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Abstract

The cartilaginous nasal capsule of mammals becomes highly modified during ontogeny by resorption and ossification that finally results
in the ethmoid bone. A deeper understanding of the early ontogeny of the ethmoidal region helps to elucidate morphological patterns
and homologies in the adult cranium. However, the perinatal development of the ethmoidal region is not well studied though this is a
craniogenetic crucial time frame. This is especially the case in the most species-rich rodent group, the Muroidea. In order to elucidate the
perinatal transformation of the nasal capsule histological serial sections of 23 muroid species, one dipodid species, and two geomyoid spe-
cies were investigated, some of which are represented by more than one ontogenetic stage. In addition adult crania of selected Muroidea
were analyzed by nCT. The muroid grundplan of the ethmoidal region is already determined at birth and comprises a general pattern of six
olfactory turbinals (two frontoturbinals, three ethmoturbinals, one interturbinal between the first two ethmoturbinals). Apomorphic patterns
are restricted to the number of turbinals in the frontoturbinal recess: three in Abrothrix longipilis, one in Apodemus flavicollis, Apodemus
sylvaticus, Micromys minutus, Mus musculus, and Rattus norvegicus.

Perinatal stages of all altricial muroid species under study have a less mature ethmoidal region compared to precocial rodents e.g., cavi-
omorphs.However, in muroids resorption of the nasal capsule and ossification of the turbinals, nasal septum and lamina cribrosa already
start around birth and follow a distinct pattern observed in many other rodents. In around 14 days old stages of some investigated muroids
the paries nasi and tectum nasi are almost completely resorbed except for the anterior nasal cartilages and those parts that become ossified
and part of the ethmoid bone (e.g., roots of turbinals). Surprisingly, the precocial Sigmodon hispidus and Acomys sp. resemble generally the
developmental pattern of altricial muroids although e.g., paries nasi resorption starts clearly earlier in Acomys. Furthermore, the perinatal
maturity of Mesocricetus auratus that has the shortest gestation period among placental mammals corresponds to that of other altricial
muroids. This observation supports an accelerated development in the golden hamster.
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Introduction

Adult cranial morphology can hardly be understood with- ~ MAIER & RuF, 2014; Huppi ef al., 2018). However, the in-
out taking early ontogenetic stages into account as know-  vestigation of the chondrocranium, the cartilaginous skel-
ledge of the primordial cranium and craniogenetic pro-  etal structure of the fetal skull, is subject to limited access
cesses is essential for identification of homologies and  to prenatal stages in most mammalian species as well as
elucidating evolutionary transformations (e.g., GAuprp,  to technical limitations. Thus, in many mammalian or-
1906; pE BEER, 1937; MAIER, 1993b; NovAacek, 1993;  ders little is known about the fate of certain cartilaginous
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structures and the ossification patterns. This applies in
particular for the ethmoidal region (nasal region) and its
delicate internal structures, the turbinals (turbinates, con-
chae). Great parts of the anterior chondrocranium serve
as a placeholder until the covering dermal skull bones
are fully developed while the anteriormost cartilages are
present the entire life as they are involved in supporting
the rhinarium (MaIer, 2002, 2020; MaIEr & Rur, 2014;
Huppi et al., 2018).

Although a great number of comparative ontogenetic
studies on the mammalian ethmoidal region covering al-
most all extant orders exists, many of them are restricted
to very early up to mid-fetal stages (e.g., Gaupp, 1906;
Vorit, 1909; Fawcert, 1917; pE BEER, 1937; REINBACH,
1952a, b; Kunn, 1971; ZELLER, 1987, 1989). These stud-
ies are primarily based on a fully developed and still com-
plete chondrocranium, the so-called stadium optimum
(MaIErR & Rur, 2014). Before the advent of non-invasive
imaging techniques like micro computed tomography
(LCT) the comprehensive work of PaurLi (1900a, b, c)
on the turbinal skeleton of mammals is one of the rare
cases of investigating fully ossified specimens. Nowa-
days the studies on the ethmoidal region in mammals are
generally based on pCT analyses (mostly adult stages)
and cover both comparative anatomy (e.g., SMITH & Ros-
SIE, 2008; MACRINI, 2012; Rur, 2014; RuF et al. 2015) as
well as morphofunction (e.g., VAN VALKENBURGH et al.,
2004, 2014; SmitH et al., 2007; MARTINEZ ef al. 2018,
2020; WAGNER & RuF, 2019).

Basically, the delicate bony lamellae inside the nasal
cavity have a two-fold function: thermoregulation and
olfaction (HiLLENIUS, 1992, 1994). The anteriormost tur-
binals (turbinates, conchae) inside the vestibulum nasi,
the marginoturbinal and parts of the atrioturbinal are
covered by keratinous epithelium; the maxilloturbinal
and nasoturbinal support respiratory epithelium and are
responsible for moistening and warming inhaled air; the
posterior turbinals, the fronto-, ethmo- and interturbinals,
are covered by olfactory epithelium carrying the olfac-
tory receptors. However, the exact distribution of the two
types of epithelium in the transition region varies among
species and may also depend on the ontogenetic stage
(LE Gros CLARK, 1951; Rur, 2004; SMITH et al., 2004;
SmitH & Rossig, 2008). For instance, the olfactory epi-
thelium can also cover the posterior part of the nasoturbi-
nal, the nasal roof between the ethmoturbinals as well as
the lamina semicircularis that is primarily separating two
compartments of the nasal cavity (Rur, 2004).

The ontogenetic transformation from the simple fetal
cartilaginous nasal skeleton to the complex ethmoid bone
has not yet been the focus of most craniogenetic studies
and thus, there is still a large gap of knowledge which
structures of the ethmoidal region exactly ossify and fi-
nally contribute to the ethmoid bone in the adult skull.
The ethmoid bone of the adult cranium is supposed to
comprise the lamina cribrosa that transmits the fila olfac-
toria (CN I), the lamina perpendicularis (the ossified sep-
tum nasi), the crista galli (median ridge for attachment of
the falx cerebri, not present in all species), and the laby-
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rinthus ethmoidalis (ethmoturbinals) (ScHALLER, 1992).
Depending on the reproduction strategy of the respective
species (precocial = born fully developed with open eyes,
altricial = born naked with closed eyes) the crucial time
slot for these major transformations may differ; further-
more the gestation and development of a precocial large
artiodactyl cannot be compared to those of an altricial
small rodent. Nevertheless, especially in altricial species
major transformations of the primordial ethmoidal region
continue into postnatal stages (MaIErR & Rur, 2014).

Rodentia is the most species-rich mammalian or-
der and its systematic and evolution is still discussed
(WiLsoN & REEDER, 2005; FLynN ef al., 2019). Recent
phylogenetic studies completely rely on molecular data
and revealed three suborders, a phylogeny that differs
significantly from the previous six to seven suborders
based on morphological data (see FLynN et al., 2019 for
review). Today three major clades, the squirrel-related
clade (Eusciurida according to FLyNN ef al., 2019), the
Ctenohystrica, and the mouse-related clade (Supramyo-
morpha according to D’ELia et al., 2019) are accepted
(HucHoN et al., 2002, 2007; BLanga-KanNr1 ef al., 2009).
The early craniogenesis of a great number of rodent
species has been investigated so far representing mem-
bers of all three major clades: squirrel-related clade
e.g., FRAHNERT (1998); Ctenohystrica e.g., STRUTHERS
(1927), Raitova (1972a), DiErBACH (19852, b), SCHRENK
(1989), MEss (1995, 1997, 1999a), pa SiLva NeTo (2000);
mouse-related clade e.g., FAwcerT (1917), ELorr (1948,
1951a, b), Yousser (1966), Frick (1986), Hauck (1987),
Kabawm (1972, 1973a, b, 1976), Rartova (1972b), Vibic
et al. (1972). However, most studies are restricted to a
single species and very few prenatal stages which is es-
pecially the case in the by far most species-rich clade, the
Muroidea (hamsters, voles, mice, rats, gerbils) (WiLsoN
& REEDER, 2005). Among muroids most studies are re-
stricted to the easily accessable laboratory animal spe-
cies Mesocricetus auratus, Mus musculus, and Rattus
norvegicus.

Here for the first time a comprehensive comparative
morphological and ontogenetic study of the ethmoidal re-
gion of 23 muroid species is presented in order to eluci-
date the timing of resorption and ossification of the nasal
capsule and to contribute to a deeper understanding of
the craniogenesis in rodents. In addition morphological
characters that should be included in future systematic
and phylogenetic studies are presented. These species
some of which are represented by varying fetal and peri-
natal stages have been investigated in detail within an
unpublished diploma thesis (Rur, 1999) and PhD thesis
(Rur, 2004). In addition new data from adult crania are
considered in the present study. For outgroup compari-
son further members of the mouse-related clade, Jaculus
Jjaculus (Dipodidae), Dipodomys heermanni (Heteromyi-
dae), and Thomomys sp. (Geomyidae), whose craniogen-
esis has not been investigated so far, are included in the
study (Rur, 2004).

Particular attention is given to Mesocricetus auratus
due to its pecular development: this species has the
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shortest gestation period (15—17 days) among placental
mammals (Nowak, 1991). Sigmodon and Acomys show a
precocial reproduction pattern (BrRunses, 1990; Nowak,
1991), which is quite rare among muroid rodents. The
results are also discussed in the light of the different de-
velopmental maturity at birth in precocial and altricial
rodents.

Material and methods

For the present study transversal histological serial sec-
tions of perinatal stages of 23 muroid species, one di-
podoid and two geomyoid species were investigated
(Table 1, see Rur 1999, 2004). The observations on the
chondrocranium are complemented by considering pCT
scans of adult crania of selected species based on mac-
erated skulls and one wet specimen (Table 2). Further
outgroup comparison is based on literature data on the
ethmoidal region of other rodent clades and members
of Euarchontoglires. According to MUSSER & CARLETON
(2005), the specimens labeled as Akodon longipilis be-
long in fact to Abrothrix longipilis and the one labeled
as Dendromus kivu belongs to the species nyasae. The
age of the 21 mm HL (head length) stage of Sigmodon
hispdius has not been available. Based on size compari-
son and on the fact that its eyes are already open it is
determined as at least neonatal.

The histological serial sections are housed in the histo-
logical collection of the Institut fiir Evolution und Okolo-
gie, Universitdt Tiibingen; the Dendromus nyasae speci-
men is a permanent loan by the Museum fiir Naturkunde
Berlin and the histological serial sections of Mus muscu-
lus are loaned by the Anatomische Anstalt, Universitt
Miinchen. Adult specimens are housed in the mammal
collection (SMF) of Senckenberg Forschungsinstitut und
Naturmuseum Frankfurt, Frankfurt am Main, except for
the wet Mesocricetus auratus specimen that is deposited
in the collection of Wolfgang Maier at the Institut fiir
Evolution und Okologie, Universitit Tiibingen.

The systematical subdivision of the investigated
muroid species follows Musser & CARLETON (2005) and
the underlying phylogenetic concept of muroid taxa is
based on MicHAux et al. (2001) and Jansa & WEKSLER
(2004). Nomenclature of turbinals follows MaIEr & RuUF
(2014) and Rur (2014). In order to make the text more
readable only the genus names are used except for Apo-
demus that is represented by two species. Furthermore,
histological serial sections representing ontogenetic se-
ries of one species are numbered accordingly (see Ta-
ble 1).

Histological serial sections of late fetal stages of Pe-
romyscus maniculatus, Rattus norvegicus, and Jaculus
Jjaculus were used to produce plate models made out of
styrofoam with the help of a microscope camera lucida.
This method is according to Born (1883) and was modi-
fied by W. Maier (pers. comm.). Digital images of se-
lected histological serial sections were taken with a Zeiss
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Axio Imager.Alm. Adult specimens were scanned with
two different uCT devices. The wet specimen of Mes-
ocricetus auratus was scanned with a Walischmiller
RayScan 200 CT scanner located at Steinbeis-Transfer-
zentrum Gieflerei Technologie Aalen, Fachhochschule
Aalen, the macerated skulls were scanned with a GE
phoenix|x-ray nanotom 180 s housed at the Institut fiir
Geowissenschaften at the Goethe-Universitit, Frankfurt
am Main. For scan parameters like resolution (isotropic
voxel size), current, voltage, and timing see Table 2. The
nCT data were used for creating virtual 3D models of the
turbinal skeleton with the manual segmentation tool of
the software Avizo 9 (Thermo Fisher Scientific FEI).

Comparative description

In the following general morphological patterns and ma-
jor ontogenetic transformations of the ethmoidal skeleton
in muroid rodents are described and compared to Jacu-
lus, Dipodomys, and Thomomys; detailed descriptions of
skeletal and soft tissue structures are given in Rur (1999)
and Rur (2004). In addition, data from further previous
descriptions of the craniogenesis in muroids are included
here for a more comprehensive comparison: Mesocrice-
tus auratus (Rartova, 1972b; Kabam, 1976), Phodopus
sungorus (Hauck, 1987; same specimen as in the present
study), Lemmus lemmus (SCHRENK, 1989: same specimen
as in the present study), Arvicola terrestris (FAWCETT,
1917), Tatera indica cuvieri (Kabam, 1972, 1973a, b),
Otomys tropicalis (ELoFF, 1948), Rhabdomys pumilio
(ErorFF, 1951b), Mus musculus (Kapawm, 1976; Frick,
1986), Rattus norvegicus (YOUSSEF, 1966; Kapam, 1976).
Short definitions of the cartilaginous structures that are
considered in this study are presented at the beginning of
each subchapter in order to provide a general overview
and introduction to the described characters. If not oth-
erwise stated, all generalizations in the description only
refer to the species and stages listed in Table 1.

Cupula nasi anterior

Definition. The mammalian cupula nasi anterior re-
mains cartilaginous throughout live and projects anteri-
orly through the piriform aperture of the osteocranium
(DE BEER, 1937). It comprises the cartilagines cupulares
whose medial and lateral lamellae form the anterior
end of the nasal cavity and embrace the fenestra narina
(Sturm, 1936; STARCK, 1967; KUHN, 1971). Between both
cartilages the dorsal sulcus supraseptalis meets the sulcus
ventralis (Gaurp, 1908; Frick, 1954). The ventral bound-
ary of the fenestra narina is formed by the processus cu-
pularis (= processus alaris inferior according to GAurp,
1908; Frick, 1954), that is located posterior to the car-
tilago cupularis, and the processus lateralis ventralis (=
processus lateralis inferior according to FiscHer, 1901,
= processus lateralis anterior according to Meap, 1909),
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Table 1. Transversal histological serial sections of prenatal to early postnatal stages of Rodentia considered in the present study. The

specimens were described in detail in Ruf (2004), Rattus norvegicus in Ruf (1999). Numbering of specimens refers to order of ontogenetic

stages. The Mus musculus specimens of fetal and unspecific age were sorted according to their developmental maturity of the structures.

Abbreviations: CRL, crown-rump length; dpc, days post conception; dpn, day(s) post natum; HBL, head-body length; HL, head length.

Taxon HL CRL HBL Slice thickness | Age
Muroidea
Cricetidae

Arvicolinae
Lemmus lemmus 14 mm 30 mm unknown 10 pm fetal
Microtus californicus 10.5 mm 20 mm unknown 10 pm fetal

Cricetinae
Cricetus cricetus 20 mm 42 mm unknown 10 um fetal
Mesocricetus auratus 1 12 mm 22 mm unknown 10 pm fetal
Mesocricetus auratus 2 15 mm 29 mm 35 mm 10 um neonatal
Mesocricetus auratus 3 17.5 mm 34 mm 42 mm 15 um 4 dpn
Mesocricetus auratus 4 19 mm 42 mm 48 mm 10/15 pm 7 dpn
Mesocricetus auratus 5 23 mm 50 mm 60 mm 20 um 11 dpn
Mesocricetus auratus 6 28 mm unknown 72 mm 20 um 14 dpn
Phodopus sungorus 11.5 mm 25 mm unknown 10 pm 1 dpn

Neotominae
Peromyscus maniculatus 1 7.5 mm 12.5 mm unknown 10 pm fetal
Peromyscus maniculatus 2 11.5 mm 21 mm unknown 10 pm fetal
Peromyscus maniculatus 3 14.5 mm 25 mm unknown 10 pm neonatal
Peromyscus maniculatus 4 25 mm 65 mm unknown 20/30 pm juvenile

Sigmodontinae
Abrothrix longipilis 1 10.5 mm 18,5 mm unknown 10 pm fetal
Abrothrix longipilis 2 16.5 mm 25 mm unknown 10/15 pm fetal
Auliscomys micropus 17 mm 26 mm unknown 15 pm fetal
Geoxus valdivianus 15.5 mm 22 mm unknown 10 pm fetal
Phyllotis sp. 16 mm 26 mm unknown 10 pm fetal
Rhipidomys sp. 16.5 mm 29 mm unknown 10 pm fetal
Sigmodon hispidus 1 10.5 mm 16.5 mm unknown 10 pm fetal
Sigmodon hispidus 2 14 mm 31 mm unknown 10 pm fetal
Sigmodon hispidus 3 19 mm 36 mm unknown 12 pym fetal
Sigmodon hispidus 4 21 mm 42 mm unknown 12 pm > neonatal

Muridae

Deomyinae
Acomys sp. 1 20 mm 36 mm 41 mm 10 pm fetal, 18 dpc
Acomys sp. 2 22 mm unknown 45 mm 10 pm neonatal, 35 dpc

Gerbillinae
Meriones unguiculatus 14.5 mm 28 mm unknown 10 pm fetal
Gerbillus perpallidus 10 mm 16 mm unknown 10 pm fetal

Murinae
Apodemus flavicollis 7.8 mm 12.8 mm unknown 10 pm fetal
Apodemus sylvaticus 12 mm 20 mm unknown. 10 pm fetal
Lophuromys sikapusi 10.9 mm unknown unknown 10 um fetal
Micromys minutus 7 mm 10.5 mm unknown 10 pm fetal
Mus musculus 1 unknown 18.5 mm unknown unknown fetal
Mus musculus 2 unknown 22 mm unknown unknown fetal
Mus musculus 3 unknown 25 mm unknown 10 um unknown
Mus musculus 4 unknown 29 mm unknown unknown unknown
Mus musculus 5 unknown unknown unknown 10 um 6 dpn
Mus musculus 6 17.2 mm unknown unknown 15 pm 10 dpn
Rattus norvegicus 1 14.5 mm 28 mm unknown 10 pm fetal
Rattus norvegicus 2 15.5 mm 32 mm unknown 10 pm fetal
Rattus norvegicus 3 19 mm 39 mm unknown 10 pm neonatal
Rattus norvegicus 4 26 mm 59 mm unknown 15 pm 7 dpn
Rattus norvegicus 5 34 mm unknown 74 mm 20 um 14 dpn
Rhabdomys pumilio 11 mm 20 mm unknown 10 um fetal
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Table 1 continued.

