fossula, and contact the posterior crus of the
ectotympanic; part three, which is separated from the oth-
er parts, lies more posteriorly, forms a high wall between
the paroccipital process and paracondylar process of the
exoccipital, and does not contact the ectotympanic. In con-
trast, Cocomys (Wible et al. 2005: fig. 7), Paramys copei
(Wahlert 2000: fig. 2), and Paramys delicatus (Fig. 22A)
have very little in the way of caudal tympanic processes.
There is a raised platform behind the aperture of the co-
chlear fossula that likely contacted the posterior crus of the
ectotympanic (“5” in Fig. 22A), based on Exmus (Wible et
al. 2005: fig. 8) and Reithroparamys (Meng 1990: fig. 1),
but there is little elevation on this platform. In the brown
rat this platform has a distinct depression, the cochlear fos-
sula, but this is lacking in the Eocene sample. Also, there
is no ridge connecting the paroccipital process and para-
condylar process of the exoccipital in the Eocene sample,
which means there is no petrosal wall defining the rear of
the middle ear space.

In the brown rat, the course of the facial nerve through
the middle ear is hidden in ventral view by the tympanohy-
al and the crista parotica (Fig. 23B). In contrast, in Para-
mys delicatus (Fig. 23A), Paramys copei (Wahlert 2000:
fig. 3), and Cocomys (Wible et al. 2005: figs. 7A-B), the
facial nerve runs open in a facial sulcus posterior to the sec-
ondary facial foramen, which lies anterior to the fenestra
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Fig. 19.—Paramys delicatus, AMNH 12506, basicranium, isosurface rendered from CT data in ventral view anterior to the top. Right petrosal in light
blue. Specimen has multiple cracks, including a sizeable oblique one across the basioccipital; the canal for the inferior petrosal sinus is broken open on
the left side, the paracondylar process of the exoccipital is broken on the right side, and the right rostral tympanic process of the petrosal has a mangled
surface whereas the left is smooth. Abbreviations: as, alisphenoid; bo, basioccipital; bs, basisphenoid; eo, exoccipital; ew, epitympanic wing of petrosal;
fo, foramen ovale; gf, glenoid fossa; hf, hypoglossal foramen; ips, canal for inferior petrosal sinus; pep, paracondylar process of exoccipital; pf, piriform
fenestra; pp, paroccipital process of petrosal; pr, promontorium of petrosal; rtp, rostral tympanic process of petrosal; sq, sqamosal; tpbo, tympanic

process of basioccipital; tt, tegmen tympani; vf, venous foramen to the right.

vestibuli. The tympanohyal in the Eocene sample is a
medially directed, rounded process in Paramys delicatus
(Fig. 22A), Paramys copei (labeled mastoid eminence in
Wahlert 2000: fig. 1), and Cocomys (Wible et al. 2005:
figs. 7A-B), whereas in the brown rat it is pointed and pos-
teromedially directed (Fig. 6B). The posterior crus of the
ectotympanic is fused to the tympanohyal in the brown rat
(“4” in Fig. 6B). In Paramys delicatus, the anterior surface
of the tympanohyal has a depression that we interpret as
contacting the posterior crus (“4” in Fig. 22A). We are un-
certain if this facet occurs in Cocomys and Paramys copei,
but Wible et al. (2005) reported the posterior crus abutting
the base of the tympanohyal in Exmus.

Dorsal view.—Among Eocene rodents, our comparisons
in this view are limited to Paramys delicatus (Figs. 21,
24A). In both Paramys delicatus (Fig. 21) and the brown
rat (Fig. 3), the width of the internal acoustic meatus and
subarcuate fossa are roughly subequal as are the overall
orientations of these apertures in the cranium. A major
difference in the internal acoustic meatus is its depth: in
the brown rat (Figs. 8A, 9) the transverse crest is little
recessed from the surrounding surface, which makes the
meatus shallow, whereas in Paramys delicatus (Figs. 21,
24A) the transverse crest is deeply recessed, which makes
the meatus deep. On the pars cochlearis, a major differ-
ence highlighted in dorsal view is the large exposure
of the dorsal surface of the rostral tympanic process in
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Paramys delicatus (Fig. 24A), which is directed ventro-
medially to abut the tympanic process of the basioccipital
(Figs. 19-20); in the brown rat the rostral tympanic process
is more ventrally directed (Figs. 3, 14A). In both taxa the
dorsal surface of the rostral tympanic process contributes
to the passageway for the inferior petrosal sinus (Figs. 6C,
14A, 19, 24). Another similarity on the pars cochlearis is
the position of the cochlear canaliculus, which is recessed
dorsally from the jugular foramen in both (Figs. 14A, 21).

