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Abstract

Nasal anatomy in rodents is well-studied, but most current knowledge is based on small-bodied
muroid species. Nasal anatomy and histology of hystricognaths, the largest living rodents,
remains poorly understood. Here, we describe the nasal cavity of agoutis (Dasyprocta spp.), the
first large-bodied South American rodents to be studied histologically throughout the nasal
cavity. Two adult agoutis were studied using microcomputed tomography, and in one of these,
half the snout was serially sectioned and stained for microscopic study. Certain features are
notable in Dasyprocta. The frontal recess has five turbinals within it, the most in this space
compared to other rodents that have been studied. The nasoturbinal is particularly large in
dorsoventral and rostrocaudal dimensions and is entirely non-olfactory in function, in apparent
contrast to known muroids. Whether this relates solely to body size scaling or perhaps also
relates to directing airflow or conditioning inspired air requires further study. In addition,
olfactory epithelium appears more restricted to the olfactory and frontal recesses compared to
muroids. At the same time, the rostral tips of the olfactory turbinals bear at least some non-
olfactory epithelium. The findings of this study support the hypothesis that turbinals are
multifunctional structures, indicating investigators should use caution when categorizing
turbinals as specialized for one function (e.g., olfaction or respiratory air-conditioning). Caution
may be especially appropriate in the case of large-bodied mammals, in which the different
scaling characteristics of respiratory and olfactory mucosa result in relative more of the former
type as body size increases.
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Introduction

Among mammals, nasal histology is perhaps best studied in rodents. Many rodents represent
ideal candidates for histological study by virtue of their small body size. Previously, the nasal
fossa has been histologically studied and quantified in at least six rodents, including the
laboratory mouse (Mus musculus) and rat (Rattus norvegicus), hamster (Mesocricetus auratus),
voles (Microtus gregalis, Myodes sp.), deer mouse (Peromyscus maniculatus), and gray squirrel
(Sciurus carolinensis) (Gurtovoi, 1966; Adams, 1972; Gross et al., 1982; Clancy et al., 1994;
Barrios et al., 2014). Many more rodents have been studied and quantified osteologically,
analyzing bones as proxies for olfactory or respiratory physiology (Martinez et al., 2018, 2020).
These studies, in combination with other published data, reveal that rodents, along with
eulipotyphlans and some other small mammals, have relatively large olfactory surface area (for
their body size) compared a diverse array of mammals (Smith et al., 2014; Yee et al., 2016). In
addition, these studies reveal common characteristics of nasal structures in rodents. For instance,
turbinals of the ethmoid bone (including ethmoturbinals, frontoturbinals, and the nasoturbinal)
bear the majority of olfactory mucosa within the rodent nasal fossa (Adams, 1972; Yee et al.,
2016). Olfactory epithelium is notably the predominant type with recesses that exist as culs-de-
sac in the dorsocaudal region of the nasal fossa. However, ethmoturbinals that project rostral to
these recesses, and portions of the nasoturbinal, are also lined by at least some olfactory
epithelium (Adams, 1972; Yee et al., 2016).

Rodents also are common models for computational fluid dynamics of nasal airflow. Studies
using laboratory rats reveal that there are spatially distinct streams of nasal airflow: a more
ventral stream associated with ventral structures and spaces (maxilloturbinal rostrally and the
nasopharyngeal ducts caudally) and more dorsal, lateral, and medial streams which fan across
more other turbinals which bear much olfactory epithelium (Kimbell et al., 1997; Jiang and
Zhao, 2010). Some variations in airflow do occur with altered inspiratory patterns (e.g.,
“sniffing;” Zhao et al., 2006). However, segregation of airstreams has been observed in rodents
(Jiang and Zhao, 2010) and canids (Craven et al., 2009, 2010; Lawson et al., 2012), mammals
thought of as olfactory specialists. Craven et al. (2010) considered the combined characteristics
of a dedicated olfactory space (the aforementioned dorsocaudal recesses) and dedicated olfactory
and respiratory airstreams to be defining characteristics of “macrosmatic” mammals, or those
specialized for optimized olfactory function.