Taxon HL CRL HBL Slice thickness | Age
Nesomyidae

Dendromus nyasae 19 mm 35 mm unknown 15 pm postnatal
Dipodoidea

Dipodidae

Jaculus jaculus 14 mm 29 mm unknown 10 pm fetal
Geomyoidea

Heteromyidae

Dipodomys heermanni 15 mm 32 mm unknown unknown fetal
Geomyidae

Thomomys sp. unknown 36 mm unknown 10 um fetal

Table 2. Investigated adult stages of Muroidea based on pCT scans of macerated skulls. The Mesocricetus auratus specimen from the col-

lection W. Maier is a fixed head including soft tissue. Resolution is given as isotropic voxel size.

Taxon Specimen ID Current Voltage Timing Resolution
Cricetidae
Cricetinae
Cricetus cricetus SMF 62024 90 pA 100 kV 1000 ms 0.01280483 mm
Mesocricetus auratus SMF 82131 100 pA 100 kV 1000 ms 0.009299 mm
Mesocricetus auratus Coll. W. Maier unknown unknown unknown 0.0557 mm
Neotominae
Peromyscus maniculatus SMF 72827 37 uA 130 kV 500 ms 0.011765 mm
Sigmodontinae
Sigmodon hispidus SMF 87320 40 pA 120 kV 750 ms 0.014853 mm
Muridae
Murinae
Mus musculus SMF 63500 37 pA 130 kV 500 ms 0.011618 mm

that projects ventrolaterally from the septum nasi (Spatz,
1964; ZELLER, 1983).

Description. All species show a well developed cupula
nasi anterior (Figs. 1, 2, 3). In the geomyoids it is ros-
trally closed by a broad area internarica that results in a
ventrolateral to lateral orientation of the apertura nasi ex-
terna. Some muroids (Peromyscus, Sigmodon 2, Geoxus,
Abrothrix 2, Mesocricetus 1+2, Cricetus) also show a
broad area internarica. All other stages and species (espe-
cially murids) have a narrower area internarica and their
apertura nasi externa opens more anteriorly and ventro-
laterally (FawceTT, 1917; ELoOFF, 1948, 1951b; YOUSSEF,
1966; Kabam, 1972, 1973a, b; Raitova, 1972b; contra
Frick 1986; pers. obs). Phodopus (Hauck, 1987; pers.
obs.), Tatera (Kabam, 1972, 1973a, b), and Jaculus have
quite reduced cartilagines cupulares and thus an anteri-
orly orientation of the nasal openings.

Only Rhabdomys shows a distinct processus cupula-
ris (ELorF, 1951b; pers. obs.). Apart from that all other
species show a much reduced process confluent with
the processus lateralis ventralis (FAwcerT, 1917; ELOFF,
1948; Yousser, 1966; Kapam, 1972, 1973a, b, 1976;
Rastova, 1972b; Frick, 1986; Hauck, 1987; pers. obs).
Gerbillus, Meriones and Jaculus lack a distinct processus
cupularis.

SENCKENBERG

All species except for the Gerbillinae and Jaculus
have well developed processus laterales ventrales that
continue posteriorly into the lamina transversalis ante-
rior (FAwceTT, 1917; ELOFF, 1948, 1951b; YoUsSEF, 1966;
KapamMm, 1972, 1973a, b; Rartova, 1972b; Frick, 1986;
Hauck, 1987; pers. obs) (Figs. 1B, D, 4A—C, 5A, B).
However, shape and orientation of these processus are
variable and show a puzzling pattern. In Gerbillus and
Meriones the processus laterales ventrales are oriented
ventrally and fuse to form a ventral extension of the sep-
tum nasi (Fig. 5C, D); Jaculus has reduced processus lat-
erales ventrales (Figs. 1F, 4D). Thus, in these three spe-
cies the sulcus ventralis is almost completely reduced.

In Apodemus flavicollis, Micromys and Gerbillus the
cupula nasi anterior is still at least partly precartilagi-
nous. A fetal stage of Acomys dimidiatus (21 days post
conception stage) has still a precartilaginous cupula nasi
anterior, whereas its paries nasi, tectum nasi and septum
nasi are already chondrified (Huppr ef al., 2018). A 7.5
mm HL stage of Mesocricetus still shows blastematous
processus laterales ventrales (Kapawm, 1976). In Tatera
the cupula nasi anterior chondrifies later than the adja-
cent structures of the nasal capsule (Kapawm, 1972, 1973a,
b). The early postnatal stages as well as Acomys show a
thinning of the cartilage of the cupula nasi anterior as
well as of the processus lateralis ventralis and the con-
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nection of the former to the paries nasi and tectum nasi
becomes resorbed (Figs. 4B, C, 5A, B). Resorption can
also be observed inside the processus lateralis ventralis
at its transition into the lamina transversalis anterior in
Peromyscus 3+4 and Mesocricetus 4. The adult crania
under study do not give any information on the cupula
nasi anterior due to the fact that its cartilage is not pre-
served in the macerated skulls or hardly visible in the
RCT scans of wet specimens.

Processus alaris superior

Definition. The processus alaris superior is a plug-like
anteroventral projection of the paries nasi. This process
subdivides the primary fenestra narina into an anterior
situated apertura nasi externa and a posterior fenestra
narina accessoria which is closely associated with the
ductus nasolacrimalis. The processus alaris superior de-
velops relatively late in prenatal ontogeny and is quite
diverse in shape and size among mammals (Gaurp, 1906;
REINBACH, 1952a, b; Spatz, 1964; Kunn, 1971; MAIER,
1980; ScHRENK, 1989).

Description. All investigated species possess a well-
developed processus alaris superior that supports the
apertura nasi externa (except for Phodopus, Micro-
mys, Thomomys) (Fawcetrt, 1917; ELorr, 1948, 1951b;
Yousser, 1966; Raitova, 1972b; Kapam, 1972, 1973a, b,
1976; Frick, 1986; Hauck, 1987; pers. obs) (Figs. 1, 2,
4, 5). In most species the processus alaris superior gets
close to the processus lateralis ventralis of the cupula
nasi anterior (Figs. 1B, D, 4A, B, 5B). The proximal part
of the processus alaris superior is formed by a thin stem,
the radix processus alaris superior. Anteriorly the proces-
sus alaris superior continues as a blade-like structure, the
ala processus alaris superior, that develops a deep dor-
sal sulcus especially in the older stages (Kabpam, 1972,
1973a, b; Hauck, 1987; pers. obs.). The murids under
study show a more shallow sulcus. The sulcus is roofed
medially by an alar outgrowth. However, in Gerbillus
and Meriones this roof is partly separated by a fissure
and the former continues posteriorly into a short channel
that opens on the ventral side of the ala; here, the medial

rim of the ala rolls up dorsolaterally and is hook-shaped
in cross-section (Fig. 5C).

The processus alaris superior can show a dorsal and
ventral posterior process (Figs. 1B, 1A, 5A). Except for
Abrothrix and Geoxus the processus alaris superior of all
Sigmodontinae, Peromyscus, Cricetinae and Lemmus has
a dorsal and ventral posterior process. Hauck (1987) de-
scribes for Phodopus only the ventral process. The Gerbil-
linae possess only the ventral process that is continuous
with the hook-like outgrowth of the ala (Kapawm, 1972,
1973a, b; pers. obs.) (Fig. 5D). All other species show a
puzzling pattern. Apodemus flavicollis and Micromys do
not have a processus posterior which might be due to their
immature stage.

In the very early stages (Peromyscus 1, Mesocricetus
1, Rattus 1, Micromys) the processus alaris superior is still
precartilaginous. The previously investigated earlier stages
of Mesocricetus, Tatera and Acomys dimidiatus also show
a blastematous processus alaris superior (Kapam, 1972,
1973a, b, 1976; Hupel et al., 2018). The cartilaginous pro-
cess becomes loosely attached or isolated in postnatal stag-
es by proximal resorption of the paries nasi (Figs. 4B, 5B).
In Mesocricetus 6 resorption causes a hollow space inside
the processus alaris superior (Fig. 4C). As the processus
alaris superior remains cartilaginous throughout life it is
not visible in the pCT scans of the adult stages.

Tectum nasi and lamina cribrosa

Definition. The precerebral roof of the prenatal nasal
cavity is formed by the tectum nasi. Between tectum nasi
and paries nasi the foramen epiphaniale transmits the
ramus externus of the nervus ethmoidalis anterior. The
subcerebral part is covered by the lamina cribrosa (con-
sidered as part of the tectum nasi), a sieve-like structure
which transmits the fila olfactoria of CN I, and the lami-
na infracribrosa (Gaupp, 1906; Voit, 1909; TErrY, 1917;
Kunn, 1971). The latter forms the roof of the cupula nasi
posterior. The limbus praecribrosus marks the border be-
tween these two parts of the nasal roof. It can give rise to
a posterior process, the spina mesethmoidalis whose ori-
gin is still discussed (STarck, 1941; Spatz, 1964; ZELLER,
1983, 1989; ScHRENK, 1989; MAIER, 1993a). The crista

« Fig. 1. Plate reconstruction models of the ethmoidal region of selected Myodonta based on histological serial sections in dorsal (A, C, E)
and ventral (B, D, F) view. Left dermal bones not reconstructed. A, B Peromyscus maniculatus, stage 2, 11.5 mm HL. C, D Rattus nor-
vegicus, stage 2, 15.5 mm HL. E, F Jaculus jaculus, 14 mm HL. Colour code: blue, cartilage; brown, dermal bone; green, ductus nasolac-
rimalis; purple, endochondral bone; red, musculus masseter medialis (reconstructed only in Jaculus jaculus); yellow, ganglion trigeminale
and nervus maxillaris of cranial nerve V. Abbreviations: al, alisphenoid bone; alv, alveolus; bs, basisphenoid bone; ces, central stem; cna,
cupula nasi anterior; cnp, cupula nasi posterior; co, commissura orbitonasalis; cp, cartilago paraseptalis anterior; cpp, cartilago papillae
palatinae; cpt, commissura parietotectalis; dI2, deciduous upper incisor 2; f, frontal bone; fe, foramen epiphaniale; fi, foramen incisivum;
fon, fissura orbitonasalis; fo, foramen opticum; fsn, fenestra superior nasi; HL, head length; ju, jugal bone; la, lacrimal bone; Ic, lamina
cribrosa; li, lamina infraconchalis; lic, lamina infracribrosa; lpa, limbus paracribrosus; lpr, limbus praecribrosus; lta, lamina transversalis
anterior; Itp, lamina transversalis posterior; m, maxillary bone; M1, upper molar 1; n, nasal bone; p, parietal bone; pal, palatine bone; pas,
processus alaris superior; plv, processus lateralis ventralis; pm, premaxillary bone; pn, paries nasi; ppn, processus paranasalis; ppo, pila
postoptica; ppr; pila praeoptica; prp, processus posterior; pt, pterygoid bone; sq, squamosal bone; ss, sulcus supraseptalis; sv, sulcus ven-
tralis; tn, tectum nasi; v, vomer. Not to scale. Modified after Rur (1999) (C, D) and Rur (2004) (A, B, E, F).
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Fig. 2. Plate reconstruction models of the ethmoidal region of selected Myodonta based on histological serial sections in lateral view
(A, C, E) and medial aspect of the left nasal cavity (B, D, F). Left dermal bones not reconstructed. A, B Peromyscus maniculatus, stage 2,
11.5 mm HL. C, D Rattus norvegicus, stage 2, 15.5 mm HL. E, F Jaculus jaculus, 14 mm HL. Colour code: blue, cartilage; brown, dermal
bone; green, ductus nasolacrimalis; purple, endochondral bone; red, musculus masseter medialis (reconstructed only in Jaculus jaculus).
Star (%) indicates first resorption of the paries nasi. Abbreviations: ane, apertura nasi externa; at, atrioturbinal; cna, cupula nasi anterior;
cnp, cupula nasi posterior; co, commissura orbitonasalis; cp, cartilago paraseptalis anterior; cpp, cartilago papillae palatinae; cpt, commis-
sura parietotectalis; et I-1II, ethmoturbinal 1-III; fe, foramen epiphaniale; fo, foramen opticum; fon, fissura orbitonasalis; fsn, fenestra
superior nasi; ft 1, frontoturbinal 1; HL, head length; ia, incisura atriomaxilloturbinalis; it, interturbinal; lc, lamina cribrosa; li, lamina
infraconchalis; lic, lamina infracribrosa; lpr, limbus praecribrosus; Is, lamina semicircularis; lta, lamina transversalis anterior; Itp, lamina
transversalis posterior; mat, marginoturbinal; mt, maxilloturbinal; nt, nasoturbinal; ob, outer bar; pa, pars anterior; pas, processus alaris
superior; pla, planum antorbitale; pn, paries nasi; pp, pars posterior; ppn, processus paranasalis; ppo, pila postoptica; ppr; pila pracoptica;
pra, processus anterior; prp, processus posterior; rm, recessus maxillaris; tn, tectum nasi. Not to scale. Modified after Rur (1999) (C, D)
and Rur (2004) (A, B, E, F).

galli, that is a dorsal projection of the lamina cribrosa
above the septum nasi, serves for fixing the falx cerebri
(Kunn, 1971). The tectum nasi becomes absorbed while
the adjacent dermal bones develop; lamina cribrosa and
lamina infracribrosa ossify during later ontogeny.
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Description. In all species the tectum nasi shows a very
similar pattern (Figs. 1A, C, E, 2A, C, E, 3, 4, 5, 6A-C,
7, 8A, B, D, 9A, C, D). Rostrally the tectum nasi is very
thick, has a broad connection to the septum nasi and a
shallow sulcus supraseptalis. The latter becomes deeper
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Fig. 3. Plate reconstruction models of the ethmoidal region of selected Muroidea based on histological serial sections. Dorsal view into
the recessus frontoturbinalis and ethmoturbinalis of the left nasal cavity. Left dermal bones not reconstructed. A Peromyscus manicula-
tus, stage 2, 11.5 mm HL. B Rattus norvegicus, stage 2, 15.5 mm HL. Colour code: blue, cartilage; brown, dermal bone; green, ductus
nasolacrimalis. Abbreviations: at, atrioturbinal; cna, cupula nasi anterior; cnp, cupula nasi posterior; et [-III, ethmoturbinal [-1III; ft 1 -2,
frontoturbinal 1-2; HL, head length; it, interturbinal; lh, lamina horizontalis; ls, lamina semicircularis; Ita, lamina transversalis anterior;
Itp, lamina transversalis posterior; mt, maxilloturbinal; nt, nasoturbinal; pa, pars anterior; pas, processus alaris superior; pn, paries nasi;

PP, pars posterior; ppn, processus paranasalis; tn, tectum nasi. Not to scale. Modified after Rur (1999) (B) and Rur (2004) (A).

between the lamina transversalis anterior and the limbus
praecribrosus which results in a dome shaped tectum
nasi on each side (Fawcert, 1917; ELoFr, 1948, 1951b;
Yousser, 1966; Raitova, 1972b; Kapam, 1972, 1973a, b,
1976; Frick, 1986; Hauck, 1987; pers. obs) (Figs. 8A,
B, D, 9C, D). The foramen epiphaniale is present in all
investigated specimens except for Thomomys and always
transmits the ramus externus of the nervus ethmoidalis
anterior (Figs. 1A, E, 2A, C, E). It has also been ob-
served in the previously described muroid species (Faw-
CETT, 1917; ELOFF, 1948, 1951b; Yousser, 1966; Raito-
vA, 1972b; Kabam, 1972, 1973a, b, 1976; Frick, 1986;
Hauck, 1987). In Micromys it is very small, in Jaculus
very large (Fig. 1E). ELoFr (1948, 1951b) describes for
Otomys and Rhabdomys that only a small artery runs
through the foramen epiphaniale; this could not be veri-
fied for Rhabdomys by the present study.

SENCKENBERG

A spina mesethmoidalis is present in many species,
either as a crista or as a true spine. The previously de-
scribed stages of Mesocricetus, Arvicola, Mus, Rattus,
and Rhabdomys (FAawcett, 1917; Yousser, 1966; Ra-
TOVA, 1972b; KapaM, 1976; Frick, 1986) as well as Pero-
myscus 1+2, Abrothrix, Phyllotis, Geoxus, Rhipidomys,
Mesocricetus 1, Microtus, Gerbillus, Apodemus sylvati-
cus, Rattus, Mus 1—4, Dendromus and Jaculus lack a
spina mesethmoidalis. This pattern may indicate a later
development of the spina.

All investigated species show a well developed
lamina cribrosa (FAawcett, 1917; ELorr, 1948, 1951b;
Yousser, 1966; Raitova, 1972b; Kabam, 1972, 1973a,
b, 1976; Frick, 1986; Hauck, 1987; pers. obs); due to
the reduced posterior nasal cavity the lamina cribrosa of
Jaculus is reduced in length (Figs. 1A, C, E, 2 B, D, F).
The shape of the lamina cribrosa differs among the inves-
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at

fis

Fig. 4. Line drawings of transversal histological sections through the cupula nasi anterior. A Peromyscus maniculatus, stage 1, 7.5 mm HL,
slice 2-3-1; B Peromyscus maniculatus, stage 4, 25 mm HL, slice 4-6-2; C Mesocricetus auratus, stage 6, 28 mm HL, slice 6-1-2; D Jacu-
lus jaculus, 14 mm HL, slice 3-3-2. Colour code: blue, cartilage; brown, dermal bone; green, ductus nasolacrimalis. Stars (%) indicate areas
of resorption. Abbreviations: ast, anterior septoturbinal; at, atrioturbinal; fia, fenestra internasalis anterior; fis, fissure; HL, head length;

n, nasal bone; nt, nasoturbinal; pas, processus alaris superior; plv, processus lateralis ventralis; pn, paries nasi; sn, septum nasi; ss, sulcus

supraseptalis; sv, sulcus ventralis; tn, tectum nasi. Scale bars: 1 mm. Modified after Rur (2004).

tigated species from being mostly concave to rarely con-
vex or straight (Figs. 10B, C, 11). However, in all spe-
cies the origin of ethmoturbinal I at the lamina cribrosa
is funnel-shaped; its depth is increasing during ontogeny
(Fig. 10C). The development from a low and minor to a
prominent crista galli can be observed in the ontogeny of
Mesocricetus (Raitova, 1972b; pers. obs.). Such a well-
developed crista galli is also present in Microtus, Lem-
mus, Tatera, and Acomys 2 (Kabpam, 1972, 1973a, b; pers.
obs.) (Fig. 10C). Rhipidomys, Abrothrix 2, Geoxus, Den-
dromus, Apodemus, and Mus are lacking the crista galli.
In all other investigated species the crista galli is not well
pronounced.
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In Peromyscus 1, Gerbillus, Micromys, and Apodemus
favicollis the tectum nasi is still at least partly blastema-
tous or precartilaginous. Kapawm (1972, 1973a, b, 1976)
describes a blastematous tectum nasi in the very young
stages of Mesocricetus (6 mm HL) and Tatera (4.5 mm
HL). In Peromyscus the anteriormost part of the tectum
nasi chondrifies at latest. Thus, the tectum nasi chondri-
fies later than the paries nasi. In contrast, in Sigmodon
it is vice versa. In the younger stages the tectum nasi is
thicker than the paries nasi and thus both parts of the na-
sal capsule can be easily distinguished. Thinning of the
tectum nasi and first areas of resorption occur underneath
the nasals that project deep into the sulcus supraseptalis
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dprp(pas)
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Fig. 5. Line drawings of transversal histological sections through the cupula nasi anterior. A Acomys sp., stage 1, 20 mm HL, slice 7-1-3;
B Acomys sp., stage 2, 22 mm HL, slice 4-3-5; Meriones unguiculatus, 14.5 mm HL, slice 2-2-1 (C) and slice 2-4-2 (D). Colour code: blue,
cartilage; brown, dermal bone; green, ductus nasolacrimalis. The star (%) indicates areas of resorption. Abbreviations: at, atrioturbinal;
dprp, dorsal processus posterior; fia, fenestra internasalis anterior; fis, fissure; HL, head length; pas, processus alaris superior; plv, proces-
sus lateralis ventralis; pn, paries nasi; sn, septum nasi; ss, sulcus supraseptalis; sv, sulcus ventralis; tn, tectum nasi; vprp, ventral processus

posterior. Scale bars: 1 mm. Modified after Rur (2004).

and finally cover the entire tectum nasi from the lamina
transversalis anterior to the limbus praecribrosus (Kab-
AaMm, 1972, 1973a, b; pers. obs.) (Figs. 7, 8A, B, D, 9B,
C). Resorption starts in late fetal stages as it can be ob-
served in neonates and occurs along the fenestra nasalis
superior, in separate areas above the lamina transversalis
anterior and more caudolaterally (e.g., Peromyscus 3+4)
(Figs. 6D, 8C). Finally, the only cartilaginous tectum
nasi is the anterior most portion behind the cupula nasi
anterior. Ossification also starts in perinatal stages. Os-
sified remnants of the precerebral tectum nasi constitute
the origin of the nasoturbinal, the limbus praecribrosus
and the spina mesethmoidalis (Fig. 6D). In Peromyscus
4, Cricetus and Acomys 2 further ossified fragments of
the precerebral tectum nasi can be observed (Fig. 8C).
The adult stages show ossified remnants of the tectum
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nasi between septum nasi and lamina semicircularis and
at the origins of the frontoturbinals (Fig. 15B—E).