Along the lateral aspect of the petrosal, the brown rat
has a high crista petrosa that runs the length of the pars
cochlearis and pars canalicularis (Fig. 24B), whereas in
Paramys delicatus the crista petrosa is only developed
on the pars canalicularis (Fig. 24A). The crista petrosa in
the brown rat does not contact other bones (Fig. 3), but
in Paramys delicatus anteriorly it is sutured to a robust
tentorial process of the parietal (“tpa” in Figs. 20, 21) and
also has a small contact lateral to that with the squamosal.
As noted with the ventral view, the brown rat tegmen tym-
pani in the dorsal view is widely separated from the pars
cochlearis (Fig. 24B) with the foramen for the distal stape-
dial artery situated in the depth of the separating gap (Figs.
8A, 10, 24B). The space between the crista petrosa and the
tegmen tympani includes a broad cerebral surface in the
brown rat (Figs. 8A, 10). In contrast, the tegmen tympani
in Paramys delicatus is not separated by a gap (Fig. 24A);
its dorsal roof does not contribute to the cerebral surface
but is overlain by the squamosal. There is a small cerebral
surface on the roof of the epitympanic wing (“cs” in Fig.
24A).

A last striking difference is in the size of the sigmoid
sinus sulcus, which is dramatically broader in Paramys
delicatus in comparison to the brown rat (Fig. 24), which
is variably present (Fig. 10). Additionally, most of the out-
flow from the sigmoid sinus in the brown rat was directed
through the foramen magnum (Fig. 9C), whereas the jugu-
lar foramen was the primary conduit in Paramys delicatus
(Figs. 21, 23A).

Lateral view.—In the brown rat (Fig. 2), Paramys deli-
catus (Fig. 20), Cocomys (Wible et al. 2005: figs. 7A-B),
and Exmus (Wible et al. 2005: Fig. 3), the tegmen tympani
is visible in direct lateral view in the cranium. This also
appears to be the case in Reithroparamys (Meng 1990: fig.
2). However, the exposure is more significant in the brown
rat, given that the squamosal barely contacts the petrosal
here and the piriform fenestra expands into the gap be-
tween these two bones (Fig. 2).

Ectotympanic, Malleus, Incus, and Stapes

The expanded ectotympanic of the brown rat is tightly
coupled to the petrosal, with five points of contact around
the circumference of the ectotympanic abutting surfaces on
the pars cochlearis and pars canalicularis and fusing to the
tympanohyal (Figs. 6B, 17); the anterior crus of the ecto-
tympanic also has a point contact with the squamosal (Fig.
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2). Ectotympanics have been reported for some early and
middle Eocene rodents, such as Sciuravus nitidus (Daw-
son 1961; Wahlert 2000), Reithroparamys delicatissimus
(Meng 1990), and Exmus mini (Wible et al. 2005). In Sciu-
ravus, Dawson (1961) recorded the ectotympanic present
and on one side only in two of seven specimens, suggest-
ing to her that this element must be only loosely attached.
In Reithroparamys (Meng 1991) and Exmus (Wible et al.
2005), the ectotympanic is reported to be more firmly at-
tached. Of these three extinct forms, the most detail on the
contacts of the ectotympanic are provided for Exmus by
Wible et al. (2005). It has five points of contact on the pe-
trosal comparable to those in the brown rat, although that
on the epitympanic wing is not bulbous or as large as in
the brown rat (“2” in Fig. 17). Along with the petrosal, the
ectotympanic in Exmus broadly contacts the posttympanic
process of the squamosal, the entoglenoid process of the
squamosal, the ectopterygoid crest of the alisphenoid, and
the tympanic process of the basioccipital. Ectotympanics
have not been reported for Paramys delicatus, Paramys
copei, and Cocomys lingchaensis, suggesting that this
bone must have been loosely attached. As noted above, the
petrosal of Paramys delicatus appears to have five points
of contact for the ectotympanic (Fig. 22A) in positions
comparable to those in the brown rat (Fig. 22B). Another
similarity regarding the ectotympanic is the chordafortsatz
(“cfz” in Figs. 11A, 12B, 17A); Wible et al. (2005:115)
described the same process on the posterior crus of the ec-
totympanic in Exmus. A foramen for the chorda tympani
nerve in the posterior crus is not reported for Exmus, but
this may be an oversight due to preservation.