Rodent nasal anatomy and histology

Here, we employ terminology rooted in nasal cavity development (described below), with a
lengthy history of usage (e.g., see Maier, 1993a, b; Maier and Ruf, 2014). Using this
developmental terminology, Ruf (2020) thoroughly discussed the prenatal nasal “template” (or
cartilaginous nasal capsule) as well as the adult skeletal anatomy of muroid rodents. All muroids
possess a nasoturbinal, a maxilloturbinal, and three ethmoturbinals (or four, depending on
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convention; see below); these are named based on their bony articulation in adults, although they
all originate from the fetal cartilaginous capsule (Maier, 1993a, b). This arrangement is found in
many mammals of other orders, including most non anthropoid primates (Kollmann and Papin,
1925; Smith and Rossie, 2008; Smith et al., 2019; Lundeen and Kirk, 2019), scandentians
(Wible, 2011), lagomorphs (Negus, 1958; Ruf, 2014) and many carnivorans (Negus, 1958; Van
Valkenburgh et al., 2014a). Given the frequency of this arrangement concerning the larger
turbinals that project close to the nasal septum, this arrangement may be a plesiomorphic for
mammals (but see Lundeen and Kirk, 2019). However, we have less clarity in comparative
anatomy of smaller “accessory” turbinals that grow between larger turbinals, or are tucked in
recesses, and thus are more difficult to observe grossly (sometimes called “ectoturbinals,” but
see Van Valkenburgh et al. 2014b, regarding problematic issue of this term).

Regarding adult rodent nasal anatomy, monographic works such as that by Dieulafé (1906) and
Negus (1958) offer surprising little detail. In describing rodents (based on rat and guinea pig),
Dieulafé (1906) is more detailed than Negus (1958). He describes the maxilloturbinal as having
only one upwardly directed “roll.” He describes the nasoturbinal in Cavia as a lamina (with no
scrolling) covering the superior border of the maxilloturbinal; it is rostrocaudally coextensive
with the maxilloturbinal in Cavia. In Rattus, he describes the nasoturbinal to be rostrocaudally
less extensive than the maxilloturbinal. Dieulafé numbers three ethmoturbinals in Cavia and four
in Rattus. However, Kelemen (1950) describes four ethmoturbinals in Cavia. To an extent, these
and other discrepancies have arisen due to terminological practices that have differed among
researchers. However, there are some references suggesting variation. For example, Moore
(1981, citing Paulli) noted the African porcupine (Hystrix cristata) has an extra ethmoturbinals
(in Moore, “endoturbinal”).

Behavioral, experimental, and genetic evidence support the idea that rodents do indeed possess
olfactory capabilities that are relatively advanced compared to some other mammals (Rouquier et
al., 2000; Laska et al., 2005) with some variation based on ecological variables (e.g., Vander
Wall et al., 2003). However, given that rodents are the most speciose mammalian order (with
more than 2600 species, D’Elia et al. 2019), nasal anatomy has not been studied equally in across all
groups. Whereas certain nasal structures have been examined more broadly, such as the vomeronasal
organ (e.g., Weiler et al., 1999; Smith et al., 2001, 2007; Torres et al., 2020) or rostral nasal cartilages
(e.g., Maier and Schrenk; 1987; Mess, 1999), the entirety of the nasal cavity has been examined
in a narrow range of rodents, and mostly myomorphans (e.g., Ruf, 2020). Even less is known
about distribution of olfactory and respiratory mucosa within the nasal cavities. In mammals
broadly, the turbinals that reside or project most rostrally are covered entirely (i.e.,
maxilloturbinal) or at least partially (e.g., nasoturbinal and first ethmoturbinal) by respiratory
epithelium. Conversely, those turbinals that are sequestered in the olfactory recess are typically
covered mostly by olfactory epithelium (e.g., Adams, 1972; Smith and Rossie, 2008; Yee et al.,
2016; Smith et al., 2019). Within Rodentia, we have only limited knowledge. In a recent
appraisal of the literature on nasal epithelial distribution, Yee et al. (2016) summarize data on 27
mammals, five of which are rodents. Yet, all five are muroid species.