In all species the limbus praecribrosus becomes in-
creasingly covered by the frontals and ossifications starts
medially as observed in Sigmodon 3+4, Mesocricetus 6
and Acomys. In Lemmus and Mus 5 the tip of the spina
mesethmoidalis ossifies first and from here the area of
ossification continues onto the limbus praecribrosus.

A quite late development of the lamina cribrosa in-
side the fenestra olfactoria has been described in Mus,
Mesocricetus and Tatera (Raitova, 1972b; Kabam, 1972,
1973a, b; Frick, 1986); in Gerbillus the lamina cribrosa
is still completely precartilaginous. In Apodemus flavi-
collis the anterior part of the lamina cribrosa is still pre-
cartilaginous, whereas in the posterior part only the pre-
cartilaginous roots of the turbinals are present. A 10 mm
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Fig. 6. Line drawings of transversal histological sections through the lamina transversalis anterior of Peromyscus maniculatus. A stage 1,
7.5 mm HL, slice 2-6-6; B stage 2, 21 mm HL, slice 3-3-5; C stage 2, 21 mm HL, slice 3-5-5; D stage 4, 25 mm HL, slice 5-6-2. Colour
code: blue, cartilage; brown, dermal bone; green, ductus nasolacrimalis; purple, endochondral bone. Stars (%) indicate areas of resorp-
tion. Abbreviations: at, atrioturbinal; fis, fissure; fsn, fenestra superior nasi; HL, head length; ia, incisura atriomaxilloturbinalis; Ita, lamina
transversalis anterior; mt, maxilloturbinal; n, nasal bone; nt, nasoturbinal; pa, pars anterior; pm, premaxillary bone; pn, paries nasi; pp, pars
posterior; prp; processus posterior; pst, posterior septoturbinal; sn, septum nasi; ss, sulcus supraseptalis; tn, tectum nasi. Scale bars: 1 mm.

Modified after Rur (2004).

HL stage of Mesocricetus shows a completely chondri-
fied lamina cribrosa (Kapam, 1976). The lamina cribrosa
chondrifies from rostral to caudal and medial to lateral.
This can be observed in Peromyscus, Sigmodon, Abroth-
rix, Micromys, Mus, and Rattus (Fig. 10A).

The pattern of ossification of the lamina cribrosa is
somewhat variable among the investigated species, in
terms of timing as well as location of the first ossifica-
tion centers. Ossification can be observed in Peromyscus
3+4, Sigmodon 3+4, Cricetus, Mesocricetus 4—6, Aco-
mys, Mus 4—6, Rattus 4+5, and Dendromus (Figs. 10B,
C, 11A). One ossification center is located right behind the
spina mesethmoidalis and continues caudally and laterally.
This ossification may spread to the limbus paracribrosus.
In most species a second posteromedial ossification center
can be observed where the ossification of the lamina cribro-
sa most probably starts (e.g., Mesocricetus 4+5). BEATTY
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& HiLLEMANN (1950) describe paired lateral and smaller
scattered ossification centers of the lamina cribrosa in a six
day old Mesocricetus. In Rattus ossification of the lamina
cribrosa follows the same pattern as its chondrification,
from anterior to posterior and from medial to lateral.

Paries nasi

Definition.The paries nasi forms the sidewall of the nasal
cavity and can be subdivided into three parts (Voir, 1909;
TERRY, 1917; DE BEER, 1937; REINBACH, 19524, b; STARCK,
1967; ZELLER, 1983):

(1) The pars anterior comprises the anterior third of the
paries nasi, from the fenestra narina to the sulcus
lateralis anterior, which corresponds to the origin of
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the lamina semicircularis inside the nasal cavity.
The lateral bulge is the prominentia supraconcha-
lis. Ventrally it is confluent with the lamina infra-
conchalis that is located below the maxilloturbinal.
The lamina infraconchalis contributes to the cana-
lis nasolacrimalis. In many mammals a persisting
fenestra superior nasi occurs between pars anterior
and tectum nasi.

(i1))  The pars lateralis forms a more or less prominent
lateral outgrowth and is located between sulcus lat-
eralis anterior and sulcus lateralis posterior, which
corresponds to the root of ethmoturbinal I. The latter
belongs to the pars posterior but expands anteriorly
and thus pars lateralis and pars posterior overlap.
Dorsally the pars lateralis houses the recessus fron-
toturbinalis and ventrally the recessus maxillaris.

(IIT)  The pars posterior extends from the sulcus lateralis
posterior to the posterior end of the nasal capsule.
Strictly speaking, the cupula nasi posterior and the
lamina transversalis posterior belong to the paries
nasi. The lateral and vertical wall of the paries nasi
above the lamina transversalis posterior is the pla-

num antorbitale.

SENCKENBERG

Fig. 7. Line drawings of transversal histological sections through
the ethmoidal region between lamina transversalis anterior and car-
tilago paraseptalis anterior. A Acomys sp., stage 1, 20 mm HL, slice
10-5-3; B Dipodomys heermanni, 15 mm HL, slice 7-4-2. Colour
code: blue, cartilage; brown, dermal bone; green, ductus nasolacri-
malis. The diamond (4) indicates the connection between lamina
transversalis anterior and cartilago paraseptalis anterior. Stars (%)
indicate areas of resorption. Abbreviations: HL, head length; mt,
maxilloturbinal; n, nasal bone; nt, nasoturbinal; pm, premaxillary
bone; pn, paries nasi; pra, processis anterior; pst, posterior septotur-
binal; sn, septum nasi; ss, sulcus supraseptalis; tn, tectum nasi.
Scale bars: 1 mm. Modified after Rur (2004).

In many mammals the caudal paries nasi shows a
prominent processus paranasalis that is associated with
the ductus nasolacrimalis as well as adjacent dermal
bones and represents the origin of the musculus obliquus
inferior (e.g., TERRY, 1917; DE BEER, 1937; REINBACH,
1952a, b).

Except for the anteriormost part adjacent to the cupu-
la nasi anterior and the bases of the turbinals, the paries
nasi becomes resorbed and replaced by the surrounding
dermal bones. Resorption of the paries nasi is induced by
the adjacent dermal bones (STARCK, 1967).

Description. Generally, all species show a similar pat-
tern of the paries nasi (Figs. 1, 2A, C, E). The fenestra su-
perior nasi is present in all investigated species and stag-
es except for Gerbillus, Jaculus and Dipodomys (contra
Erorr, 1951b; Frick, 1986: fenestra lateralis; contra
Hauck, 1987) (Figs. 1B, 2A, C, E, 6A). In all investigated
stages of Rattus two fenestrae per side can be observed.
The fenestra superior nasi is located in the pars anterior
of the paries nasi roughly above the lamina transversalis
anterior. In Lemmus and Microtis the fenestra superior
nasi is very small. All species and stages show a well-
developed lamina infraconchalis; it has an anterior pro-
cess except in Lemmus, Arvicola, Gerbillus, Meriones,
Apodemus flavicollis, Mus 5, Micromys and Thomomys
(Fawcert, 1917; Erorr, 1948, 1951b; Yousser, 1966;
Rartova, 1972b; Kapam, 1972, 1973a, b, 1976; contra
Frick, 1986; contra Hauck, 1987; pers. obs.) (Figs. 1B,
D,F 2,8B,D,9A, C, D).

In early ontogenetic stages the paries nasi is poste-
riorly continuous with a commissura orbitonasalis in
almost all species (FAwceTT, 1917; ELorF, 1948, 1951b;
Yousser, 1966; Raitova, 1972b; Kapawm, 1972, 1973a, b,
1976; Frick, 1986; Hauck, 1987; pers. obs.) (Figs. 1, 2,
12A). However, according to Kapam (1976) the com-
missura orbitonasalis of Mesocricetus projects from the
cartilago sphenethmoidalis. Tatera has a commissure
that is completely made up by the cartilago paranasa-
lis, in Arvicola at least partly (FAwCeTT, 1917; KADAM,
1972, 1973a, b, 1976). An ala minima, the connection
between commissura orbitonasalis and limbus paracri-
brosus, is present in Peromyscus 1, Sigmodon 1, Otomys,
Rhabdomys, Apodemus, Mus (10 mm HL stage), and
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Fig. 8. Line drawings and digital images of transversal histological sections through the ethmoidal region showing the housing of the
vomeronasal organ in selected Cricetidae. A—C Peromyscus maniculatus: A stage 3, 14.5 mm HL, slice 7-4-3; B same specimen, slice
10-1-3; C stage 4, 25 mm HL, slice 17-3-2. D Sigmodon hispidus, stage 4, 21 mm HL, slice 17-3-2. Colour code for line drawings: blue,
cartilage; brown, dermal bone; green, ductus nasolacrimalis; purple, endochondral bone. Stars (%) indicate resorption of the paries nasi.
The asterisk (*) indicates ossification of the naso- and maxilloturbinal. Abbreviations: cp, cartilago paraseptalis anterior; cpp, cartilago
papillae palatinae; dI2, deciduous upper incisor 2; dnl, ductus nasolacrimalis; dnp, ductus nasopalatinus; et I, ethmoturbinal I; £, frontal
bone; ft 1-2, frontoturbinal 1—-2; HL, head length; lh, lamina horizontalis; lpr, limbus praecribrosus; Is, lamina semicircularis; m, maxil-
lary bone; mt, maxilloturbinal; n, nasal bone; nt, nasoturbinal; pa, pars anterior; pm, premaxillary bone; pn, paries nasi; pu, processus
uncinatus; sn, septum nasi; ss, sulcus supraseptalis; tn, tectum nasi; v, vomer; vno, vomeronasal organ. Scale bars: 1 mm. A, D not to scale.
B, C modified after Rur (2004).
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Fig. 9. Line drawing and digital images of transversal histological sections through the ethmoidal region showing the housing of the vome-
ronasal organ in selected Myodonta. A—B Mesocricetus auratus: A stage 2, 15 mm HL, slice 8-1-1; B stage 3, 17.5 mm HL, slice 13-1-5;
C Acomys sp., stage 2, 22 mm HL, slice 16-4-3. D Jaculus jaculus, 14 mm HL, slice 8-3-3. Colour code for line drawing: blue, cartilage;
brown, dermal bone; green, ductus nasolacrimalis. Asterisks (¥) indicate areas of ossification. Stars (%) indicate resorption of the paries
nasi. The diamond (4) indicates the lateral trough at the cartilago paraseptalis anterior that most likely represents a cartilago ductus naso-
palatini. Abbreviations: cp, cartilago paraseptalis anterior; dI2, deciduous upper incisor 2; dnl, ductus nasolacrimalis; et I, ethmoturbinal I;
fis, fissure; ft 1, frontoturbinal 1; HL, head length; 1h, lamina horizontalis; li, lamina infraconchalis; Ipr, limbus praecribrosus; ls, lamina
semicircularis; mt, maxilloturbinal; n, nasal bone; nt, nasoturbinal; pa, pars anterior; pm, premaxillary bone; pn, paries nasi; pra, processus
anterior; sn, septum nasi; ss, sulcus supraseptalis; tn, tectum nasi; v, vomer; vno, vomeronasal organ. Scale bar: 1 mm. A—C not to scale.
D modified after Rur (2004).

Rattus (ELorr, 1948, 1951b; Kapam, 1976; pers. obs.).  b; pers. obs.) (Figs. 1A-D, 2A, C, E, 3A. 10A). In 4po-
Most of the investigated species possess a more or less  demus flavicollis, Mus 2, Rattus, Lophuromys, and in the
pronounced processus paranasalis (Kapam, 1972, 1973a,  geomyoids a crista is present in this position. In con-
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trast, Phyllotis, Auliscomys, Arvicola (FawcerT, 1917),
Microtus and Meriones only show a more or less pro-
nounced kink of the paries nasi in this area. Due to the
shortening of the nasal cavity in Jaculus its processus
paranasalis is situated more posteriorly and thus does not
show the same topology compared to the other species
(Figs. 1E, F, 2E). In prenatal stages of Peromyscus, Sig-
modon, Abrothrix, Geoxus, Lemmus, all murids (except
for Apodemus flavicollis), and Dipodomys the processus
or crista paranasalis projects deeply into the foramen in-
fraorbitale.

The separate chondrification of the three paries nasi
sections has been observed in Mesocricetus, Tatera, and
Otomys (ELoFr, 1948; Kapam, 1972, 1973a, b, 1976).
In contrast Raitova (1972b) observed in Mesocricetus a
successive chondrification of the paries nasi from anterior
to posterior. In Peromyscus 1, Sigmodon 1+2, Gerbillus,
Lophuromys, Apodemus flavicollis, Mus 1+2 and Micro-
mys the pars anterior in front of the lamina transversa-
lis anterior chondrifies from caudal and dorsal and later
than the other parts of the paries nasi. However, Frick
(1986) described a homogeneous chondrification of the
paries nasi in Mus. The chondrification of the lamina in-
fraconchalis occurs later than that of the adjacent paries
nasi as it is still blastematous in Apodemus flavicollis or
it consists of precartilage as in Sigmodon 1 and Micromys
(Kapawm, 1972, 1973a, b, 1976; pers. obs.); in a 7.5 mm
HL stage of Mesocricetus the lamina infraconchalis chon-
drifies separately although a common anlage with the rest
of the paries nasi has been observed (Kabpawm, 1976).

One or two fissures between paries nasi and margino-
and atrioturbinal, that cause the separation of the ventro-
medial part of the paries nasi in this area, are present
in all species and stages except for Peromyscus 1, Sig-
modon 1, Micromys, Apodemus flavivollis, Rhabdomys,
Mus and Dipodomys (Figs. 4B, C, 5A, B, D); these fis-
sures become longer with increasing age. Older prena-
tal and perinatal stages show thinning of the paries nasi
and a common resorption pattern among Muroidea that
occurs in several areas simultaneously (FawcerT, 1917;
ErLorr, 1948, 1951b; Yousser, 1966; Raitova, 1972b;
Kapam, 1972, 1973a, b, 1976; Frick, 1986; Hauck,
1987; pers. obs.) (Figs. 4B, C, SA-C, 6B-D, 7A, 7C,
8A, C, D, 9A, C, D). In Peromyscus 4, Sigmodon 3 +4,
Rhipidomys, Cricetus, Acomys, Mus 5+6, Rattus 5 and
Lophuromys the fenestra superior nasi is posteriorly
continuous with an area of resorption. In addition, fur-
ther smaller or larger areas of resorption can be observed
in the pars anterior in a variable pattern (FAwcerT, 1917;
pers. obs.). Generally, two more areas of resorption are
located in the pars lateralis, especially the sidewall of
the recessus maxillaris as observed in Peromyscus 4,
Mesocricetus 2, Cricetus, Dendromus, Acomys and Mus
3—-6 (Figs. 9B, 10B, C). In Phodopus a third area of re-
sorption can be observed in the pars lateralis (Hauck,
1987; pers. obs). Resorption of the pars posterior starts
later than in the other two parts of the paries nasi (Fig.
11). In contrast, in Rattus 3 and in the geomyoids re-
sorption of the paries nasi starts in the pars lateralis. In
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comparison in Cricetus and Acomys the resorption of the
paries nasi obviously begins in earlier prenatal stages.
The oldest stages of Mesocricetus, Tatera, Rattus and
Mus show an almost completely resorbed paries nasi
that is replaced by the adjacent dermal bones except for
the anterior part in front of the cartilago paraseptalis an-
terior (Kapam, 1972, 1973a, b; pers. obs). Prenatal os-
sification of the lamina infraconchalis can be observed
in Sigmodon 3+4, Cricetus, and Acomys 2, postnatal
in Peromyscus 4, Mesocricetus 5+6, Dendromus, and
Mus. The pattern is always a rostral area of ossification
but the direction (ventral, dorsal) or the number of ar-
eas is variable. The commissura orbitonasalis becomes
increasingly resorbed as observed in Peromyscus 3+4,
in which only a processus orbitonasalis is left. Ossi-
fied remnants of the paries nasi are its ventral edge, the
lamina infraconchalis, the origin of the turbinals and the
processus orbitonasalis (e.g., Peromyscus 4) (Figs. 8C,
11A, 14, 15). In Peromyscus 4 and Mesocricetus 6 the
ossified lamina infraconchalis has a medially projecting
epiturbinal.

The processus or crista paranasalis becomes over-
grown by the maxillary (e.g., Sigmodon) or the lacrimal
(e.g., Abrothrix) and finally resorbed. Generally, the pro-
cess/crista serves as the origin of the musculus obliquus
inferior in younger ontogenetic stages (Kapawm, 1972,
1973a, b; pers. obs.). However, in Auliscomys the mus-
cle origin lies on the paries nasi wall and in Thomomys
it lies dorsal to the processus paranasalis. Finally, after
resorption of the paries nasi the musculus obliquus infe-
rior originates from the lacrimal and maxillary and as in
Acomys also from the frontal; in Jaculus only the latter is
involved. The ontogenetic series of Peromyscus and Rat-
tus clearly demonstrate that the origin of the musculus
obliquus superior also moves from the planum antorbi-
tale (in many stages/species a crista is present here) to the
frontal bone that replaces this area of the nasal capsule.
This transition occurs perinatally.