The brown rat malleus is fused to the ectotympanic
through its elongate rostral process (Figs. 15B, 16) and has
a small orbicular apophysis, making it a microtype malleus
of Fleischer (1978; Mason 2013; in contrast to the freely
mobile type). The only malleus reported for an early Eo-
cene rodent is that of Exmus, a left malleus (missing the
rostral process) in articulation with the incus (Wible et al.
2005). The left incus of Exmus is very similar to that of
the brown rat in the proportions of the crus longum and
crus breve. What is preserved of the malleus in Exmus is
remarkably like the brown rat malleus, with an elongate
neck and expanded osseous lamina (Figs. 15A-B); the
most significant difference is the absence of any orbicular
apopohysis in Exmus. This absence puts the malleus of Ex-
mus into the therian ancestral type (Fleischer 1978; Mason
2013). The addition of the orbicular apophysis, as in the
brown rat, characterizes the microtype, which is associated
with species hearing higher-frequencies.

Neurovascular Structures

Nerves.—Comparisons between the brown rat and our Eo-
cene sample regarding the facial nerve are included with
the petrosal above. This is the only nerve on the petro-
sal that has been reported for our Eocene sample (Wahlert
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Fig. 20.—Paramys delicatus, AMNH 12506, right posterior braincase, isosurface rendered from CT data in lateral view anterior to the right. Right petro-
sal in light blue. The paracondylar process of the exoccipital and the zygomatic process of squamosal are broken on the right side; the surface of the right
rostral tympanic process of the petrosal has a mangled surface. Abbreviations: as, alisphenoid; bo, basioccipital; bs, basisphenoid; crp, crista petrosa;
f, ramus temporalis foramen; me, mastoid exposure; oc, occipital condyle; pa, parietal; pdf, posterior division foramen; pgf, postglenoid foramen; pp,
paroccipital process of petrosal; pr, promontorium of petrosal; ptp, posttympanic process of squamosal; rtp, rostral tympanic process of petrosal; so, su-
praoccipital; sq, sqamosal; tcf, transverse canal foramen; tpa, tentorial process of parietal; tpbo, tympanic process of basioccipital; tt, tegmen tympani.

2000; Wible et al. 2005) and leaves impressions on the
Paramys delicatus, AMNH 12506, studied here.

Arteries.—The internal carotid artery in the brown rat fol-
lows an extracranial course medial to the bulla and then into
the cranial cavity through a short carotid canal between the
basioccipital, petrosal, and ectotympanic (Figs. 1, 23B), a
perbullar course (Wible 1986). In contrast, Paramys deli-
catus (Fig. 22A), Paramys copei (Wahlert 2000), Cocomys
(Wible et al. 2005), and Sciuravus (Wahlert 2000) have
grooves (“icg” in Fig. 22A) indicating a transpromontorial
course for the internal carotid (Wible 1986; Fig. 23A). In
Paramys delicatus (Fig. 22A), a short groove at the pos-
teromedial aspect of the pars cochlearis marks the internal
carotid’s entrance into the middle ear, and at the anterior
pole of the promontorium, the prominent septum on the
medial aspect of the epitympanic wing noted above marks
the lateral margin of a well-developed carotid groove near
the artery’s exit from the middle ear. Between these two