There are practical reasons for the limited scope of our knowledge on rodent nasal anatomy. For
example, rodents vary in body size from 3.75 g to 50 kg, with the smallest rodent being a muroid
species (Boél et al., 2020; MacDonald et al., 2013). Many larger taxa, such as New World
hystricomorphans are understudied because of the challenges in studying large mammals by
histology. Large specimens present special challenges for histological methods due to greater
distortion (e.g., DeLeon and Smith, 2014), size-related limitations that necessitate trimming of
portions of nasal tissues, or dividing into multiple blocks (Smith et 1., 2021) or preservation
issues (Yee et al., 2016) compared to the study of smaller species. Thus, while recent work has
greatly expanded the scope of our microanatomical knowledge of smaller-bodied rodents such as
muroids (Ruf, 2020), our knowledge of larger-bodied rodents is greatly limited. The largest
rodent for which nasal anatomy has been studied by histology is the chinchilla (Jurcisek et al.,
2003). Chinchillas are one of the New World groups in the infraorder Hystricognathi, a diverse
group of rodents including some of the largest (e.g., porcupines, capybara) and most unusual
(mole rats) species. At ~ 700 g body mass, the chinchilla (Chinchilla lanigera) is one of the
smaller hystricognaths. Examination of a wider range of rodents in the infraorder may clarify
how internal nasal structures vary relative to body size variation in rodents.

In the present study we address this imbalance in our knowledge of rodents by examining the
nasal fossa of agoutis, large-bodied South American cavioids. Agoutis (family Dasyproctidae)
may weigh over 3 kg (Robinson and Redford, 1987). There is reason to expect variation among
rodents regarding distribution of olfactory and respiratory epithelium along nasal surfaces.
Previous work has shown that turbinals of the ethmoid bone (see below) vary extensively across
mammals in the amount of olfactory and non-olfactory epithelium (Smith et al., 2007, 2019;
Pang et al., 2016; Yee et al., 2016). Accordingly, without adequate histological data, it is
difficult to employ osseous structures as functional proxies without some microanatomical
knowledge of their mucosal coverings (see further discussion in Smith et al., 2007; Van
Valkenburgh et al., 2014b; Pang et al., 2016; Yee et al., 2016). Thus, our primary aim is to
assess the total number and microanatomical characteristics of turbinals and other bony
structures within the nasal fossa in the agouti, and to contrast this with previous descriptions of
other rodents.

Methods
Sample

Individuals in the cadaveric sample used in this study were obtained after death by natural causes
in at the Cleveland Metroparks Zoo. Each specimen was fixed in 10% buffered formalin by
immersion. One was a 7-year-old female Dasyrocta leporina (red-rumped agouti) and the other
was a 5-year-old female Dasyprocta cristata (crested agouti). The D. cristata was bisected with
one half head used for histology 2.25 years after fixation. Subsequently, the remaining half head,
plus the adult D. leporina were saved for further analysis, with periodic changes of formalin.



Histological and uCT methods

Routine paraffin embedding followed decalcification in a formic acid-sodium citrate solution.
Further details (concentration, weekly tests of completion etc.) of this solution were fully
explained in DeLeon and Smith (2014). Sections were 12 um thick, and every eighth section was
mounted on glass slides. Slides were alternately stained using Gomori trichrome or hematoxylin-
eosin procedures (for more details see DeLL.eon and Smith, 2014). Serial sections were examined
by light microscopy using a Zeiss stereo microscope (X0.64 to X1.6 magnification) or a Leica
DMLB photomicroscope (X25 to X630). Selected sections were photographed using an Axiocam
MRc 5 Firewire camera attached to the Leica microscope) or an MRc¢ 150 Firewire camera
(attached to the Zeiss microscope).

Microcomputed tomography (LCT) was used to study the whole head of D. leporina and the half
head of D. cristata; scanning for each head occurred approximately three years after fixation.
pCT Scanning was conducted at Northeast Ohio Medical University using a Scanco vivaCT 75
scanner (scan parameters: 70 kVp; 114 mA). The volumes were reconstructed using 39 um cubic
voxels and exported as 8-bit TIFF stacks for three-dimensional reconstructions (DeLeon and
Smith, 2014). TIFF stacks are publicly available at
https://www.morphosource.org/projects/000398575?locale=en. All three-dimensional
reconstructions were carried out using Amira ® 2019.1 software (Thermofisher).