Cupula nasi posterior

Definition. The cupula nasi posterior forms the posterior
boundary of the nasal cavity. Its side walls are built by
the posterior planum antorbitale of the paries nasi and
its floor is continuous with the lamina transversalis pos-
terior, that separates the posterior nasal cavity from the
ductus nasopharyngeus; the lamina infracribrosa forms
the roof of the cupula nasi posterior (TERRY, 1917; MAIER,
1986; ZELLER, 1989).

Description. All studied and described species show a
well-developed cupula nasi posterior (Fawcett, 1917,
Eloff, 1948, 1951b; Yousser, 1966; Raitova, 1972b;
Kapam, 1972, 1973a, b, 1976; Frick, 1986; Hauck, 1987;
pers. obs.) (Figs. 1, 2, 3). However, in Jaculus it is less
prominent due to the reduction of the caudal nasal cavity.
Generally, the cupula nasi posterior shows deep sulci on
the ventral side which correspond to the medial rim of the
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lamina transversalis posterior. Vomer and palatine extend
into these sulci (Figs. 1B, D, F, 12A, B). The cupula nasi
posterior of Peromyscus, all Sigmodontinae, Cricetinae,
Lemmus, Microtus, Gerbillus, Acomys, Mus 3+4 and
Jaculus ends on each side as a processus posterior that
is supported by the palatine. This process is very long in
Mesocricetus 1+2, Phodopus, Lemmus and Microtus and
ends ventral to the foramen opticum. The processus pos-
terior is situated medial to the palatine in Lemmus and lat-
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Fig. 10. Line drawing and digital images of transversal histo-
logical sections through the pars posterior of the nasal cavity of
selected Muroidea. A Peromyscus maniculatus, stage 1, 7.5 mm
HL, slice 5-5-4; B Sigmodon hispidus, stage 4, 21 mm HL, slice
35-2-3; C Acomys sp., stage 2, 22 mm HL, slice 29-2-2. Colour
code for line drawing: blue, cartilage; brown, dermal bone; green,
ductus nasolacrimalis. Asterisks (*) indicate centers of ossification.
Abbreviations: br, brain; ci, communicatio internasalis; et [—II,
ethmoturbinal I-1II f, frontal bone; ft2, frontoturbinal 2; HL, head
length; it, interturbinal; lc, lamina cribrosa; lh, lamina horizonta-
lis; Ipa; limbus paracribrosus; M1, first upper molar; m, maxillary
bone; pa, pars anterior; pm, premaxillary bone; pn, paries nasi; pp,
pars posterior; ppn, processus paranasalis; pra, processus anterior;
rft, recessus frontoturbinalis; rm, recessus maxillaris; sn, septum
nasi; v, vomer; vno, vomeronasal organ. Scale bar: 1 mm. B and C
not to scale. A modified after Rur (2004).

eral in Phodopus. In addition, Phyllotis has a short dorsal
processus posterior. The posterior end of the cupula nasi
posterior and its process are highly variable among the
investigated species. In almost all investigated species
the cupula ends anterior to the pila pracoptica (Fig. 1B,
D, F), in Abrothrix 1, Phyllotis, Mesocricetus, Lemmus,
and Microtus below the radix/pila praeoptica. In Micro-
mys the posterior end of the cupula nasi posterior is situ-
ated dorsal to the pila praeoptica; in Gerbillus and ina 10
mm HL stage of Mus (Kapawm, 1976) the posterior end
is close to the foramen opticum and dorsal to the central
stem. In the geomyoids the cupula nasi posterior shows
a shorter ventral and a longer dorsal process; the cupula
ends far anterior from the pila pracoptica.

The shape of the cupula nasi posterior in cross-sec-
tion is variable. Jaculus and the geomyoids have an ex-
tremely wide and box-shaped cupula; in Peromyscus and
Lophuromys it is spade-shaped with the septum nasi be-
ing the dorsalmost point (Fig. 12A, B); Sigmodon shows
a deep and wide sulcus on the dorsal side.

In early stages like Peromyscus 1, Phyllotis and Ger-
billus the cupula nasi posterior is not yet continuous with
the lamina infracribrosa and the septum nasi and there-
fore ends as isolated cartilaginous cones (Fig. 12A). Dur-
ing ontogeny the cupula nasi posterior becomes modified
by resorption and ossification. In Sigmodon 4, Mus 5 and
Acomys 2 resorption of the lateral wall of the cupula nasi
anterior (part of the planum antorbitale) starts ventrally.
Thus, in the oldest stages under study most of the pla-
num antorbitale is already resorbed (Fig. 12C). Ossified
parts of the cupula nasi posterior are (besides the lamina
terminalis) the lamina infracribrosa and the dorsalmost
part of the planum antorbitale. This pattern is evident
in Peromyscus 4, Mesocricetus 6, Mus 6, and Acomys
2. Rattus 5 shows a strip of ossified planum antorbitale
that runs from the posterior end of ethmoturbinal III
into the posterior nasal capsule. In Sigmodon 4 only the
dorsolateral rim of the cupula nasi posterior is already
ossified. The posterior end of the cupula nasi posterior
becomes surrounded and replaced by the frontal, pala-
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tine and vomer, in Cricetinae, Microtus and Dendromus
also by the maxillary (Fig. 12C). Thus, the still cartilagi-
nous processus posterior of Sigmodon 3, Mesocricetus
4—6 and Acomys 2 projects as a cone into the frontal, in
Geoxus into the palatine, in Phodopus into the processus
ascendens of the palatine and into the frontal (Hauck,
1987; pers. obs.).

Lamina transversalis anterior

Definition. The lamina transversalis anterior forms the
anterior nasal floor and in most mammals it is continu-
ous with the paries nasi forming the so-called zona an-
nularis (Gaupp, 1900, 1908; Kunn, 1971; ZELLER, 1989;
Huppr et al., 2018). It remains cartilaginous through
life although it can become modified in size and shape
(ScHRENK, 1989).

Description. The lamina transversalis anterior of all spe-
cies is relatively long and forms at least temporarily a
zona annularis (Fawcert, 1917; Evorr, 1948, 1951b;
Youssker, 1966; Raitova, 1972b; KapaMm, 1972, 1973a, b,
1976; Frick, 1986; Hauck, 1987; pers. obs.) (Figs. 1B, D,
F, 6B—D). In Jaculus the lamina transversalis anterior is
significantly shorter. All muroids and Dipodomys show a
lamina transversalis anterior that is divided into a thick
pars anterior and a thin pars posterior (Kapawm, 1973a:
Fig. 19; Frick, 1986: Fig. 9; Hauck, 1987: figs. 10 and
11; pers. obs.) (Figs. 2B, D, 6B, C). The pars anterior of
Meriones and Lophuromys has a processus posterior on
each side. Phyllotis and Geoxus have a very short pars
posterior. The sulcus ventralis varies on the pars ante-
rior from deep (Sigmodon, Mesocricetus, Cricetus, Ta-
tera (Kapam, 1972, 1973a, b); Micromys, Rhabdomys)
to shallow (Arvicolinae, Acomys); in Jaculus and Tho-
momys no sulcus is present on the lamina transversalis
anterior (Fig. 1B, D, F). Medially, the pars posterior ends
with a processus posterior that is continuous with the car-
tilago paraseptalis (ELorF, 1951b; Kapam, 1976: proces-
sus paraseptalis anterior; pers. obs.) (Fig. 7).

Observations on the origin of the lamina transversalis
anterior are controversial. In Ofomys and Rattus the lam-
ina is a medial outgrowth of the paries nasi (ELOFF, 1948;
Yousskr, 1966). In contrast, Tatera has a blastematous an-
lage of the lamina transversalis anterior that is separated
from the paries nasi and the septum nasi but connected to
the cartilago paraseptalis anterior; this anlage fuses to the
blastematous cartilago parietotectalis and forms a zona an-
nularis in a 9 mm HL stage, which chondrifies up to the 13
mm HL stage (Kapam, 1972, 1973a, b). In early ontoge-
netic stages as Peromyscus 1, Mus 1+2, Micromys and Lo-
phuromys the lamina transversalis anterior is at least partly
separated from the septum nasi by a fissure on each side
(Fig. 6A). Here the cartilage of the lamina is more mature
than that of the paries nasi but the connection to the carti-
lago paraseptalis anterior is still precartilaginous.

In many species the connection between lamina
transversalis anterior and septum nasi is very thin. Older
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stages such as Peromyscus 4, Mesocricetus 6, Mus 6,
Rattus 5 and Dendromus show a fissure that separates
the pars posterior of the lamina from the septum nasi.
In Peromyscus, Mus and Rattus this fissure separates a
cartilaginous bar caudolaterally. In Peromyscus 2—4 the
anterior part of the lamina transversalis anterior shows a
central resorption and in stage 4 the lamina becomes al-
most completely resorbed and replaced by adipose tissue
(Fig. 6B, D).

Cartilages of the vomeronasal complex

Definition. The cartilago paraseptalis communis is a
paired structure situated below the nasal septum and
separated from the latter by the fissura septoparasepta-
lis on each side. In many mammals it is subdivided
into the cartilago paraseptalis anterior and the cartilago
paraseptalis posterior which is connected to the lamina
transversalis posterior (Gaupp, 1906; ToepLiTZ, 1920; DE
BEER, 1937; Starck, 1967; Kunn, 1971; ZELLER, 1983,
1989). Due to the expansion of the vomer the latter can
be reduced to a processus paraseptalis posterior attached
to the lamina tranversalis posterior or even completely
missing (ToEepLitz, 1920; Kunn, 1971).

The cartilago paraseptalis anterior forms a tube-like
structure that houses the vomeronasal organ (Jacobson’s
organ). Above the entrance into the ductus nasopalatinus
the outer bar (fibula reuniens) is present (Broom, 1896;
REmBAcH, 1952a, b). In many mammals the ductus na-
sopalatinus and the palatine papilla between the incisive
foramina can be supported by further cartilaginous ele-
ments, the cartilago papillae palatinae and the cartilago
ductus nasopalatini as well as the cartilago palatina
(Sturm, 1936; STARCK, 1967: KunN, 1971; MaIER, 1980).
Due to the enlarged incisive alveolae the ductus naso-
palatinus of rodents is shifted posteriorly (WOHRMANN-
REPENNING, 1984a, b; MEss, 1997).

Description. A cartilago paraseptalis communis, the con-
tinuous connection of the cartilago paraseptalis to the lam-
ina transversalis anterior and posterior, is only present in
Arvicola (FAwceTT, 1917) and Dipodomys. In all species a
well-developed cartilago paraseptalis anterior can be ob-
served and in Myodonta it generally shows a very simi-
lar pattern (FawcetT, 1917; ELoFF, 1948, 1951b; YOUSSEF,
1966; Raitova, 1972b; Kapam, 1972, 1973a, b, 1976;
Frick, 1986; Hauck, 1987; pers. obs.) (Figs. 1B, D, F, 2A,
C,E, 8A, B, D, 9). In all investigated species the transition
from the lamina transversalis anterior to the cartilago par-
aseptalis is bean-shaped in cross-section, and in front of
the latter it forms a trough (Fig. 7). Generally, the cartilago
paraseptalis anterior is hook-shaped in cross-section, with
a higher medial lamina and a broad dorsolateral opening
(Figs. 8A, B, D, 9A, C, D). In Mus, Rhabdomys and in
the geomyoids the cartilago paraseptalis anterior forms
an almost closed tube with a thin dorsal fissure. Lemmus
possesses a posterior process that projects from the dorsal
rim of the cartilago paraseptalis anterior and overlays the
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vomer. In Rattus 1-3, Jaculus and Thomomys a processus
paraseptalis posterior can be observed.

The anlage of the cartilago paraseptalis anterior has
been described in very early stages of Mesocricetus (10
mm and 13 mm HL stages) in which it develops sepa-
rately from the lamina transversalis anterior and sep-
tum nasi (Rastova, 1972b). In contrast, Kabam (1972,
1973a, b) describes a very early common anlage of all
these three structures in Tafera. In the younger stages
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Fig. 11. Line drawings and digital image of transversal histological
sections through the pars posterior of the nasal cavity of selected
Cricetidae. A Peromyscus maniculatus, stage 4, 25 mm HL, slice
29-1-1; B Sigmodon hispidus, stage 4, 21 mm HL, slice 49-2-1;
C Mesocricetus auratus, stage 4, 19 mm HL, slice 22-1-4. Col-
our code for line drawings: blue, cartilage; brown, dermal bone;
purple, endochondral bone The diamonds (4) indicate secondary
cartilage within the suture between both maxillary bones. Asterisks
(*) indicate areas of ossification. Abbreviations: br, brain; dn; duc-
tus nasopharyngeus; et I1-1III; ethmoturbinal II-I1I; f, frontal bone;
HL, head length; lc, lamina cribrosa; Ipa; limbus paracribrosus; lt,
lamina terminalis; ltp, lamina transversalis posterior; M1, first up-
per molar; m, maxillary bone; pn, paries nasi; pra, processus ante-
rior; sn, septum nasi; v, vomer. Scale bars: 1 mm. C not to scale. A,
B modified after Rur (2004).

(Peromyscus 1, Sigmodon 1, Abrothrix 1, Gerbillus, Ap-
odemus flavicollis, Micromys, Mus 1) it can be observed
that the chondrification of the cartilago paraseptalis an-
terior starts in the middle part and continues anteriorly
and posteriorly. In Tatera the connection to the lamina
transversalis anterior chondrifies later than the cartilago
paraseptalis anterior (Kabpam, 1972, 1973a, b). In Mes-
ocricetus the chondrification of the cartilago paraseptalis
anterior proceeds from medial to lateral (Kapawm, 1976).
Furthermore, during ontogeny the cartilago parasepta-
lis anterior exceeds the vomeronasal organ posteriorly.
Thinning and resorption of the cartilago paraseptalis an-
terior as well as replacement by dermal bones follows
the same pattern in the muroids (Figs. 8, 9). Already in
late fetal stages the processus palatinus medialis of the
praemaxillary projects medial to the cartilago parasep-
talis anterior and seems to induce the resorption of the
latter (Figs. 8A, B, D). This process starts in the middle
part of the cartilaginous trough and continues anteriorly
and posteriorly (Kabpam, 1972, 1973a, b; Hauck, 1987,
pers. obs.). Cricetus and Acomys appear to be much more
developed than comparable stages of the other species
(Fig. 9C). The premaxillary, maxillary and vomer togeth-
er form an almost complete tube with a small dorsal fis-
sure as also clearly visible in the adult stages under study
(Figs. 8C, 14B, D, E). This fissure becomes also closed
except for some nutritive and nerval foramina. However,
the dorsal edge of the medial lamella of the cartilago par-
aseptalis anterior becomes thicker and persists quite long
into postnatal stages; in Cricetus it ossifies but the rest of
the cartilago paraseptalis anterior becomes resorbed.

All species have an outer bar, a connection — continu-
ous in most specimens — running ventrolaterally from
the medial to the lateral lamella (ELorF, 1951b; KADAM,
1972, 1973a, b; Hauck, 1987; pers. obs.) (Fig. 2A, C,
E). In Mesocricetus 1, Meriones, Acomys 1, Rattus 1+2,
Lophuromys and Jaculus it consists of two cartilaginous
projections that are connected by blastematous tissue in
the middle. In Mesocricetus 2—6 and Lophuromys an
overlap of these two separate parts of the outer bar can be
observed. According to the observation of blastematous
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tissue or precartilage at the anterior end of the outer bar in
Abrothrix 1, Gerbillus, Apodemus flavicollis, Micromys,
Mus 1 and Rattus 1+2 the outer bar obviously develops
from posterior to anterior. In Tatera it is the other way
round (Kapawm, 1972, 1973a, b). In Dendromus the outer
bar is still completely blastematous. The outer bar also
undergoes resorption, from posterior to anterior as ob-
served in Peromyscus, Mesocricetus, Phodopus, Acomys,
and Rattus. In Phodopus the missing posterior part of the
outer bar is replaced by an anterior process of the pro-
cessus palatinus medialis of the praemaxillary (HAuck,
1987; pers. obs.). In the other species this anterior pro-
cess increases in length prenatally and overlays the outer
bar dorsolaterally. Thereby it closes the dorsal gap of the
cartilago paraseptalis anterior. In the geomyoids the outer
bar forms a broad plate that forms a short closed tube.

The cartilago papillae palatinae that supports the pa-
pilla palatina between both ductus nasopalatini can be
observed in almost all species; generally it occurs late
in prenatal or in perinatal ontogeny (ELoFF, 1948; Ka-
DAM, 1972, 1973a, b, 1976; WOHRMANN-REPENNING, 1982,
1984a, b; Hauck, 1987; pers. obs.) (Figs. 1B, 2A, C, 8B,
C). The investigated stages of Arvicola (FawcerT, 1917),
Microtus, Apodemus flavicollis, Gerbillus, and Thomo-
mys do not show a cartilago papillae palatinae; in Lo-
phuromys and Rhabdomys a mesenchymal condensation
is present in the respective area (ELoFr, 1951b: prenasal
cartilage; pers. obs.). The shape of this cartilage is highly
variable.

Some species show structures that can be interpreted
as a reduced cartilago ductus nasopalatini or its remnants.
These are a lateral trough next to the outer bar as ob-
served in Gerbillus, Meriones and Jaculus (although no
contact to the ductus nasopalatinus is present due to the
posterior displacement of the latter) and a ventral crista
located lateral at the cartilago paraseptalis anterior in Lo-
phuromys and associated with the ductus nasopalatinus
(Fig. 9D). In Sigmodon 3+4 cartilaginous elements are
present anterior and lateral to the ductus. A cartilago pa-
latina that is located posterior to the ductus nasopalatinus
is only present in Peromyscus 4 and Mesocricetus 6.

Lamina transversalis posterior

Definition. The lamina transversalis posterior develops
relatively late in ontogeny by the medial bending of the
lower margin of the posterior paries nasi and thus forms
the floor of the posterior recessus ethmoidalis (FAWCETT,
1917; pE BEER, 1937; Starck, 1967; Kunn, 1971). The
lamina can be connected to the paraseptal cartilages. In
many mammals the vomer that projects between septum
nasi and lamina transversalis posterior synossifies with
the latter to form the lamina terminalis (Fuchs, 1909;
Kunn, 1971).

Description. All investigated species have a well-devel-

oped lamina transversalis posterior except for Tatera,
Otomys, and Jaculus in which it is reduced in length
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(Figs. 1B, D, F, 2B, D, F, 3, 11C, 12A, B); the lamina
transversalis posterior is always separated from the sep-
tum nasi except for its hindend at the cupula nasi posterior
(Fawcert, 1917; ELoFF, 1948, 1951b; Yousskr, 1966; Ra-
JTOVA, 1972b; KapaM, 1972, 1973a, b, 1976; WOHRMANN-
REPENNING, 1982; Frick, 1986; Hauck, 1987; pers. obs.).
However, in a 15 mm HL stage of Tatera the fusion of
the lamina transversalis posterior and the septum nasi has
been observed (Kapawm, 1972, 1973a, b). The processus
paraseptalis posterior is described above. The cartilago
paraseptalis communis of Dipodomys is situated between
septum nasi and a medial processus anterior of the lamina
transversalis posterior. Such a medial anterior process is
also present in Sigmodon 3. However, it remains question-
able if this process can be homologized with the proces-
sus paraseptalis posterior. The anterior edge of the lamina
shows a lateral processus anterior in Rhipidomys; in Mus
4 the lamina has a ventrolateral process that is projecting
caudally. Rattus shows a ventral process that becomes os-
sified and then is deeply nested in the palatine.