grooves, the promontorial surface is smooth. Cocomys
(Wible et al. 2005: fig. 7) and Paramys copei (Wahlert
2000: fig. 2) have only the anterior of these two grooves,
but Sciuravus has a continuous transpromontorial groove
crossing the promontorium (Wahlert 2000: fig. 4). Re-
garding the entrance of the artery into the cranial cavity,
Paramys copei (Wahlert 2000), Cocomys (Wible et al.
2005), and Sciuravus (Wahlert 2000) have a carotid fora-
men enclosed between the petrosal and sphenoid, close
to the juncture of the basi- and alisphenoid, but Paramys
delicatus lacks a separate carotid foramen and the artery
entered the cranial cavity via the large piriform fenestra
(Fig. 19). Wible et al. (2005) noted the course of the inter-
nal carotid in Exmus was not entirely clear but suggested
based on a small aperture in the medial bullar wall that
it followed a perbullar course as described here for the
brown rat. Reithroparamys appears to lack the segment of
the internal carotid artery that in the other taxa enters the
cranial cavity to supply the brain (Meng 1990).
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pgf

coc

Fig. 21.—Paramys delicatus, AMNH 12506, right posterior braincase, isosurface rendered from CT data in medial view, anterior to the left. Right pe-
trosal in light blue. The right exoccipital is damaged and dashed lines show the outline based on the left side. For simplification, the spongy bone along
the cut midline edge has been filled in with uniform color. Abbreviations: as, alisphenoid; bo, basioccipital; bs, basisphenoid; coc, cochlear canaliculus;
coca, condyloid canal; crp, crista petrosa; cs, cerebral surface; eo, exoccipital; iam, internal acoustic meatus; jf, jugular foramen; mf, mastoid foramen;
otg, orbitotemporal groove; pa, parietal; pdf, posterior division foramen; pf, piriform fenestra; pgf, postglenoid foramen; pt, pterygoid; saf, subarcuate
fossa; so, supraoccipital; sq, sqamosal; sss, sigmoid sinus sulcus; tpa, tentorial process of parietal; tss, transverse sinus sulcus.

The proximal stapedial artery is the main branch of
the internal carotid in the brown rat where it arises out-
side the middle ear and has its own foramen of entrance
into that space (Figs. 14A, 23B). In contrast, in Paramys
delicatus (Figs. 22A, 23A), Paramys copei (Wahlert 2000:
fig. 2), Cocomys (Wible et al. 2005: fig. 7), and Sciuravus
(Wahlert 2000: fig. 4), the proximal stapedial arises on the
promontorium within the middle ear. The arterial pattern
differs in Reithroparamys, which appears to only have a
proximal stapedial artery and no internal carotid entering
the cranial cavity (Meng 1990) as reported, for example,
in extant Sciurus (Tandler 1899; Guthrie 1963). It also dif-
fers in Exmus, which has an extratympanic origin for the
proximal stapedial (Wible et al. 2005) as in the brown rat.
Based on the size of the carotid canal and proximal stape-
dial artery groove in the brown rat, its internal carotid and
proximal stapedial arteries appear subequal (Fig. 23B).
However, judging from the size of the grooves on the
promontorium in Paramys delicatus (which is only present

at the fenestra vestibuli and not really visible in Fig. 22A),
Paramys copei (Wahlert 2000: fig. 2), and Cocomys (Wible
et al. 2005: figs. 7A-B), the internal carotid is the larger of
the two vessels (Fig. 23A); the reverse is the case in Sciu-
ravus (Wahlert 2000: fig. 4) and Exmus (Wible et al. 2005).
At the lateral edge of the promontorium, the brown rat
proximal stapedial artery sends off a ramus posterior (Fig.
23B) without any bony indication of the vessel’s presence.
The occurrence of a ramus posterior in the fossils cannot
be confirmed or denied and is not included in our recon-
struction of Paramys delicatus (Fig. 23A).

Lateral to the fenestra vestibuli, the distal stapedial ar-
tery in the brown rat turns anteriorly with the facial nerve
undercover of the crista parotica (Fig. 23B). The two be-
come enclosed in a short canal, with the facial nerve then
entering the cavum supracochleare and the distal stapedial
artery reaching the endocranial surface, exiting the petro-
sal at a foramen in the gap between the tegmen tympani
and epitympanic wing (Figs. 8A, 10, 16, 24B). At this
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Fig. 22.—Right petrosals in ventral view, anterior to the top of the page. A, Paramys delicatus, AMNH 12506, isosurface rendered from CT data; B,
Rattus norvegicus, CM teaching collection (see Fig. 6A). Numbers 1 to 5 are surfaces contacting the ectotympanic (see Figs. 6B, 17). In A, the surface
of the rostral tympanic process is mangled; in A, the tympanohyal is broken, with the break indicated by dotted line. Abbreviations: acf, aperture of
cochlear fossula; cp, crista parotica; ctpl&2, part 1 and 2 of caudal tympanic process (see Fig. 5B); ctp3, part 3 of caudal tympanic process (see Fig.
5B); dsf, distal stapedial artery foramen; er, epitympanic recess; ew, epitympanic wing; fs, facial sulcus; hF, hiatus Fallopii; icg, internal carotid groove;
me, mastoid exposure; pp, paroccipital process; pr, promontorium; psg, proximal stapedial artery groove; rtp, rostral tympanic process; sf, stapedius
fossa; sff, secondary facial foramen; th, tympanohyal; tt, tegmen tympani; ttf, tensor tympani fossa.