Terminology of internal nasal structures

Universal agreement on nasal terminology appears unlikely, due to differing practices among
many subdisciplines of anatomical sciences. However, individual authors can take pains to point
to synonymous terms used to refer to particular structure, an effort we will undertake here.
There are several systems of terminology for nasal cavity structures, requiring a brief discussion
to clarify synonyms and thereby facilitate comparisons of our results with prior studies. Some of
the terminology is human-centric; veterinary terminology bears some similarity to human
terminology, but is more extensive due to greater complexity in the nose of most non-human
mammals (Table 1). Some parallel terms easy to equate. For example, among inwardly scrolling
bones in the nasal cavity, the inferior nasal concha is the same as the maxilloturbinal or
maxilloturbinate (Table 1). But in other case there are no parallel terms due to evolutionary loss
of much paranasal and dorsocaudal parts of the nasal template in humans, and anthropoid
primates generally (Starck, 1975; Maier, 2000; Maier and Ruf, 2014; Smith et al., 2014).

The complexity of mammalian noses led to an intricate system of terms used by Paulli (1900)
which categorized the most inwardly projecting scrolls as endoturbinals (endoturbinates) and
more peripherally positioned turbinals as “ectoturbinals” (ectoturbinates). This system has been



widely used and popularized (e.g., Moore, 1981) and continues to be used (e.g., Pereira et al.,
2020). A disadvantage of this terminology, as discussed elsewhere, is that these terms, in which
turbinals are arbitrarily numbered beginning dorsomedially to ventrolaterally, make it very
difficult to identify and compare homologous structures (see, Novacek, 1993; Smith and Rossie,
2008; Macrini, 2014; Maier and Ruf, 2014). Herein, we employ terminology deeply rooted in
anatomical literature, based on development, and clearly articulated by Wolfgang Maier (Maier,
1993a, b). This terminology continues to be used with great frequency recently (e.g., Ruf, 2020;
VanValkenburgh et al., 2014). In this system, turbinals are recognized in part based on the
primary bone with which they articulate in adults (although they may articulate with more than
one), and is also based on whether they form earlier or later in development. The so-called
“endoturbinals” are thus recognized as the most inwardly projecting bones that, in the adult,
primarily articulate with the maxilla (maxilloturbinal), nasal (nasoturbinal), or ethmoid
(ethmoturbinals, variable in number). “Ectoturbinals™ are instead called frontoturbinals if they
develop within the frontal recess of the nasal capsule, or interturbinals if they are secondary, later
developing turbinals that emerge between larger turbinals, but do not reach close to the midline
(Table 1). The only deviation of our terminology from Maier (1993a) is that in our report, the
second ethmoturbinal is equivalent to the posterior/ventral lamina of ethmoturbinal I as identified
by other authors (Maier,1993a; Ruf 2020). This preference in terminology is based on the initial
(late embryological) separate appearance of the two lamellae, which later merge to a common
root (Smith and Rossie, 2008). Additionally, recent work on bats has shown some species
possess a small lamella emanating from the “ventral edge of the caudal part of ethmoturbinal I”
(Ito et al., 2021, p. 11). Because the ventral projection the authors mention is both posterior and
ventral to ethmoturbinal II (per our terminology), this finding potentially creates additional
confusion for mammalian turbinal nomenclature denoting accessory lamellae. Nonetheless,
terminology is likely to continue to vary until we better understand comparative mammalian
development, so we include synonyms for ethmoturbinals in Fig. 1 (and see Table 1 for
additional synonyms).

Other significant structures that are frequently discussed here include several plates or laminae.
The horizontal lamina provides a lateral root of ethmoturbinal I, and at the same time separates
the frontal and maxillary recesses. Rostrally, both of these recesses merge into a common cavity
that goes by various names (Table 1), and here is called the anterolateral recess. The transverse
lamina is an osseous plate composed partly of ethmoid and partly by the vomer, which separates
an olfactory cul-de-sac space found dorsocaudally, from a dedicated respiratory airway (the
nasopharyngeal duct) ventrally. The semicircular lamina (or crest) partially separates the more
medial main nasal chamber, from the more lateral frontal recess.

Lastly, the term “recess itself” bears a distinguishing remark. Prior descriptions of paranasal
spaces are also complicated by different terminological practices. Paranasal recesses as the
peripheralized compartments that develop when the cartilaginous nasal capsule folds during
prenatal development, a process called primary pneumatization (see Wang et al., 1994; Rossie,
20006). If, in the adult, these spaces remain proportionally similar to the fetal “template” for that
recess, we retain the term recess (e.g., frontal recess). If secondarily, opportunistic osteoclastic



activity has excavated bone to change the shape of the recess, we consider this secondary
pneumatization, and the term “sinus” (e.g., frontal sinus) is preferred (Witmer, 1997; Rossie,
2006; Smith et al., 2005). Without subadults to examine how the paranasal spaces change across
age, we may not be able to identify the appropriate terminology in this report. However,
comparative observations across rodents may shed some light on which terminology may be
more accurate.