In Peromyscus 1 and Apodemus flavicollis the lamina
transversalis is still mostly precartilaginous. During on-
togeny the cartilaginous lamina elongates anteriorly (as
observable in Peromyscus, Mesocricetus, Rattus, Mus)
and develops a concave anterior edge. Already in prenatal
stages the alae of the vomer fuse to the anterior edge of
the lamina and embrace the septum nasi ventrally (Figs.
1B, 3A). Increasing of the length and induction of ossifi-
cation of the lamina transversalis posterior by the vomer
can be observed (FawcetT, 1917; ELoFF, 1948, 1951a, b;
Youssker, 1966; Raitova, 1972b; Kapawm, 1972, 1973a, b,
1976; Hauck, 1987; pers. obs.). The ossification of the
lamina transversalis posterior starts anteriorly and medi-
ally until both structures are completely synossified and
form the lamina terminalis (Figs. 11, 12C, 15A, D, E).
The ossification of the lamina transversalis posterior ob-
viously starts relatively earlier in muroids than in Jaculus
and in geomyoids as most fetal stages of the former al-
ready show extensive ossification of the lamina transver-
salis posterior.

Septum nasi

Definition. The septum nasi occurs early in ontogeny and
divides the nasal cavity into left and right airway; the sep-
tum is fused to the tectum nasi, cupula nasi anterior, cu-
pula nasi posterior, and in many mammals to the lamina
transversalis anterior (DE BEERr, 1937; Starck, 1967; No-
VACEK, 1993). Septoturbinals and a rostral fenestra inter-
nasalis, that remains covered by the nasal epithelium, can
be observed in variable patterns in many taxa (STARCK,
1941; Kunn, 1971; MEss, 1995, 1997). During ontogeny
at least the posterior third of the septum nasi becomes
ossified as lamina perpendicularis of the ethmoid bone
(SCHALLER, 1992).

Description. Generally, all investigated species show the
same pattern in septum nasi morphology (Fawcerr, 1917;
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ELorr, 1948, 1951b; Yousser, 1966; Raitova, 1972b;
Kapawm, 1972, 1973a, b, 1976; Frick, 1986; Hauck, 1987;
pers. obs.). The septum nasi has its maximum height be-
low the limbus praecribrosus. The cartilaginous septum
nasi is continuous with the cupula nasi anterior, processus
lateralis ventralis, lamina transversalis anterior, cupula
nasi posterior, and tectum nasi; it shows a swollen ventral
rim especially in the pars posterior (Figs. 4, 5, 6, 7, 8A, B,
D, 9, 12B). However, as described above in the Gerbilli-
nae and in Jaculus the septum nasi extends ventrally pos-
terior to the cupula nasi anterior (Fig. 5C, D). A septum
interorbitale i.e., the extension of the septum nasi poste-
rior to the cupula nasi posterior is only present in Sigmo-
don 3+4, Phyllotis, Mesocricetus 5+6, Acomys 1, Mus 5,
Micromys, Rhabdomys, Gerbillus, and in geomyoids. In
Micromys the septum nasi ends with a posterior process.
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Fig. 12. Line drawings of transversal histological sections through
the cupula nasi posterior of Peromyscus maniculatus. A stage 1,
7.5 mm HL, slice 6-6-5; B stage 3, 14.5 mm HL, slice 19-3-3; C
stage 4, 25 mm HL, slice 33-2-2. Colour code: blue, cartilage;
brown, dermal bone; purple, endochondral bone. The diamond (4)
indicates the ossified part of the cupula nasi posterior. Abbrevia-
tions: br, brain; cnp, cupula nasi posterior; co, commissura orbito-
nasalis; dn; ductus nasopharyngeus; ey, eye; f, frontal bone; fon;
fissura orbitonasalis; HL, head length; It, lamina terminalis; ltp,
lamina transversalis posterior; M1, first upper molar; m, maxillary
bone; pal, palatine bone; sn, septum nasi; v, vomer. Scale bars: 1
mm. Modified after Rur (2004).

A single anlage of the septum nasi has been described
for Rattus and Mus (Vibic et al., 1972; Frick, 1986). The
dorsal part of the septum nasi of Peromyscus 1, Mus 1
and Micromys is still precartilaginous below the lamina
cribrosa (Fig. 10A). Anteriorly, in a 6 mm HL stage of
Mesocricetus (Kabam, 1976) and in Peromyscus 1 the
septum is still blastematous and precartilaginous respec-
tively, and in Rattus 1 it is made up by hyaline cartilage.
Ossification of the septum nasi can be observed in pre-
natal stages of Sigmodon, Cricetus and Acomys, and in
neonate stages of Peromyscus, Mesocricetus, Mus and
Rattus. The ossification of the septum follows a common
pattern. It starts dorsally at the septum below the anterior
part of the lamina cribrosa and proceeds caudally and
ventrally (Fig. 10B, C). Once the subcerebral ossification
is completed this process continues rostrally (Fig. 8C,
11A). The adult stages show that in the pars anterior the
septum nasi is still mostly cartilaginous as only remnants
or no septal structures are visible in the uCT images (Fig.
14).

All species show — depending on the maturity of the
stages — a specific pattern of septoturbinals and fenestra-
tions or thinning of the septum nasi in the pars anterior.
Peromyscus 1, Phodopus, Arvicola, Lemmus, Acomys,
Mus (10 mm HL stage) and Jaculus show an opening
in the anterior septum nasi that is covered by nasal epi-
thelium and located next to the processus alaris supe-
rior (FAWCETT, 1917: foramen internasale; Kapam, 1976;
contra Hauck, 1987; ScHRENK, 1989; pers. obs.) (Figs.
4A, D, 5B). This opening should be named fenestra in-
ternasalis anterior. For Acomys dimidiatus a fenestra-
tion in the region of the cupula nasi anterior is described
(Huerr et al., 2018). In all species except for Lemmus
the fenestra is also closed by the lamina membranacea.
It appears to be a primary opening as it is not present in
older stages, although the cartilage might still be thin in
this area. Between the posterior part of the lamina trans-
versalis anterior and the cartilago paraseptalis, the mid-
dle part of the septum nasi is thinner. This feature can
be observed in Peromyscus, Sigmodontinae (except for
Rhipidomys and Geoxus), Cricetinae, Gerbillinae, Muri-
dae, and Dipodomys (Frick, 1986; ScCHRENK, 1989; pers.
obs.) (Figs. 6C, D, 7). This area becomes extremely thin
which can result in a secondary opening of the nasal sep-
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tum as observed in Mus 5+6 and Rattus 5 that should
be named fenestra internasalis posterior. In Sigmodon,
Cricetinae, Apodemus sylvaticus, Acomys, Jaculus and
Thomomys a prominent anterior septoturbinal is situated
in front of to the lamina transversalis anterior (Fig. 4C).
The anterior septoturbinal of Jaculus is located ventral
to the fenestra internasalis anterior (Fig. 4D). Abrothrix,
Phyllotis, Arvicolinae, Gerbillinae, and Dipodomys have
only a small anterior septoturbinal. Almost all species
show a posterior septoturbinal that is situated between
lamina transversalis anterior and at least posteriorly be-
low the fenestra internasalis posterior or the correspond-
ing thin area of the septum nasi respectively; it runs more
or less caudoventrally and ends in the ventral swelling of
the nasal septum (FAwceTT, 1917; ScHRENK, 1989; pers.
obs.) (Figs. 6B—D, 7). In Lemmus, Jaculus and Dipod-
omys the posterior septoturbinal is extremely prominent.
Rhipidomys, Apodemus flavicollis and Micromys have no
distinct posterior septoturbinal but the epithelium forms
a ridge in the respective area. In Gerbillus the posterior
septoturbinal ends blastemateously and in the geomyoids
the septoturbinal is partly an isolated cartilaginous bar
attached to the septum nasi. In Abrothrix, Dendromus,
Mus, Acomys and Jaculus the posterior septoturbinal
starts anteriorly as two converging ridges of which the
ventral one is much more prominent. In Abrothrix, Phyl-
lotis, Auliscomys, Lemmus, Lophuromys and notably in
Mus the septum nasi ventral to the posterior septoturbinal
is thinned; in Peromyscus 4 this area is ossified (Fig. 6D).
The adult stages also show some septoturbinal-like but
hollow structures in the posterior part of the septum nasi
(Fig. 15).

Turbinals and lamina semicircularis

Definition. The nasal cavity houses a specific number of
delicate laminae that can show highly complex branch-
ing. The ventral rim of the anterior paries nasi forms
three turbinals from anterior to posterior: marginotur-
binal, atrioturbinal, and maxilloturbinal (Voir, 1909;
REINBACH, 1952a, b; ScHRENK, 1989). The marginotur-
binal frames the fenestra narina dorsolaterally. Caudal-
ly it can be continuous with the atrioturbinal, which is
often separated from the maxilloturbinal by the incisura
atriomaxilloturbinalis. The maxilloturbinal can extend
from the lamina transversalis anterior into the pars lat-
eralis.

The nasoturbinal is located dorsal to the maxillotur-
binal along the border between paries nasi and tectum
nasi. Rostrally in some taxa it can be continuous with a
rostroturbinal; caudally it reaches the lamina semicircu-
laris (Vort, 1909; ScHRENK, 1989). The latter (also called
crista semicircularis in earlier stages) is not a turbinal but
an outgrowth of the anterior paries nasi, that separates
the pars anterior and pars lateralis (pars intermedia) of
the nasal cavity; however, it is also covered by olfactory
epithelium (Voir, 1909; pE Beer, 1937; REmNBAcH, 1952a,
b; Kunn, 1971; ScHRENK, 1989; ZELLER, 1989).
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The recessus frontoturbinalis of the pars lateralis
houses a specific number of frontoturbinals, the recessus
ethmoturbinalis of the pars posterior houses the ethmo-
turbinals. The frontoturbinals normaly arise from the lat-
eral sidewall of the nasal capsule; in addition, they can
arise anteriorly from the lamina horizontalis, that forms
the floor of the recessus frontoturbinalis and the roof of
the recessus maxillaris, respectively. In both, recessus
frontoturbinalis and recessus ethmoturbinalis additional
turbinals, the interturbinals, can occur. They develop
later in ontogeny than the main olfactory turbinals and
never extend as far medially as the fronto- and ethmotur-
binals (PauLLi, 1900a; Voir, 1909; REINBACH, 1952a, b).
All turbinals, except for the atrio- and marginoturbinal
and sometimes the rostral tip of the maxillotubinal, be-
come ossified and thus part of the ethmoid bone. By ap-
positional bone growth (Zuwachsknochen sensu STARCK,
1955) they can develop a complex pattern of further la-
mellae the so-called epiturbinals (PaurLi, 1900a; REN-
BACH, 1952a, b).

Description. All investigated species show a very simi-
lar pattern of turbinals in the pars anterior of the nasal
cavity (Figs. 2B, D, F, 4, 5, 6, 7, 8, 13, 14). Marginotur-
binal and atrioturbinal are separated by a distinct incisura
marginoatrioturbinalis. Atrio- and maxilloturbinal are
separated by a long incisura atriomaxilloturbinalis which
is highly reduced in Mesocricetus 6, Meriones, and Mus
6 and both turbinals can overlap (Hauck, 1987; contra
ScHRENK, 1989; pers. obs.). In previous studies the wrong
naming of the margino-, atrio- and even maxilloturbi-
nal leads to some confusion (see FAWCETT, 1917; ELOFF,
1948, 1951b; Yousser, 1966; Rajtova, 1972b; Kadam,
1972, 1973a, b; Frick, 1986). The atrioturbinal projects
above the pars anterior of the lamina transversalis anteri-
or and often has an anterior process. The atrioturbinal of
all myodonts except Tatera and Micromys has a procesus
posterior (Kabpam, 1972, 1973a, b; pers. obs.) (Figs. 2B,
F, 6B); the pattern of Arvicola and Otomys remains un-
clear (FAwceTT, 1917; ELoFF, 1948). In the geomyoids the
atrioturbinal ends as a crista that merges into the lamina
transversalis anterior. As the margino- and atrioturbinal
are cartilaginous throughout life no information of the
adult pattern is available from the pCT scans.

In prenatal to early postnatal stages the maxilloturbi-
nal forms a simple ridge or scroll (in later stages) and
ends in the pars lateralis of the nasal cavity (Figs. 2B, D,
F,7C, 8A, B, D, 9A, D). In the arvicolines and geomyoids
the maxilloturbinal lies rostrally lateral to the atrioturbi-
nal. In all other species both turbinals are strictly in a row.
All investigated sigmodontines (except for Sigmodon and
Abrothrix), Peromyscus, Mesocricetus, Meriones, Tatera,
Dendromus, Apodemus sylvaticus, Acomys, Mus 2—6,
Rattus, Jaculus and Dipodomys have a processus ante-
rior (Kapawm, 1972, 1973a, b; pers. obs.) (Figs. 2F, 6D, 7).
In Mesocricetus 6, Mus 6, and Rattus 6 a short and low
epiturbinal projects laterally from the maxilloturbinal.

A puzzling pattern of the anlage of the anteriormost
turbinals has been described for Tatera and Mesocrice-
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Fig. 13. 3D models of the adult turbinal skeleton (right side) of selected Muroidea based on pCT data. Medial view on the left, lateral
view on the right. The single frontoturbinal of Mus musculus is homologized with frontoturbinal 1 of the cricetids. A, B Peromyscus
maniculatus SMF 72827; C, D Mesocricetus auratus, coll. W. Maier; E, F Cricetus cricetus SMF62024; G, H Mus musculus SMF 63500.
Abbreviations: et [-1II, ethmoturbinal I-III; ft 1 -2, frontoturbinal 1-2; it, interturbinal; s, lamina semicircularis; mt, maxilloturbinal; nt,

nasoturbinal; pa, pars anterior; pp, pars posterior. Scale bars: 5 mm.

tus: in the former the margino- and atrioturbinal develop  from proximal to distal and in each turbinal from caudal
earlier than the maxilloturbinal, in the latter it is the other  to rostral.

way round (Rastova, 1972b; Kabam, 1972, 1973a, b). The marginoturbinal and atrioturbinal remain carti-
Chondrification of the margino-, atrio- and maxilloturbi-  laginous throughout life; especially in older stages fis-
nal can be observed in the very young stages and happens  sures between both turbinals but also between the atriot-
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Fig. 14. Transversal pCT images through the anterior nasal cavity of adult stages of selected Muroidea. A Peromyscus maniculatus SMF
72827; B Sigmodon hispidus SMF 87320; C Mesocricetus auratus SMF 82131; D Cricetus cricetus SMF62024; E Mus musculus SMF
63500. The cartilaginous septum nasi is preserved in B and E. Colour code of the turbinal skeleton refers to Fig. 13. Abbreviations: dI2,

deciduous upper incisor 2; mt, maxilloturbinal; n, nasal bone; nt, nasoturbinal; pm, premaxillary bone; sn, septum nasi; v, vomer; vno,

vomeronasal organ. Not to scale.

urbinal and the paries nasi can occur. The ossification of
the maxilloturbinal occurs from distal to proximal (Fig.
8D). The anterior tip can remain cartilaginous and is sep-
arated by a fissure as in Peromyscus (Hauck, 1987; pers.
obs.). Prenatal ossification can be observed in Sigmodon,
Cricetus, and Acomys. The fully ossified maxilloturbinal
is a simple double scroll anteriorly and a straight lamella
posteriorly (Figs. 8C, 13A—-D, G—H, 14A—-C, E). In Cri-
cetus the maxilloturbinal shows a much more compli-
cated pattern with several additional lamellae (Figs. 13
E-F, 14D).

The nasoturbinal of all species forms a distally thick-
ened and straight to laterally rolled-up lamella in prena-
tal and perinatal stages and is located dorsal and lateral
to the atrio- and maxilloturbinal (FAwcEeTT, 1917; ELOFF,
1948, 1951b; Yousser, 1966; Raitova, 1972b; KADAM,
1972, 1973a, b, 1976; Frick, 1986; Hauck, 1987; pers.
obs.) (Figs. 2B, D, F, 4B, C, 6B—D, 7, 8A, C, D, 9A,
C, D). Only in Jaculus it is partly situated medial to the
atrioturbinal. The nasoturbinal begins anterior to the
lamina transversalis anterior. It ends in the pars anterior
of the nasal cavity in Rhipidomys, Cricetus, Mesocrice-
tus, Arvicola, Meriones, Gerbillus, Apodemus, Rattus,
Acomys, Micromys, Jaculus and Dipodomys, in all other
species it ends in the pars lateralis medial to the lamina
semicircularis (Fawcert, 1917; Kapam, 1976; Hauck,
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1987; pers. obs.) (Figs. 2B, D, F, 8B). The posterior end
of the nasoturbinal is bent ventrally. In Mesocricetus, ar-
vicolines, Acomys, Mus, Rattus 5 and Lophuromys it is
split into two lamellae (FawcetT, 1917; pers. obs.). In the
geomyoids the nasoturbinal has a processus anterior. The
nasoturbinal is fused to a crista of the nasal roof from
which it is partly separated by a fissure in many species
(FawcertT, 1917; ELoFF, 1948, 1951b; Kapawm, 1976; pers.
obs.) (Figs. 2B, 6C, 9D). Furthermore, in some species
small foramina for the transmission of blood vessels and
a nerve branch can be observed (FAWCETT, 1917; KADAM,
1976; Hauck, 1987; ScHRENK, 1989; pers. obs.). How-
ever, both patterns are quite variable among the inves-
tigated species and stages. Peromyscus 4, Mesocricetus
6, and Mus 6 have two ventromedial epiturbinals, Aulis-
comys has a very low one medially, Geoxus and Rattus 5
have one laterally (Fig. 6D). The adult stages under study
show a common pattern in which the laterally enrolled
nasoturbinal can show additional epiturbinals (Figs. 13,
14). Cricetus shows a much more complex nasoturbinal
than Peromyscus, Sigmodon, Mesocricetus, and Mus.
The nasoturbinal develops in Mesocricetus after the
maxilloturbinal and ethmoturbinal I (Rastova, 1972b).
Chondrification of the nasoturbinal occurs from proxi-
mal to distal as observed in Sigmodon, Abrothrix, Mes-
ocricetus, Gerbillus, Micromys, Rattus, Mus, and Jacu-
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Fig. 15. Transversal pnCT images through the posterior nasal cavity of adult stages of selected Muroidea. A Peromyscus maniculatus SMF
72827; B Sigmodon hispidus SMF 87320; C Mesocricetus auratus SMF 82131; D Cricetus cricetus SMF62024; E Mus musculus SMF 63500.
Colour code of the turbinal skeleton refers to Fig. 13. Abbreviations: dn, ductus nasopharyngeus; et I-III, ethmoturbinal I-I1I; f, frontal bone;

ft 1-2, frontoturbinal 1-2; it, interturbinal; lc, lamina cribrosa; lh, lamina horizontalis; Is, lamina semicircularis; It, lamina terminalis; m, max-

illary bone; pa, pars anterior; pp, pars posterior; sm, sinus maxillaris; sn, septum nasi; v, vomer. Not to scale.

lus (Kapawm, 1976; pers. obs.). This process starts in the
middle of the turbinal and spreads anteriorly and some-
what later posteriorly. In Peromyscus 1 and Apodemus
flavicollis the nasoturbinal is still blastematous (Fig. 6A).
In Sigmodon 1 the cartilage of the nasoturbinal is less
mature than that of the paries nasi and tectum nasi. Os-
sification of the nasoturbinal starts rostral and proximal
above a cartilaginous anteroventral remnant as observed
in Peromyscus 4, Sigmodon 3 +4, Cricetus, Mesocricetus
3—6, Phodopus, Dendromus, Acomys, Rattus 4+5 and
Mus 5+6 (Hauck, 1987; pers. obs.) (Figs. 6D, 8D); the
timing varies from prenatal to postnatal. In the cricetines
and Rattus ossification proceeds from distal to proximal,
in the other above mentioned species from proximal to
distal.