point, the distal stapedial artery branches into a large ra-
mus inferior that exits the piriform fenestra and a small
ramus superior that supplies the meninges and a ramus
temporalis (Fig. 23B), equivalent to the posterior division
of the ramus superior (Rougier and Wible 2006). Lateral
to the fenestra vestibuli in Paramys delicatus (Fig. 23A),
Paramys copei (Wahlert 2000: figs. 1-3), and Cocomys
(Wible et al. 2005: fig. 7), the distal stapedial artery runs
anteriorly with the facial nerve in the open facial sulcus.
The two diverge, with the facial nerve entering the sec-
ondary facial foramen and the distal stapedial artery en-
tering a foramen near the juncture of the tegmen tympani
and epitympanic wing (“dsf” in Fig. 22A). The further
course of the distal stapedial artery is only known fully in
Paramys delicatus through the CT scan data. The artery
appears on the endocranial surface in the seam between
the tegmen tympanic and epitympanic wing (“dsf” in Fig.
24A). The bulk of the artery moves forward as the ramus
superior into a broad orbitotemporal groove on the squa-
mosal (“otg” in Fig. 20). However, there is a passageway

between the tegmen tympani and epitympanic wing (not
visible in the figures) for a small ramus inferior (“ri” in
Fig. 23A), which would have exited the cranium by the
piriform fenestra. Soon after entering the orbitotemporal
groove, the ramus superior divides into anterior and pos-
terior divisions (“ad” and “pd,” respectively in Fig. 23A).
The large anterior division runs forward to the orbit in
the orbitotemporal groove; the smaller posterior division
passes posterodorsally into a foramen between the tento-
rial process of the parietal and the overlying squamosal
(“pdf” in Figs. 20-21). This foramen opens into a wide
space just internal to the postglenoid foramen (“pgf” in
Fig. 20), where the posterior division branches into rami
temporales, which exit the skull via five large foramina
near the parietosquamous suture (“f” in Fig. 20). The num-
ber of foramina for rami temporales (temporal foramen of
Hill 1935) varies in the Eocene sample, for example, with
two in Exmus (Wible et al. 2005) and Sciuravus (Wahlert
1974), two on the left and three on the right in Cocomys
(Wible et al. 2005), and three in Paramys copei (Wahlert



2020

ss . icn
Wi v

2 mm

ips

WIBLE AND SHELLEY—ANATOMY OF THE PETROSAL AND MIDDLE EAR OF THE BROWN RAT 31

rs ri
gpn

ctn

psa

W ijv icn

2 mm

Fig. 23.—Right petrosals in ventral view, with nerves, arteries, and veins reconstructed, anterior to the top of the page. A, Paramys delicatus, AMNH
12506, isosurface rendered from CT data (see Fig. 22A); B, Rattus norvegicus, CM teaching collection (see Fig. 6C). Abbreviations: ad, anterior divi-
sion of ramus superior; ctn, chorda tympanic nerve; dsa, distal stapedial artery; fn, facial nerve; gpn, greater petrosal nerve; ica, internal carotid artery;
icn, internal carotid nerve; ijv, internal jugular vein; ips, inferior petrosal sinus; pd, posterior division of ramus superior; pgv, postglenoid vein; psa,
proximal stapedial artery; ri, ramus inferior; rp, ramus posterior; rs, ramus superior; ss, sigmoid sinus; vv, vertebral vein.

1974). Another specimen of Paramys delicatus, USNM
23556, is illustrated by Wahlert (1974: fig. 3) with only two.