Results
Main nasal chamber

The Dasyprocta leporina specimen permitted a basic osteological description of the nasal cavity.
In terms to osseous structures, the main chamber of the nasal fossa spans the distance from the
ventral limit of the piriform aperture to the first coronal plane with a complete bony transverse
lamina, a horizontal plate of bone that separates the olfactory recess from the nasopharyngeal
duct (Fig. 1). Measured along the dorsum of the palate, this space is 36.3 mm in rostrocaudal
length in D. leporina. Maximum height of the nasal cavity is 26.1 mm. Six turbinals are
positioned closely adjacent to the nasal septum (Fig. 1). Rostrally, the nasoturbinal and
maxilloturbinal are mostly overlapping rostrocaudally. In greatest rostrocaudal length, the
nasoturbinal is longer (33.89 mm) than the maxilloturbinal (24.6 mm). To a slight degree, the
nasoturbinal overlaps the maxilloturbinal and hides the upper tip of its dorsal lamella in the
medial view (Fig. 1). Caudally, four ethmoturbinals are observed (see above regarding some
different uses of terminology). The ethmoturbinals are mostly positioned dorsal to the transverse
lamina, and are described further below (Fig. 1).

Just above the palate and inferior to the septal cartilage, overlapping the region of the maxillary
incisor, the vomeronasal organ resides in the septum (Fig. 2). Rostrally, this organ overlaps with
the vomeronasal (paraseptal) cartilages (Figs 2a,b). The vomeronasal cartilage is roughly shaped
like an elongated bar, which extends vertically from the sides of the inferior margin of the septal
cartilage to a medial position within the osseous vomeronasal capsule; islands or cartilage seen
more laterally may be vestiges of more lateral parts of the vomeronasal cartilage (Fig. 2d). It
contributes little to support of the vomeronasal organ, however, since the osseous capsule is fully
formed by the vomer bone (Figs 2a-c). Some small islands of cartilage are also distributed
dorsolaterally within the bony capsule (Fig. 2d). The capsule contains the tubular epithelial
vomeronasal organ, nerve bundles, and numerous venous sinuses; the latter are situated medially
and ventrally to the vomeronasal organ (Fig. 2d). The vomeronasal neuroepithelium ranges
broadly from 40 to 80 um in thickness, while the more lateral receptor-free epithelium is
typically ~ 10 um thick. The structure of the neuroepithelium is obscured by dense staining with
trichrome or hematoxylin-eosin stains; there is a notable lack of cytoplasmic volume (we might
speculate this is an artifactual change, perhaps due to incomplete fixation of deeply residing



tissue) in supporting cells and receptor nuclei are only lightly staining and tightly packed (Fig.
2f, inset).

Rostrally, the nasoturbinal and the maxilloturbinal together span the entire height of the nasal
fossa (Figs 1, 3a-c, f, g). Each is lined by a highly vascular lamina propria (Figs 3j, k). The
maxilloturbinal exhibits grooves on its medial surface which correspond to the position of
venous sinuses (Fig. 3k). The nasoturbinal articulates with the nasal bone rostrally (Fig. 3b), but
caudally it articulates with the ethmoid, specifically the semicircular lamina; at this caudal level,
the nasoturbinal mucosa becomes less vascular (Fig. 3h).

Both the maxilloturbinal and nasoturbinal (Fig. 31) are mostly lined with respiratory epithelium
(pseudostratified columnar or similar cuboidal/columnar, ciliated); the side of the maxilloturbinal
facing the meatus is lined with a thin transitional epithelium. The nasoturbinal is lacking in any
olfactory mucosa, even caudally where it merges with the semicircular lamina; the septum
adjacent to it is also non-olfactory at this level (Fig. 31). Most rostrally, the medial side of the
semicircular lamina forms the medial wall of the anterolateral recess (Fig. 3h). Within the recess
is a thin ciliated epithelial lining (Fig. 3m). More caudally, the semicircular lamina is the medial
wall of the frontal recess and bears olfactory epithelium (see below). Of the ethmoturbinals, only
ethmoturbinal I projects rostral to the olfactory recess, and in the histologically section this
portion of the turbinal is covered by respiratory epithelium.