The lamina semicircularis is present in all species
and stages (Figs. 2B, D, F, 3, 13). It is a crista in younger
stages but expands during ontogeny to form a distinct
lamina that is sickle-shaped and forms the anterior bor-
der of the hiatus semilunaris, the entrance into the pars
lateralis of the nasal cavity. Posteriorly the lamina semi-
circularis continues as a dorsal lamella that contributes
to the canalis cribroethmoidalis beneath the limbus prae-
cribrosus (FAwCETT, 1917; ELoFF, 1948, 1951b; YOUSSEF,
1966; RaiTovA, 1972b; KaDAM, 1972,1973a,b, 1976; FrICK,
1986; Hauck, 1987; pers. obs.) (Figs. 2B, D, F, 9B). Ad-
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ditionally, all Sigmodontinae (except Auliscomys), Pero-
myscus, Mesocricetus 1+2, all arvicolines, Meriones, Ta-
tera, Dendromus, Rattus and Thomomys possess a ventral
lamella posteriorly (FAwcerT, 1917; Kabpam, 1972, 1973a,
b; pers. obs.). This ventral lamella can continue into a
processus uncinatus (Peromyscus 4, Abrothrix, Phyllotis,
Auliscomys, Rattus, Dendromus, Thomomys). Jaculus has
a very short reduced lamina semicircularis. In Peromys-
cus 4, Abrothrix 2, Geoxus, Mesocricetus 5+6, Acomys,
Rattus 5 and Dendromus a dorsolateral epiturbinal can be
observed (Fig. 8C).

In Gerbillus the ventral part of the lamina semicircu-
laris is still precartilaginous which indicates a chondri-
fication pattern from dorsal to ventral. The ossification
of the lamina semicircularis can already be observed in
late prenatal stages although the pattern varies among the
different species. In Peromyscus 3, Sigmodon 3, Geoxus,
Abrothrix 2, and Dendromus ossification starts dorsolat-
erally, in Sigmodon 4, Cricetus, Mesocricetus 2—6, Mus
4 and Rattus 4+5 it proceeds from rostral to caudal and
distal to proximal. In Mus 5 ossification appears to pro-
ceed from proximal to distal starting in the middle of the
lamina semicircularis; although Acomys has a completely
ossified anterior lamina semicircularis, posteriorly it still
shows several small centers of ossification. After resorp-
tion of the adjacent part of the tectum nasi and paries
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nasi the lamina semicircularis contacts the surrounding
dermal bones, in particular the nasal and the praemaxil-
lary (Figs. 8C, 15B—D). In Mus 6 the lamina is enlarged
rostroventrally by the maxillary bone.

The lamina horizontalis subdivides the pars lateralis
into the recessus frontoturbinalis and the recessus max-
illaris (Figs. 3, 8C, 10, 15). In all Muroidea (except for
Lophuromys) and in the Geomyoidea, the lamina horizon-
talis is anteriorly elongated by the septum frontomaxil-
lare (FAwcetrT, 1917: radix anterior of ethmoturbinal I;
ELorFF, 1948: radix anterior of ethmoturbinal I; YOUSSEF,
1966; Frick, 1986; Hauck, 1987; ScHrENK, 1989). Dur-
ing ontogeny the lamina horizontalis becomes increas-
ingly oblique and oriented ventromedially. Peromyscus 1,
Micromys and Apodemus flavicollis have a blastematous
to precartilaginous lamina horizontalis that chondrifies in
Micromys from caudal to rostral. Ossification of the lam-
ina horizontalis including the septum frontomaxillare oc-
curs from rostral to caudal (Peromyscus 3+4, Sigmodon
3+4, Phyllotis, Auliscomys, Rhipidomys, Cricetus, Mes-
ocricetus 3—6, Acomys 2, Rattus 4). In Mus 3 ossification
of the lamina horizontalis starts in the middle.

All investigated Cricetidae, most Muridae and the
Geomyoidea have two frontoturbinals (Fawcert, 1917;
Raitova, 1972b; Kapam, 1972, 1973a, b, 1976; Frick,
1986; Hauck, 1987; ScHrRENk, 1989; pers. obs.) (Figs.
3A, 8C, 9B, 10C, 13B, D, F, 15A—-D). Among the mu-
rids Otomys, Apodemus, Micromys, Rattus and Mus have
only one frontoturbinal, which is most likely frontoturbi-
nal 1 (ELorF, 1948; Yousskr, 1966; Frick, 1986; Hauck,
1987; ScHrENK, 1989; pers. obs.) (Figs. 3B, 13H, 15E).
In Jaculus the frontoturbinals appear to be reduced as
only an epithelial ridge (most likely frontoturbinal 1) can
be observed (Hauck, 1987; ScHRENK, 1989; pers. obs.).
Interturbinals are not present in the investigated species
and stages respectively. However, Abrothrix 2 has an ad-
ditional turbinal anterior to frontoturbinal 1, that could be
interpreted as an interturbinal. Generally, frontoturbinal
1 is always larger than frontoturbinal 2. The former origi-
nates anteriorly from the lamina horizontalis, the latter
from the lateral side wall of the nasal cavity (paries nasi
in younger stages) (FawcerT, 1917; Kapam, 1972, 1973a,
b; Hauck, 1987; ScHRENK, 1989; pers. obs.) (Figs. 8C,
10C). In Lophuromys both frontoturbinals arise from the
paries nasi. The caudal end of frontoturbinals merges into
the paries nasi (ELorr, 1951b; Hauck, 1987; pers. obs.).
However, the frontoturbinal 1 of Sigmodon 3, Rhipi-
domys, Abrothrix 2, Mesocricetus, Dendromus, Acomys,
Rattus and Lophuromys merges into the lamina cribrosa
caudally.

During ontogeny the frontoturbinals become increas-
ingly rolled-up and finally form double-scrolls (Fig. 15).
Chondrification of the frontoturbinals can be observed in
the youngest muroid stages (e.g., Peromycus 1); it starts
in the middle of the frontoturbinals, proceeds distally and
rostrally as well as caudally, and it is finished later than
the chondrification of the paries nasi. The development
of frontoturbinal 1 is generally more advanced than that
of frontoturbinal 2. In contrast, ossification of the fron-
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toturbinals extends from distal to proximal and rostral to
caudal. It can be observed prenatally in all Sigmodonti-
nae (except Geoxus) as well as in Peromyscus, Cricetus
and in the neonate and early postnatal stages of Mesocri-
cetus, Dendromus, Acomys, Mus and Rattus.

The number and general shape and topography of
ethmo- and interturbinals in the pars posterior of the na-
sal cavity show a common pattern in all species (PAULLI
1900c; Fawcert, 1917; Yousser, 1966; Raitova, 1972b;
Kapam, 1972, 1973a, b, 1976; Frick, 1986; Hauck,
1987; pers. obs.) (Figs. 2B, D, F, 3, 10, 11, 13, 15). These
are three ethmoturbinals and one interturbinal between
ethmoturbinal I and ethmoturbinal II. However, the in-
terturbinal of Micromys is represented only by an epithe-
lial fold; Jaculus is lacking an interturbinal altogether.
During ontogeny the ethmoturbinals and the interturbinal
increase in size, overlap, and roll-up laterally as can be
observed in Peromyscus, Sigmodon, Mesocricetus, Cri-
cetus, Mus and Rattus.

Ethmoturbinals I and II and the interturbinal arise
from the lamina horizontalis and increasingly with age
from the lateral sidewall of the nasal cavity (paries nasi
or dermal bones respectively); ethmoturbinal III origi-
nates only from the later (Figs. 3, 10, 11, 15). Caudally
all ethmoturbinals merge into the lamina cribrosa, ethmo-
turbinal I into the funnel-shaped depression (Fig. 10C).
The interturbinal is connected to the lamina cribrosa only
in Peromyscus 4, Sigmodon 2+3, Abrothrix 2, Mesocri-
cetus 5+6, Microtus, Mus 4—6, Rattus and Lophuromys.
Ethmoturbinal I consists of a lateral pars anterior and a
medial pars posterior (Figs. 2B, D, F, 3, 10A, B, 13, 15).
With growth, the pars anterior and especially its proces-
sus anterior project far into the pars anterior of the nasal
cavity (Figs. 8C, 9B, 13A, C, E, G). The interturbinal and
the ethmoturbinals II and III have a processus anterior
in certain species (Fig. 10C); the pattern is quite vari-
able. In all species except for Gerbillus and Micromys the
ethmoturbinals and the interturbinal become increasingly
complex by epiturbinals and infolding already in prenatal
stages as can be observed in many of the investigated
species (Hauck, 1987; pers. obs.). Although in detail
these additional lamellae show a puzzling pattern among
the investigated species the adult stages reveal a general
morphology of bony scrolls in the pars posterior (Figs.
13, 15).

Ethmoturbinal I is the first turbinal in the reces-
sus ethmoturbinalis that develops as described in 7at-
era and Mesocricetus (Raitova, 1972b; Kapam 1972,
1973a, b). Chondrification starts also in ethmoturbinal
I and proceeds caudally (e.g., Peromyscus) (Fig. 10A).
The interturbinal develops after the three ethmoturbinals
but its chondrification can be accelerated as observed in
Mesocricetus, Gerbillus, Apodemus flavicollis, Micro-
mys, Rattus and Thomomys. Due to their young age, in
a 10 mm HL stage of Mesocricetus (Kapam, 1976) and
in the previously investigated stages of Rhabdomys and
Otomys (ELoFF, 1948, 1951b) only ethmoturbinals I and
IT are present; the previously investigated stages of Mes-
ocricetus (Rartova, 1972b) and Rattus (YOUSSEF, 1966)
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still lack the interturbinal. The anterior process of the pars
anterior chondrifies later than the rest of ethmoturbinal I
(Peromyscus, Sigmodon, Abrothrix, Apodemus flavicol-
lis, Mus, Micromys, Gerbillus, Rattus). Chondrification
of the single turbinal occurs from proximal to distal.

The ossification of the turbinals can already start in
late fetal stages and proceeds from rostral to caudal and
distal to proximal (Sigmodon 3+4, Cricetus, Mesocrice-
tus 3—6, Dendromus, Acomys 2, Rattus 4+5, Mus 4—6)
(Fig. 11); in older stages as in Sigmodon 4 and Acomys 2
ossification of the ethmoturbinals is dorsally connected
with ossification of the lamina cribrosa (Fig. 10B, C).
The processus anterior of the pars anterior of ethmoturbi-
nal I ossifies from ventral to dorsal (Fig. 9B).

Discussion

Detailed discussion of morphological characters ob-
served in the investigated Myodonta and Geomyoidea
in terms of developmental patterns and systematic impli-
cations is given in Rur (2004). This takes the complete
ontogenetic literature on the chondrocranium of rodents
including unpublished diploma and PhD theses into ac-
count. However, it should be pointed out that many of
the studied species are only represented by a single fetal
stage and thus further developmental transformations or
differentiations cannot be ruled out. Thus, the morpho-
logical observations often show a puzzling pattern. Nev-
ertheless, the results comprise important and compre-
hensive information regarding the craniogenesis of the
ethmoidal region in Rodentia and mammals in general.
In the following only the most striking features are dis-
cussed.

Morphological patterns of the ethmoidal
region

A well-developed cupula nasi anterior with broad car-
tilagines cupulares and a well-developed processus lat-
eralis ventralis confluent with the lamina transversalis
anterior are plesiomorphic grundplan characters of Eu-
archontoglires and in particular Rodentia (e.g., ToepLITZ,
1920; Sturm, 1936; StaRcK, 1967; Kunn, 1971; ZELLER,
1983, 1987; MEkss, 1997; FrRaHNERT, 1998; RUF ET AL,
2015; Huoppr et al., 2018). Lagomorpha, the sister-group
of rodents, instead shows an apomorphic pattern with
a reduced cupula nasi anterior and lack of the proces-
sus lateralis ventralis (Voir, 1909; ELorr, 1950; Frick
& HECKMANN, 1955; FrRAHNERT, 1997; MEss, 1999b).
Thus, the Muroidea and especially Geomyoidea under
study resemble the plesiomorphic grundplan pattern of
Rodentia.

Jaculus is derived due to its reduced cupula nasi an-
terior. If this holds true for Dipodidae in general has to
be verified by a larger taxon sampling. However, MEss
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(1997) points out that the observation of a less developed
cupula nasi anterior in fetal stages of Glires could be re-
lated to the immature condition of the anteriormost chon-
drocranium in the investigated species (mostly precocial)
as she observed a postnatal differentiation of that area
in postnatal stages of Caviomorpha. The present study
clearly shows that the differentiation of the anteriormost
cartilages of the ethmoidal region of muroids starts well
before birth (see below). The extremely broad cupula
nasi anterior described for Mus by Frick (1986) cannot
be verified by any of the re-studied Mus specimens. This
specimen is obviously aberrant and deviates from the
morphology observed in other house mice. Besides Jacu-
lus and the Gerbillinae the processus lateralis ventralis
has also been independently reduced or lost in Ctenod-
actylus gundi, Pedetes capensis, Anomalurus beecrofti
(ScHRENK, 1989). Although Kapawm (1972, 1973a, b) de-
scribed a processus lateralis ventralis in a very young
stage of Tatera, his figures of older stages clearly show
an increasing reduction of this structure. Thus, it can be
concluded that the reduction or loss of the processus lat-
eralis ventralis is an apomorphic character of Gerbillinae
but it also clearly indicates the significance of investigat-
ing an ontogenetic series.

The well-developed processus alaris superior is also
present in the investigated species and can be regarded
as a plesiomorphic grundplan feature of Theria (DE BEER,
1937; KunN, 1971; ZELLER, 1987; MAIER, 1991; RUF et al.
2015; Hoppr et al., 2018). Within Rodentia the proces-
sus alaris superior is reduced in Aplodontia rufa and the
Hystricognathi (Rajtova, 1972a; DiErBACH, 1985a, b;
MEss, 1997; FRaHNERT, 1998; pa SiLva NETO, 2000). The
lamellar roofing of the processus alaris super is only
known from the investigated Muroidea and thus can be
regarded as an apomorphic character. If the lack of this
character in Phodopus is a secondary derived feature or if
the lamella develops later in ontogeny can only be clari-
fied by investigation of older stages. The hook-like ven-
tral outgrowth in Gerbillus and Meriones can be regarded
as an apomorphic character of Gerbillinae.

The processus anterior of the lamina infraconchalis is
only known from the Muroidea and Dipodomys but not
from any other member of Euarchontoglires (e.g., Vo,
1909; ZELLER, 1987; MAIER, 1991; MEss, 1997; FRAHNERT,
1998; RuF et al., 2015). Therefore, it can be concluded
that this process is an apomorphic character of Muroidea
and possibly also of Dipodidae; its lack in Gerbillinae
would be a secondary derived character due to the fact
that this taxon is deeply nested within Muridae (MicHAUX
etal., 2001; Jansa & WEKSLER, 2004). The lack of this
structure in Lemmus, Arvicola (FAwCETT, 1917), and Tho-
momys cannot be properly polarized without taking older
stages into account.

Myodonta and Geomyoidea resemble the mammalian
grundplan in having a zona annularis in which the lamina
transversalis anterior is fused to the septum nasi and on
the same level as the ventral edge of the latter (HUppI
et al., 2018). In contrast, Castor fiber and the Hystri-
comorpha show a ventral keel of the septum nasi below
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the lamina transversalis anterior (FRAHNERT, 1998; MEss,
1999a). The separation of the lamina transversalis ante-
rior in a thicker pars anterior and a thinner pars posterior
as observed in Muroidea and Dipodomys has not been
described for Rodentia (except Gliridae) nor Euarchon-
toglires (e.g., Voit, 1909; ELoFr, 1950; ZELLER, 1987;
ScHRENK, 1989; MEss, 1997; FRAHNERT, 1998); at least
for Muroidea this character is apomorphic. This pattern
has also been observed in Gliridae although this has to be
interpreted as independently evolved due to their phylo-
genetic position in the squirrel-related clade (KLINGLER,
2003; BLanGa-Kanri et al., 2009).

The fenestration of the cartilaginous septum nasi has
been observed in several mammals although its develop-
ment (primary or secondary) and topography are variable
(e.g., Gauprp, 1908; Starck, 1941; Kunn, 1971). Among
Euarchontoglires a fenestra internasalis anterior, that is
located far anterior to the lamina transversalis anterior, is
only described in Aplodontia rufa, an adult Castor fiber,
Ctenodactylus gundi, several Hystricognathi and Ocho-
tona sp. (STRUTHERS, 1927; SCHRENK, 1989; MEss, 1997,
Fraunert, 1998). The observed anterior fenestra can be
homologized with the fenestration of the other rodents
and thus most probably is a plesiomorphic character. Ac-
cording to HUppI et al. (2018), the presence of a fenestra
internasalis anterior is an ancestral condition in Mamma-
lia. The fenestra internasalis anterior develops very early
in ontogeny. In Ctenodactylus gundi it develops from a
fissure in the septum nasi and therefore it is a primary
opening (SCHRENK, 1989); in Erethizon dorsatum it be-
comes closed during ontogeny (STRUTHERS, 1927) while
in some muroids it obviously persists into postnatal stag-
es. Here the fenestration could be responsible for a higher
mobility of the cartilaginous rostrum. The fenestra inter-
nasalis posterior is located dorsocaudally of the lamina
transversalis anterior and develops later in ontogeny by
increasing thinning of the septum nasi. Among Glires a
true fenestration has been observed in postnatal stages of
Rattus, Mus, and in an adult Glis glis (KLINGLER, 2003).
However, many muroids, Jaculus, Dipodomys, Muscardi-
nus avellanarius, and Eliomys quercinus show thinning of
the septum nasi in the respective area (KLINGLER, 2003).
The fenestra internasalis posterior certainly belongs to the
grundplan of Myodonta although its polarization cannot
be given until further postnatal stages are investigated.
Probably the thinning of the septum nasi in this area has
been overlooked in many previously described species.