In summary, Paramys delicatus has a basicranial ar-
terial pattern resembling that thought to be primitive for
Eutheria (Wible 1987; Rougier and Wible 2006; O’Leary
et al. 2013), with a transpromontorial internal carotid and
a stapedial artery dividing into ramus inferior and ramus
superior, which in turn divides into anterior and posterior
divisions. The pattern of Paramys delicatus differs from
the primitive one regarding the location of the stapedial
artery bifurcation into ramus inferior and ramus superior;
it is within the endocranium in Paramys delicatus rather
than within the middle ear. The brown rat deviates from

the primitive eutherian pattern with a perbullar internal
carotid, an extratympanic origin for the proximal stape-
dial artery, an endocranial origin of the ramus inferior and
ramus superior, and the absence of the anterior division of
the ramus superior. Not all Eocene taxa exhibit the same
pattern as Paramys delicatus; Exmus appears to have a
perbullar internal carotid and an extratympanic origin for
the proximal stapedial as in the brown rat, and Reithro-
paramys has only a proximal stapedial artery and no inter-
nal carotid entering the cranial cavity.

Veins.—In the brown rat, most of the venous drainage from
the transverse sinus is into the postglenoid vein, which
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Fig. 24.—Right petrosals in dorsal view, anterior to the top of the page. A, Paramys delicatus, AMNH 12506, isosurface rendered from CT data; B,
Rattus norvegicus, CM teaching collection (see Fig. 9A). Abbreviations: crp, crista petrosa; cs, cerebral surface; dsf, distal stapedial artery foramen;
mf, mastoid foramen; rtp, rostral tympanic process; saf, subarcuate fossa; sct, spiral cribriform tract; sss, sigmoid sinus sulcus; tc, transverse crest; tt,

tegmen tympani; va, vestibular aqueduct.

exits the cranium via a gap between the squamosal and
tegmen tympani continuous anteriorly with the piriform
fenestra (Figs. 2, 13C). The smaller sigmoid sinus sup-
plies an occipital emissary vein out the mastoid foramen,
and then most of its outflow leaves the cranium via the
foramen magnum (Fig. 13C). The inferior petrosal sinus
runs between the pars cochlearis and basioccipital in an
incomplete canal that is open endocranially; dorsal to the
jugular foramen it joins a small vein from the sigmoid si-
nus to form the internal jugular vein. Lastly, a small supe-
rior petrosal sinus occupies a variably present sulcus on
the lateral aspect of the crista petrosa.

Veins have been largely overlooked in studies on the
Eocene rodents considered here. Based on the CT scans
of Paramys delicatus, we offer some preliminary remarks.
The most striking observation is that the major venous
conduits in and around the petrosal are humongous, es-
pecially compared to those in the brown rat (Figs. 20-24)
The transverse sinus in Paramys delicatus ran in a broad
sulcus on the posterior aspect of the tentorial process of the
parietal (“tss” in Fig. 21). At its ventral end, the transverse

sinus divided into two large veins: the postglenoid vein
and the sigmoid sinus. The former exited the cranium at
the large postglenoid foramen in the sidewall of the squa-
mosal (“pgf” in Figs. 20-21). A postglenoid foramen in the
same position occurs in Paramys copei (Wood 1962: fig.
13B), Cocomys (Wible et al. 2005: fig. 7), Reithroparamys
(Meng 1990: fig. 2), and probably Exmus (Wible et al.
2005); in fact, an exit for the postglenoid vein on the side-
wall of the braincase rather than on the ventral skull base
is broadly present in Glires (rodents and lagomorphs), al-
though not, for example, in early Eocene Rhombomylus
(Meng et al. 2003; Asher et al. 2005; Wible 2007). Peering
into the postglenoid foramen from the exterior in Paramys
delicatus, the crista petrosa and the tentorial process of the
parietal are visible (Fig. 20). These two structures create a
partial medial wall to a space where the postglenoid vein
and posterior division of the ramus superior cross. In the
floor of this space is an entrance into a short canal in the
squamosal that opens on the ventral surface anterior to
the tegmen tympani (“vf” in Fig. 19). We are uncertain of
the contents of this canal, but suggest that it is most likely
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venous as the stapedial artery does not have a comparable
branch in placentals (Wible 1984, 1987).