Varying septoturbinals have been described in several
mammals (REINBACH, 1952a, b; STarRcK, 1982; RuUF et al.,
2015). However, early ontogenetic stages of Tupaia sp.
do not show a septoturbinal but adults do (Sparz, 1964;
ZELLER, 1983; RuUF etal., 2015). Some Caviomorpha
show an anterior septoturbinal that is located along the
posterior rim of the fenestra internasalis anterior or the
thinned septum nasi in this area (MEgss, 1995). Due to its
different position it should not be homologized with the
anterior septoturbinal of Myodonta, Dipodomys, and Eli-
omys quercinus (KLINGLER, 2003). The anterior septotur-
binal-fenestra internasalis complex of Caviomorpha can
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be regarded as an apomorphic feature. In contrast, the
investigated Myodonta and Geomyoidea show a different
pattern of a posterior septoturbinal-fenestra internasalis
complex in that the posterior septoturbinals lies ventral-
ly to the posterior fenestra internasalis posterior (or the
thinned septum nasi). This should be regarded as a com-
mon pattern among the members of the mouse-related
clade. A similar but independently evolved pattern can be
observed in Gliridae (KLINGLER, 2003).

The simple shape of the naso- and maxilloturbinal
becomes modified during ontogeny. Compared to other
rodents in Muroidea the relative simple shape of these
two turbinals persists into adult stages as observed in
the investigated species; this is supported by a compre-
hensive study on the turbinal skeleton in worm-eating
Murinae (MARTINEZ et al., 2018). Thus, the adult stages
under study show a slightly more complex pattern which
is most pronounced in Cricetus. However, Cricetus still
differs from the highly branched maxilloturbinal as ob-
served in other rodents like Aplodontia rufa, Sciurus vul-
garis, Castor fiber, Myocastor coypus (FRAHNERT, 2003;
MARTINEZ et al., 2020). Interestingly, Myocastor coypus
has developed an additional simple turbinal in the pars
anterior between naso- and maxilloturbinal that is inter-
preted as an adaptation to its amphibious mode of life
(MARTINEZ ef al., 2020).

Concerning the number of olfactory turbinals the
muroid grundplan is already determined at birth and
comprises two frontoturbinals, three ethmoturbinals, and
one interturbinal between ethmoturbinal I and II. This
pattern is confirmed by the adult stages under study as
well as data from further Sigmodontinae and Deomyi-
nae from MARTINEZ et al. (2018). Obviously this pattern
of two frontoturbinals and three ethmoturbinals and one
interturbinal between the first two ethmoturbinals is quite
conserved as it is also present in most investigated ro-
dents, many leporidae (which show an additional inter-
turbinal between the frontoturbinals) and Scandentia and
therefore can be confidently regarded as a plesiomorphic
grundplan feature of Rodentia (ScHRENK, 1989; MEss,
1997; FrRAHNERT, 1998; DA Sitva NETO, 2000; KLINGLER,
2003; Rur, 2014; RuF ef al., 2015, MARTINEZ et al., 2020).
However, many murine species show a derived pattern
concerning the number of frontoturbinals. Apodemus,
Micromys, Mus, and Rattus have only one frontoturbi-
nal, which is most likely frontoturbinal 1. This pattern is
also described for Ofomys and many more adult stages of
Murinae (ELoFr, 1948; MARTINEZ ef al., 2018). However,
as Otomys also lacks a third ethmoturbinal the herein ob-
served turbinal pattern could be due to its immature stage
(ELoFr, 1948). The sigmodontine Abrothrix is also de-
rived from the murid grundplan in having an interturbinal
anterior to frontoturbinal 1. Compared to other mammals
like primates, lagomorphs or carnivorans (MAIER & RUF,
2014; Rur, 2014; WaAGNER & RuF, 2019) the number of
interturbinals does not change after birth in Muroidea as
it is restricted to one in the recessus ethmoturbinalis of
the investigated species. An additional interturbinal is
observed in the murine Tateomys macrocercus (MARTINEZ
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et al., 2018). The lack of frontoturbinals and of the inter-
turbinal in Jaculus might be also due to its immature age.
However, as the reduction of the posterior nasal cavity
is obviously associated with proportional enlargement of
the eyes the observed number of turbinals might reflect
the species specific pattern; this should be verified by
pCT investigation of adult crania.

Resorption and ossification of the nasal
capsule

Although the picture of resorption and ossification of the
nasal capsule of Muroidea remains still incomplete as
most species are represented by a single specimen some
general patterns can be deduced from the observations.
Furthermore it can be stated that in Muroidea the ethmoid
bone comprises some more remnants of the former nasal
capsule than previously defined (e.g., SCHALLER, 1992):
the ossified part of the septum nasi, all olfactory turbinals
as well as the lamina semicircularis including those parts
of the tectum nasi and paries nasi to which the turbinals
and the lamina are attached, lamina cribrosa, limbus prae-
cribrosus, limbus paracribrosus, lamina infracribrosa, and
the dorsalmost part of the posterior planum antorbitale. If
present, the crista galli and the spina mesethmoidalis also
become part of the ethmoid bone. In contrast, the ethmoid
bone of Lagomorpha also comprises the nasoturbinal
which contacts or even fuses to the lamina semicircularis
in the adult skull (Rur, 2014).

Thinning, resorption and ossification of the cartilagi-
nous nasal capsule already starts in late prenatal to neona-
tal stages in the investigated species. The paries nasi has
at least two areas of resorption, in the pars anterior and
in the pars lateralis. This general pattern is also observed
in other rodents, in Oryctolagus cuniculus, Tupaia sp., and
Daubentonia madagascariensis (e.g., FRIck & HECKMANN,
1955; Spatz, 1964; MaIEr, 1991; pa Siva Neto, 2000;
MEss, 1997). Thus, the cupula nasi anterior becomes in-
creasingly isolated which is further supported by the de-
velopment of fissures in this area that results in a higher
mobility of the rhinarium (Frick, 1954; Kunn, 1971;
MAIER, 1980, 2002; MEss, 1999b). This is especially evi-
dent in the loosely attachment of the processus alaris su-
perior in the older investigated stages. The paries nasi is
almost completely lost after birth in Muroidea except for
the anteriormost parts as well as ossified remnants at the
roots of the turbinals.

In the Muroidea ossified remnants of the tectum nasi
are the areas between the nasoturbinal and lamina semi-
circularis as well as the areas between the frontoturbi-
nals. These remnants contribute to the ethmoid bone. In
muroids the lamina cribrosa ossifies from medial to later-
al. This pattern is also observed in Glis glis and Octodon
degus (KLINGLER, 2003; MEss, 1997).

A recent study on the perinatal development of the
sphenoethmoidal junction in Primates, Cynocephalus
volans and Tupaia belangeri revealed a complete break-
down of the cartilaginous cupula nasi posterior (SMITH
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et al.,2017). Thus, in Euarchontoglires ossified remnants
of the cupula nasi posterior are not known so far. Howev-
er, the present study reveals that, at least in some muroid
species, parts of the cupula as its roof (lamina infracri-
brosa) and the dorsal rim of the lateral wall (planum an-
torbitale of paries nasi) ossify and become incorporated
into the ethmoid bone.

The results of this study could not confirm some
previous observations on the cartilago paraseptalis ante-
rior of Mesocricetus and Rattus. According to BEATTY &
HiLLEMANN (1950) and WOHRMANN-REPENNING (1985) the
cartilage ossifies to the bony tube that houses the vomero-
nasal organ in adults. The results on all older stages clear-
ly show the mode of resorption of the cartilago parasep-
talis anterior and replacement by the vomer as well as the
processus palatinus medialis of the premaxillary bone.
This is also the case in many other investigated rodents
as well as in Oryctolagus cuniculus (Frick & HECKMANN,
1955; WOHRMANN-REPENNING, 19844, b; MEss, 1997). In
contrast in Aplodontia rufa and Sciurus vulgaris the car-
tilage itself becomes ossified and in Ratufa the cartilago
paraseptalis anterior persists into the adult stage (WOHR-
MANN-REPENNING, 1982; FRAHNERT, 1998).

The fusion of the ossified lamina transversalis pos-
terior with the vomer to form the lamina terminalis is a
common pattern among mammals and also among ro-
dents (e.g., PauLLi, 1900a; ELorF, 1951a; Frick & HECk-
MANN, 1955; ZELLER, 1987; MEss, 1997; FRAHNERT, 1998;
KLINGLER, 2003). Thus, this pattern can be regarded as
plesiomorphic for Muroidea. The same holds true for the
ossification of the septum nasi that occurs from posterior
below the lamina cribrosa to anterior and from dorsal to
ventral as also described for some Gliridae and Octodon
degus (MEss, 1997; KLINGLER, 2003).

The development and ossification of the turbinals in
muroids reflects some general patterns also observed in
other rodents and mammals. As in muroids, the maxillo-
turbinal ossifies from distal to proximal in Sciurus vulgar-
is, Ctenodactylus gundi and Octodon degus (SCHRENK.,
1989; MEss, 1997; FRAHNERT, 1998); the anterior tip re-
mains cartilaginous at least into late postnatal stages. In
contrast, in Cheirogaleidae the maxilloturbinal ossifies
from proximal to distal (SmiTH & Rossig, 2008). The os-
sification of the nasoturbinal of other rodents shows the
same puzzling pattern as the investigated muroids (MEss,
1997; FRAHNERT, 1998).

The observation that the frontoturbinals as well as
the ethmoturbinals develop and chondrify from anterior
to posterior and proximal to distal is a common pattern
among mammals; the interturbinal (if present) between
ethmoturbinal I and II can develop somewhat delayed.
This general pattern has also been observed in other ro-
dents like Ctenodactylus gundi and Octodon degus as
well as in Tupaia spp. and Cheirogaleidae (Spatz, 1964;
ScHRENK, 1989; ZELLER, 1989; MEss, 1997; SmiTH & Ros-
SIE, 2008). Further interturbinals (not present in the in-
vestigated species of the present study except for Abroth-
rix) develop later and independent of the other olfactory
turbinals (Rur, 2014; WAGNER & Rur, 2019). The ossi-
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fication of the olfactory turbinals shows partly the op-
posite pattern to their chondrification. It starts prenatally
in Muroidea and proceeds also from anterior to posterior
but from distal to proximal. A similar pattern is described
for the frontoturbinals of a juvenile specimen of Sciu-
rus vulgaris and of Eliomys quercinus (FRAHNERT, 1998;
KLINGLER, 2003). In a neonate stage of Tupaia glis the
frontoturbinals are the first structures of the nasal capsule
that ossify (Sparz, 1964). It should be emphasized that
after the ossification of the turbinals is completed further
increase in size and complexity of the turbinals happens
by appositional bone growth.

Altricical versus precocial Muroidea

In general, muroids are altricial rodents (Nowak, 1991).
The investigated Muroidea include two precocial spe-
cies: the cricetid Sigmodon and the murid Acomys. In
Sigmodon gestation is about 27 days, in Acomys around
35—-42 days. In comparison most altricial Muroidea
show a gestion around three weeks like Mus and Rattus
(Nowak, 1991; Brunjis, 1990). Another precocial murid
is Otomys, in which the young are born fully furred after
a gestation estimated at 40 days; they open their eyes af-
ter two days (Nowak, 1991). Unfortunately the described
stage by ELorr (1948) is too young to contribute to the
comparison with other precocial Muroidea.

Compared to precocial rodents such as the Caviomor-
pha it is expected that the transformation of the muroid
chondrocranium is less advanced at birth; this conclusion
is generally supported by the present study. For instance,
in the precocial Hytricognathi resorption of the paries
nasi already starts prenatally (Rastova, 1972a; pa SiLva
NETo 2000; MEss, 1997). In contrast, in the altricial Sciu-
rus vulgaris (Frahnert, 1998) and most altricial muroids
there is less resorption in late fetal stages. Furthermore
the ossification of e.g., the septum nasi starts prenatally
in Sigmodon and especially in Acomys but around birth in
the other muroids. The transformation of the chondrocra-
nium of Acomys is more advanced at birth whereas Sig-
modon mostly resembles the altricial muroids. However,
in a neonatal stage of Octodon degus, whose gestation is
around three months, only the subcerebral part of the na-
sal septum has been ossified, which is less advanced than
expected (Nowak, 1991; Mkss, 1997). In comparison the
ethmoidal region of altricial muroids is less developed at
birth than that of precocial species but not as immature
as indicated by the outer anatomy of the naked, blind and
deaf newborn. Resorption and ossification of the chon-
drocranium is in full progress. Surprisingly, the altricial
Cricetus is by far the most advanced in its craniogenesis
compared to all other muroids as resorption and ossifi-
cation of the nasal capsule seems to start much earlier
before birth.

In this regard the most striking muroid species is the
cricetid Mesocricetus. With a gestation of only 15—17
days it has by far the shortest gestation among Placentalia
(Nowak, 1991). Compared to the other studied altricial
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Muroidea it shows only minor delay in its maturity in
perinatal stages as thinning of cartilage is evident in the
neonate and resorption and ossification is already going
on in a 4 days old stage. Investigation of the prenatal to
early postnatal development of the entire skeleton in Mes-
ocricetus auratus revealed that first ossification centers
occur on day 12 of gestation rapidly increasing in number
until birth (Bearty & HiLLEMANN, 1950). Although, the
prenatal increase of crown-rump length from day 9 to day
16 of gestation is fairly constant, the body weight shows
also an explosive acceleration from day 13 on (Purpy &
HiLLEMANN, 1950). To conclude, the development and
transformation of the ethmoidal region of Mesocricetus
auratus supports a unique highly accelerated perinatal
and early postnatal development as revealed by previous
studies. Mesocricetus auratus has to develop the same
neonatal maturity in around only four days compared to
other Muroidea (BEarTy & HILLEMANN, 1950).

Acknowledgements

I am grateful to W. Maier (Universitdt Tiibingen) and M. Ade
(Museum fiir Naturkunde Berlin) for access to the specimens. M.
Meinert and T.T. Fussnegger (Universitit Tiibingen) prepared the
histological serial sections and G. Schmidt (Universitét Tiibingen)
the air brush drawings. I thank I. Pfeiffer-Schéller (FH Aalen) and
K. Krohmann (Senckenberg Frankfurt) for technical support with
UCT scans, virtual 3D reconstructions and figures. Special thanks
goes to . Werneburg (Uni Tiibingen, Senckenberg Center for Hu-
man Evolution and Palacoenvironment) for organization of the
symposium on the vertebrate chondrocranium at the 12" Interna-
tional Congress of Vertebrate Morphology in Prague as well as or-
ganizing and editing the resulting special issue.

I also thank T.D. Smith and W. Maier for their helpful com-
ments on the manuscript.

This study was partly funded by the Landesgraduiertenforder-
ung Baden-Wiirttemberg.

References

Bearty, M.D. & HitLemann, H.H. (1950). Osteogenesis in the
golden hamster. Journal of Mammalogy, 31, 121—134.

BranGa-Kanr, S., MiranDa, H., PENN, O., Purko, T., DE-Bry, R.
W. & Huchon, D. (2009). Rodent phylogeny revised: analysis
of six nuclear genes from all major rodent clades. BMC Evolu-
tionary Biology, 9, 71.

Born, G. (1883). Die Plattenmodelliermethode. Archiv fiir Mik-
roskopische Anatomie, 22, 584—599.

Broom, R. (1896). On the comparative anatomy of Jacobson’s
organ in mammals. Proceedings of the Linnean Society of
NSW.,21,591-623.

BrunsEs, P. C. (1990). The precocial mouse, Acomys cahirinus. Psy-
chobiology, 18, 339-350.

DA Siva NEto, E. J. (2000). Morphology of the regiones ethmoi-
dalis and orbitotemporalis in Galea musteloides Meyen, 1832
und Kerodon rupestris (Wied-Neuwied, 1820) (Rodentia: Cav-
iidae) with comments on the phylogenetic systematics of the
Caviidae. Journal of Zoological Systematics and Evolutionary
Research, 38,219-229.

SENCKENBERG



VERTEBRATE ZOOLOGY — 70(3) 2020

DE BEER, G. R. (1937). The development of the vertebrate skull.
Oxford, Clarendon Press.

D’ELia, G., FaBrE, P.-H. & LEssa, E. P. (2019). Rodent systematics
in an age of discovery: recent advances and prospects. Journal
of Mammalogy, 100, 852—871.

DierBacH, A. R. (1985a). Zur Morphogenese des Craniums von
Cavia porcellus L. Teil 1: Einfithrung, Systematik und beschrei-
bender Teil. Jahrbuch fiir Morphologie und mikroskopische
Anatomie. 1. Abteilung, Gegenbaurs morphologisches Jahr-
buch, 131, 441-476.

DierBacH, A. R. (1985b). Zur Morphogenese des Craniums von
Cavia porcellus L. Teil 2: Vergleichender Teil und Schrifttum.
Jahrbuch fiir Morphologie und mikroskopische Anatomie. 1.
Abteilung, Gegenbaurs morphologisches Jahrbuch, 131, 617—
642.

ELorr, F. C. (1948). The early development of the skull of Otomys
tropicalis. Annals of the Transvaal Museum, 21, 103 —152.
ELoFr, F. C. (1950). On the nasal region of the chondrocranium of
the cape hare, Lepus capensis. Annals of the Transvaal Mu-

seum, 21, 222-233.

ELoFr, F. C. (1951a). On the relations of the vomer to the ethmoidal
skeleton in certain rodents. Annals of the Transvaal Museum,
21,217-221.

ELoFr, F. C. (1951b). Observations on the chondrocranium of Rhab-
domys pumilio. Annals of the Transvaal Museum, 21, 369-377.

FawcerT, E. (1917). The primordial cranium of Microtus amphibius
(water rat), as determined by sections and a model of the 25
mm stage. With comparative remarks. Journal of Anatomy, 51,
309-359.

Fiscuer, E. (1901). Das Primordialcranium von 7alpa europaea.
Anatomische Hefte, 17, 467—548.

Foynwn, L. J., Jacoss, L. L., Kimura, Y. & Linpsay, E. H. (2019).
Rodent suborders. Fossil Imprint, 75,292-298.

FrAHNERT, S. (1998). Zur Stellung des Bibers (Castoridae: Castor) —
Eine craniogenetische Studie zur Ethmoidalregion sciurogna-
ther Rodentia. PhD thesis, Universitit Berlin. Berlin, Wissen-
schaft & Technik Verlag.

Frick, H. (1954). Die Entwicklung und Morphologie des Chondro-
craniums von Myotis KAUP. Stuttgart, Thieme.

Frick, H. (1986). Zur Entwicklung des Knorpelschédels der Al-
binomaus. Nova Acta Leopoldina NF 58,262, 305-317.

Frick, H. & Heckmann, U. (1955). Ein Beitrag zur Morphogenese
des Kaninchenschédels. Acta Anatomica, 24, 268—314.

Fucns, H. (1909). Ueber die Entwicklung einiger Deckknochen
(Vomer, Pterygoid, Maxillare) bei Séaugetieren (und ihr Ver-
héltnis zum Knorpelskelette). Verhandlungen der Anatomis-
chen Gesellschaft Jena, 23, 85—104.

Gauprp, E. (1900). Das Chondrocranium von Lacerta agilis — Ein
Beitrag zum Versténdnis des Amniotenschidels. Anatomische
Hefte, 15, 433-595.

Gaurp, E. (1906). Uber allgemeine und spezielle Fragen aus der
Lehre vom Kopfskelett der Wirbeltiere. Verhandlungen der Ana-
tomischen Gesellschaft Jena, 20,21-73.

Gaurp, E. (1908). Zur Entwicklungsgeschichte und vergleichenden
Morphologie des Schidels von Echidna aculeata var. typica,
pp- 539-788 in: SEMoN, R. (ed.) Zoologische Forschungsrei-
sen in Australien und dem Malayischen Archipel, Bd. 3. Jena,
Gustav Fischer.

Hauck, S. (1987). Zur ontogenetischen Entwicklung der Ethmoi-
dal- und Orbitalregion bei Phodopus sungorus (Cricetidae;
Rodentia). PhD thesis, Universitit Gieflen.

HiLLenius, W. J. (1992). The evolution of nasal turbinates and mam-
malian endothermy. Paleobiology, 18, 17-29.

HiLLenius, W. J. (1994). Turbinates in therapsids — evidence for Late
Permian origins of mammalian endothermy. Evolution, 48,207 —
229.

Hucnon, D., CHEVRET, P., JorDAN, U., KiLpaTrRICK, C. W., RANWEZ,
V., Jenkins, P. D., Brosius, J. & Scamitz, J. (2007). Multiple
molecular evidences for a living mammalian fossil. Proceed-
ings of the National Academy of Sciences, 104, 7495—7499.

SENCKENBERG

HucHon, D., MaDskEN, O., SiBBALD, M. J. J. B., AMENT, K., STANHOPE,
M. J., Carzeruiss, F., DE JonG, W. W. & Douzery, E. J. P. (2002).
Rodent phylogeny and a timescaling for the evolution of Glires:
Evidence from an extensive taxon sampling using three nuclear
genes. Molecular Biology and Evolution, 19, 1053—1065.

Hurpl, E., SANCHEZ-VILLAGRA, M. R., Tzika, A. C. & WERNEBURG, .
(2018). Ontogeny and phylogeny of the mammalian chondro-
cranium: the cupula nasi anterior and associated structures of
the anterior head region. Zoological Letters, 4, 29.

Jansa, S. A. & WEKSLER, M. (2004). Phylogeny of muroid rodents:
relationships within and among major lineages as determined
by IRBP gene sequences. Molecular Phylogenetics and Evolu-
tion, 31, 256-276.

Kapawm, K. M. (1972). The development of the skull in the Indian
Gerbil, Tatera indica cuvieri (WATERHOUSE), Part 1. Gegenbaurs
morphologisches Jahrbuch, 118, 309—-325.

Kapawm, K. M. (1973a). The development of the skull in the Indian
Gerbil, Tatera indica cuvieri (WATERHOUSE), Part 2. Gegenbaurs
morphologisches Jahrbuch, 119, 47-71.

Kapawm, K. M. (1973b). The development of the skull in the Indian
Gerbil, Tatera indica cuvieri (WATERHOUSE), Part 3. Gegenbaurs
morphologisches Jahrbuch, 119, 153—-171.

Kapawm, K. M. (1976). The development of the chondrocranium in
the Golden Hamster, Mesocricetus auratus (W ATERHOUSE). Ge-
genbaurs morphologisches Jahrbuch, 122, 796—814.

KLINGLER, P. (2003). Vergleichend-ontogenetische Untersuchungen
an der Ethmoidal- und der Orbitotemporalregion der Gliridae
(Rodentia, Mammalia). Ein Beitrag zur Morphologie und Sys-
tematik der Nager. PhD thesis, Universitdt Tiibingen.

Kunn, H.-J. (1971). Die Entwicklung und Morphologie des Scha-
dels von Tachyglossus aculeatus. Abhandlungen der Sencken-
bergischen Naturforschenden Gesellschaft, 528, 1—192.

LE Gros CrLark, W. E. (1951). The projection of the olfactory epi-
thelium on the olfactory bulb in the rabbit. Journal of Neuro-
logy, Neurosurgery, and Psychiatry, 14, 1-10.

Macring, T. E. (2012). Comparative morphology of the internal
nasal skeleton of adult marsupials based on X-ray computed
tomography. Bulletin of the American Museum of Natural His-
tory, 365, 1-91.

Maier, W. (1980). Nasal structures in old and new world primates,
pp- 219-241 in: CiocHon, R. L. & CHiareLLI, A. B. (eds) Evo-
lutionary biology of the New World monkeys and continental
drift. New York and London, Plenum Press.

Maier, W. (1986). Functional principles of the growing skull of
primates as shown by the posterior cupula of the nasal cap-
sule, pp. 199-207 in: Sakka, M. (ed) Définition et origines de
I’homme. Paris, CNRS.

MaIer, W. (1991). Aspects of ontogenetic development of nasal
and facial skeletons in primates, pp. 115—123 in: PrEIFER, G.
(ed) Craniofacial Abnormalities and Clefts of the Lip, Alveolus
and Palate. Stuttgart, Thieme.

MaIer, W. (1993a). Zur evolutiven und funktionellen Morphologie
des Gesichtsschidels der Primaten. Zeitschrift fiir Morphologie
und Anthropologie, 79, 279—299.

MalIEr, W. (1993b). Cranial morphology of the therian common an-
cestor, as suggested by the adaptations of neonate marsupials,
pp. 165—181 in: SzaLay, F. S., Novacek, M. J. & McKENNA,
M. C. (eds) Mammal Phylogeny — Mesozoic Differentiation,
Multituberculates, Monotremes, Early Therians, and Marsupi-
als. New York, Springer.

MAIER, W. (2002). Zur funktionellen Morphologie der rostralen
Nasenknorpel bei Soriciden. Mammalian Biology, 67, 1-17.

MAIER, W. (2020). A neglected part of the mammalian skull: The
outer nasal cartilages as progressive remnants of the chondro-
cranium. Vertebrate Zoology, 70, 367—382.

Maier, W. & Rur, 1. (2014). Morphology of the nasal capsule of
Primates — with special reference to Daubentonia and Homo.
The Anatomical Record, 297, 1985—-2006.

MARTINEZ, Q., CLAVEL, J., ESSELSTYND, J. A., AcHMADI, A. S, GROHEG,
C., PrroT1, N. & FaBRE, P.-H. (2020). Convergent evolution of

413



RuF, I.: Ontogenetic transformations of the ethmoidal region in Muroidea (Rodentia, Mammalia): new insights from perinatal stages

olfactory and thermoregulatory capacities in small amphibious
mammals. Proceedings of the National Academy of Sciences,
117, 8958 —-8965.

MARTINEZ, Q., LEBRUN, R., ACHMADI, A. S, ESSELSTYN, J. A., Evans,
A. R., HEANEY, L. R., PorTELA MIGUEZ, R., RowE, K. C. & Fa-
BRE, P.-H. (2018). Convergent evolution of an extreme dietary
specialisation, the olfactory system of worm-eating rodents.
Scientific Reports, 8, 17806.

MEap, C. S. (1909). The chondrocranium of an embryo pig, Sus
scrofa. A contribution to the morphology of the mammalian
skull. American Journal of Anatomy, 9, 167—-210.

MEss, A. (1995). Vergleichende Ontogenese des Nasenskeletts bei
Octodontidae und Ctenomyidae (Rodentia). Zeitschrift fiir
Sdugetierkunde, Sonderheft z. Bd. 60, 44—45.

MEss, A. (1997). Ontogenetische und phylogenetisch-systematische
Studie zur Ethmoidal- und Orbitalregion der Hystricognathi
(Rodentia). PhD thesis, Universitit Tiibingen. Berlin, Wissen-
schaft & Technik Verlag.

MEss, A. (1999a). The rostral nasal skeleton of hystricognath ro-
dents: evidence on their phylogenetic relationships. Mitteilun-
gen aus der Zoologischen Sammlung des Museums fiir Natur-
kunde in Berlin, Zoologische Reihe, 75, 19—-35.

MEss, A. (1999b). The evolutionary differentiation of the ros-
tral nasal skeleton within Glires. A review with new data on
lagomorph ontogeny. Mitteilungen aus der Zoologischen
Sammlung des Museums fiir Naturkunde in Berlin, Zoologis-
che Reihe, 75,217-228.

MicHAUX, J., REYEs, A. & Catzeruis, F. (2001). Evolutionary his-
tory of the most speciose mammals: Molecular phylogeny of
muroid rodents. Molecular Biology and Evolution, 18, 2017—
2031.

MUSSER, G. G. & CarLETON, M. D. (2005). Superfamily Muroidea,
pp. 8941531 in: WiLson, D. E. & REEDER, D.-A. M. (eds)
Mammal species of the world. A taxonomic and geographic
reference, 3rd edn, Vol. 2. Baltimore, MD, John Hopkins Uni-
versity Press.

Nowak, R. M. (1991). Walker's Mammals of the World. Baltimore
and London, Johns Hopkins University Press.

Novacek, M. J. (1993). Patterns of diversity in the mammalian
skull, pp. 438—545 in: Hanken, J. & Huit, B. K. (eds) The
Skull, Volume 2: Patterns of Structural and Systematic Diver-
sity. Chicago, London, University of Chicago Press.

PauLLy, S. (1900a). Uber die Pneumaticitit des Schédels bei den
Siugetieren. Eine morphologische Studie. I. Uber den Bau
des Siebbeins. Uber die Morphologie des Siebbeins und die
der Pneumaticitit bei den Monotremen und den Marsupialiern.
Morphologisches Jahrbuch, 28, 147—178.

PauLLy S. (1900b). Uber die Pneumaticitit des Schidels bei den
Séugetieren. Eine morphologische Studie. I1. Uber die Morpho-
logie des Siebbeins und die der Pneumaticitét bei den Ungulaten
und Probosciden. Morphologisches Jahrbuch, 28, 179—-252.

PauLLy, S. (1900c). Uber die Pneumaticitit des Schidels bei den
Siugetieren. Eine morphologische Studie. III. Uber die Mor-
phologie des Siebbeins und die der Pneumaticitit bei den In-
sectivoren, Hyracoideen, Chiropteren, Carnivoren, Pinnipe-
dien, Edentaten, Rodentiern, Prosimiern und Primaten, nebst
einer zusammenfassenden Ubersicht iiber die Morphologie des
Siebbeins und die der Pneumaticitét des Schédels bei den Sdu-
gethieren. Morphologisches Jahrbuch, 28, 483 —564.

Purpy, D. M. & HiLLemann, H. H. (1950). Prenatal growth of the
golden hamster (Cricetus auratus). The Anatomical Record,
106, 591-597.

RaTOVA, V. (1972a). Morphogenesis des Chondrocraniums beim
Meerschweinchen (Cavia porcellus L.). Anatomischer Anzei-
ger, 130, 176-206.

RasTova, V. (1972b). Uber die Morphogenesis des Chondrocrani-
ums beim Goldhamster (Mesocrocetus auratus WRTH.). Anato-
mischer Anzeiger, 130, 207-221.

REmBACH, W. (1952a). Zur Entwicklung des Primordialcraniums
von Dasypus novemcinctus LINNE (Tatusia novemcincta LEs-

414

son), Teil 1. Zeitschrift fiir Morphologie und Anthropologie, 44,
375-444.

RENBACH, W. (1952b). Zur Entwicklung des Primordialcraniums
von Dasypus novemcinctus LINNE (Tatusia novemcincta LEs-
son), Teil 1. Zeitschrift fiir Morphologie und Anthropologie,
45, 1-72.

Rur, 1. (1999). Zur Morphogenese der Ethmoidalregion von Rattus
norvegicus BERKENHOUT, 1769 (Rodentia: Muridae) — Ein Bei-
trag zur vergleichenden Anatomie und Systematik der Myo-
morpha. Diploma thesis, Universitit Tiibingen.

Rur, L. (2004). Vergleichend-ontogenetische Untersuchungen an der
Ethmoidalregion der Muroidea (Rodentia, Mammalia). Ein
Beitrag zur Morphologie und Systematik der Nagetiere. PhD
thesis, Universitdt Tiibingen.

Rur, 1. (2014). Comparative anatomy and systematic implications
of the turbinal skeleton in Lagomorpha (Mammalia). The Ana-
tomical Record, 297, 2031-2046.

Rur, I, JANsSEN, S. & ZELLER, U. (2015). The ethmoidal region of
the skull of Ptilocerus lowii (Ptiloceridae, Scandentia, Mam-
malia) — a contribution to the reconstruction of the cranial mor-
photype of primates. Primate Biology, 2, 89—110.

SCHALLER, O. (1992). lllustrated Veterinary Anatomical Nomencla-
ture. Stuttgart, Enke.

ScHRENK, F. (1989). Zur Schédelentwicklung von Ctenodactylus
gundi (ROTHMANN 1776) (Mammalia: Rodentia). Courier For-
schungsinstitut Senckenberg, 108, 1-241.

Smith, T. D. & Rossig, J. B. (2008). Nasal fossa of mouse and dwarf
lemurs (Primates, Cheirogaleidae). The Anatomical Record,
291, 895-915.

Smith, T. D., BHATNAGAR, K. P., TULADHAR, P. & Burrows, A. M.
(2004). Distribution of olfactory epithelium in the primate nasal
cavity: are microsmia and macrosmia valid morphological con-
cepts? The Anatomical Record, 281, 1173—1181.

SmitH, T. D., BHATNAGAR, K. P., Rossig, J. B., DocHErTY, B. A.,
Burrows, A. M., CooPer, G. M., MooNEY, M. P. & SIEGEL, M.
1. (2007). Scaling of the first ethmoturbinal in nocturnal strep-
sirrhines: olfactory and respiratory surfaces. The Anatomical
Record, 290, 215-237.

SwmitH, T. D., McMaHoN, M. J., MiLLEN, M. E., LLErA, C., ENGEL,
S. M., Li, L., BHATNAGAR, K. P., BuRrROWS, A. M., ZUMPANO,
M. P. & DEeLEON, V. B. (2017). Growth and development at the
sphenoethmoidal junction in perinatal primates. The Anatomi-
cal Record, 300, 2115-2137.

Sparz, W. (1964). Beitrag zur Kenntnis der Ontogenese des Cra-
nium von Tupaia glis (DiarD 1820). Gegenbaurs morphologis-
ches Jahrbuch, 106, 321—-416.

STARCK, D. (1941). Zur Morphologie des Primordialcraniums von
Manis javanica Desm. Gegenbaurs morphologisches Jahrbu-
ch, 86, 1-122.

Starck, D. (1955). Embryologie. Ein Lehrbuch auf allgemein bio-
logischer Grundlage. Stuttgart, Thieme.

Starck, D. (1967). Le crane des Mammiféres, pp. 405—-459 in:
GrassE, P. P. (ed) Traité de Zoologie Vol. 16 (1). Paris, Masson.

StArRCK, D. (1982). Zur Kenntnis der Nase und des Nasenskelettes
von Tarsius (Mammalia, Primates, Tarsoidea). Zoologischer
Garten N.F., 52, 289—-340.

STRUTHERS, P. H. (1927). The prenatal skull of the Canadian Porcu-
pine (Erethizon dorsatus). Journal of Morphology, 44, 127—-216.

Sturm, H. (1936). Die Entwicklung des pracerebralen Nasenskelets
beim Schwein (Sus scrofa domestica) und beim Rind (Bos tau-
rus). Zeitschrift fiir wissenschaftliche Zoologie, 149, 161 -220.

TeRRY, R. J. (1917). The primordial cranium of the cat. Journal of
Morphology, 29, 281 —-433.

ToepLitz, C. (1920). Bau und Entwicklung des Knorpelschédels
von Didelphis marsupialis. Zoologica, Stuttgart, 27, 1 —84.
VaN VALKENBURGH, B., THEODOR, J., FRriscia, A., PoLLAack, A. &
Rowg, T. (2004). Respiratory turbinates of canids and felids:
a quantitative comparison. Journal of Zoology, 264, 281—-293.

VAN VALKENBURGH, B., PanG, B., Birp, D., Curris, A., YEE, K.,
Wysocki, C. & Craven, B. A. (2014). Respiratory and olfacto-

SENCKENBERG



VERTEBRATE ZOOLOGY — 70(3) 2020

ry turbinals in feliform and caniform carnivorans: the influence
of snout length. The Anatomical Record, 297, 2065—-2079.

Vipic, B., Grepitzer, H. G. & Litcay, W. J. (1972). The structure
and prenatal morphogenesis of the nasal septum in the rat.
Journal of Morphology, 137, 131—-148.

Vort, M. (1909). Das Primordialcranium des Kaninchens unter Be-
rlicksichtigung der Deckknochen. Anatomische Hefie, 38,425—
616.

WAGNER, F. & RuF, 1. (2019). Who nose the borzoi? Turbinal skele-
ton in a dolichocephalic dog breed (Canis lupus familiaris).
Mammalian Biology, 94, 106—119.

WiLson, D. E. & ReeDER, D. M. (2005). Mammal Species of the
World. Baltimore, Johns Hopkins University Press.

WOHRMANN-REPENNING, A. (1982). Vergleichende anatomische Un-
tersuchung an Rodentia — Phylogenetische Uberlegungen iiber
die Beziehung der Jacobson’schen Organe zu den Ductus naso-
palatini. Zoologischer Anzeiger, 209, 33 —46.

WOHRMANN-REPENNING, A. (1984a). Vergleichend anatomische Un-
tersuchungen am Vomeronasalkomplex und am rostralen Gau-
men verschiedener Mammalia, Teil 1. Gegenbaurs morpholo-
gisches Jahrbuch, 130, 501-530.

SENCKENBERG

WOHRMANN-REPENNING, A. (1984b). Vergleichend anatomische Un-
tersuchungen am Vomeronasal-komplex und am rostralen Gau-
men verschiedener Mammalia, Teil 2. Gegenbaurs morpholo-
gisches Jahrbuch, 130, 609—637.

WOHRMANN-REPENNING, A. (1985). Besonderheiten der Cartilago
paraseptalis und ihre Entwicklung bei Rodentia. Verhandlun-
gen der Deutschen Zoologischen Gesellschaft, 78, 173.

Yousser, E. H. (1966). The chondrocranium of the albino rat. Acta
anatomica, 64, 586—617.

ZELLER, U. (1983). Zur Ontogenese und Morphologie des Crani-
ums von Tupaia belangeri (Tupaiidae, Scandentia, Mamma-
lia). Medical PhD thesis, Universitidt Gottingen.

ZELLER, U. (1987). Morphogenesis of the mammalian skull with
special reference to Tupaia, pp. 17—50 in: Kunn, H.-J. & ZEL-
LER, U. (eds) Morphogenesis of the Mammalian Skull. Ham-
burg, Verlag Paul Parey.

ZELLER, U. (1989). Die Entwicklung und Morphologie des Schédels
von Ornithorhynchus anatinus (Mammalia: Prototheria: Mono-
tremata). Abhandlungen der Senckenbergischen Naturforschen-
den Gesellschaft, 545, 1—-188.

415