The sigmoid sinus in Paramys delicatus ran in a broad
sulcus first in the squamosal, but then in the pars canalicu-
laris around the subarcuate fossa (“sss” in Fig. 21). Most
of the drainage from the sigmoid sinus exited at the jugular
foramen (“jf” in Fig. 21), although a small condyloid canal
in the exoccipital (“coca” in Fig. 21) sent some out the
foramen magnum and a small occipital emissary vein left
via the mastoid foramen (“mf” in Fig. 21). The inferior
petrosal sinus was also very large (“ips” in Figs. 19, 23).
It ran in a canal between the basioccipital and pars cochle-
aris, which was floored ventrally by the tympanic process
of the basioccipital and the rostral tympanic process of the
petrosal, and opened on the skull base where the inferior
petrosal sinus joined the sigmoid sinus ventral to the jugu-
lar foramen to form the internal jugular vein; this is in con-
trast to the endocranial origin of the internal jugular vein
in the brown rat. There is no bony indication for the pres-
ence of the superior petrosal sinus in Paramys delicatus.

Summary

Comparisons between the brown rat and the Eocene fos-
sils highlight a number of similarities, some of which have
limited distribution among Placentalia and may be of phy-
logenetic significance. That determination is beyond the
scope of this report. Similarities include: a petrosal with
five points of contact for the bulla; a rostral tympanic pro-
cess and an epitympanic wing of the petrosal that are con-
tinuous and support the bulla; the hiatus Fallopii on the
ventral surface of the epitympanic wing; a tegmen tym-
pani that tapers and projects anteroventrally and supports
the bulla; an epitympanic recess and fossa incudis that are
continuous and entirely on the tegmen tympani (without
squamosal contribution); the presence of a piriform fenes-
tra distancing the petrosal from the sphenoid; an internal
acoustic meatus and subarcuate fossa of subequal size; a
cochlear canaliculus recessed from the jugular foramen;
a proximal stapedial artery groove on the promontorium;
a distal stapedial artery foramen on the endocranial sur-
face of the petrosal; a single mastoid foramen; an exit
for the postglenoid vein on the lateral braincase wall; a
chordaforsatz on the ectotympanic; and a malleus with a
dorsoventrally compressed head, elongate neck, and well-
developed osseous lamina.

Our comparisons also highlight a number of differences
between the brown rat and the Eocene fossils, which fu-
ture studies may also discover are phylogenetically sig-
nificant. Differences include: a petrosal more loosely held
to the basicranium in the brown rat; a tegmen tympani and
epitympanic wing that are broadly separated in the brown
rat but contacting in Cocomys, Paramys, and Sciuravis,
the much larger bullar contact on the epitympanic wing in
the brown rat; an epitympanic recess without a confining
lateral wall in the brown rat and with such a wall present
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in Cocomys and Paramys; an internal carotid artery with a
transpromontorial course in Cocomys, Paramys, and Sciu-
ravus and a perbullar course in the brown rat and probably
Exmus; an open facial sulcus in Cocomys, Paramys, and
Sciuravis and a closed facial canal that includes the distal
stapedial artery in the brown rat; a caudal tympanic process
of the petrosal that is absent in Cocomys, Paramys, and
Sciuravis and present in three parts in the brown rat; a co-
chlear fossula in the brown rat but absent in Cocomys and
Paramys; an internal acoustic meatus that is deep in Para-
mys and shallow in the brown rat; a crista petrosa only
on the pars canalicularis in Paramys but also on the pars
cochlearis in the brown rat; a cerebral surface on the pe-
trosal that is tiny in Paramys and extensive in the brown
rat; a tentorial process of the parietal in Paramys; the very
large size of the venous sinuses on petrosal in Paramys; a
primary exit for the sigmoid sinus via the jugular foramen
in Paramys and via the foramen magnum in the brown rat;
an inferior petrosal sinus enclosed in a canal in Paramys
and open endocranially in the brown rat; a condyloid canal
in Paramys and absent in the brown rat; an orbitotemporal
groove in Paramys and absent in the brown rat; multiple
foramina for rami temporales in the Eocene sample but
only one in the brown rat; and an orbicular apophysis of
the malleus absent in Exmus and present, though small, in
the brown rat.
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