Recesses of the nasal cavity

There are four recesses that communicate with the main nasal chamber. Three of these constitute
a continuous paranasal space. Rostrally, there is a greatly inflated space medial to the
semicircular lamina, the anterolateral recess (Fig 4). This recess is rostral to the “lateral root” of
the first ethmoturbinal, more formally called the horizontal lamina (Table 1).

At the first coronal plane where the horizontal lamina appears, this plate subdivides the paranasal
space into two parts. The horizontal lamina is rather obliquely positioned in the coronal plane
(Fig. 5; for a broader context and extended slice series, see suppl. Fig. 1). Dorsomedial to it is the
frontal recess, in which there are five turbinals. Four of these project far enough medially to
become adjacent to the semicircular lamina (rostrally; Figs 4, 5, 6a, b) or the cribriform plate
(caudally; Fig. 5). Both species of Dasyprocta have a similar arrangement of frontoturbinals. The
spatial relationship is easiest to describe in successive coronal planes (Fig. 5). The first 3
frontoturbinals appear most rostrally, from Dorsomedial (FT1 to lateral (FT3). A fourth FT is
restricted more caudally, ventromedial to FT3 (Fig. 5, slice 1343). Finally, another turbinal found
caudally is sequestered between FT2 and FT3. This particular turbinal might be termed an
interturbinal, because it does not project to a position parallel with the surface of the other FTs
(Fig. 5, slice 1478). However, since we have only two specimens to describe, and no
developmental information on the developmental timing of formation, this should be considered
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a provisional identification. Like the ethmoturbinals, all FTs become more complex caudally.
Rostrally, each FT is a simple scroll. FT1 articulates with the nasal bone and scrolls dorsally.
FT2 and FT3 arise from the horizontal lamella and scroll dorsally and ventrally, respectively
(Fig. 5). Gradually, a second lamella emerges from the opposing side of each FT such that,
within the midlevel of the frontal recess, each FT has two secondary lamellae. These lamellae
become increasingly scrolled caudally. Most caudally, FT 2-4 extend one lamella medially to
contact the cribriform plate (Fig. 5). The cribriform plate is shaped, in cross-section, like the hull
of a row-boat (albeit with numerous leaks in the form of olfactory foramina), with the upright
sides associating with the frontal recess, while the floor is positioned over the olfactory recess
(Fig. 5, slice 1478).

In the histologically sectioned D. cristata, the rostral part of most frontoturbinals is covered with
non-olfactory epithelium, but the tissue integrity on the frontoturbinals is in moderate or poor
condition compared to that in the main chamber and olfactory recess confounding some tissue
identification. Epithelium is best preserved in the two turbinals that project most rostrally (FT 2
and 3; Fig. 6¢). The most rostral 2.5 mm or 1.8 mm of FTs 2 and 3, respectively, is lined with
pseudostratified or simple columnar epithelium, bearing cilia (Fig. 6e). The adjacent surface of
the semicircular lamina is covered with pseudostratified columnar ciliated epithelium (Fig 6d).
Frontoturbinal 1 and 4 have some olfactory epithelium (Table 2), but the rostral-most sections
have poor tissue integrity or poor preservation and therefore it is unclear how much non-
olfactory epithelium is present rostrally. On all frontoturbinals, olfactory epithelium appears first
in a small patch on the side facing the semicircular lamina; more caudally, the epithelium and
lamina propria progressively thickens (Fig. 6f). The epithelium around the interturbinal is absent
(poor preservation), making it unclear whether olfactory epithelium is present (Table 2).

The olfactory recess houses most of the ethmoturbinals. Using the rostrocaudal length of the
transverse lamina as a proxy, the recess is 22.2 mm long. Maximum height of the olfactory
recess is 16.9 mm. All of the ethmoturbinals except the rostral part of ethmoturbinal are I fully
housed within the olfactory recess. In the histologically sectioned D. cristata, ethmoturbinal I
projects rostral to the olfactory recess by approximately 0.5 mm, using the first coronal section in
which the space is completely enclosed as the start of the olfactory recess. The CT scan series of
D. leporina has a more projecting first ethmoturbinal; it projects 5.29 mm rostral to the first CT
slice in which the transverse lamina encloses the olfactory recess (right side measurement).
Mucosal contours are also visible. The first slice in which mucosa of the first ethmoturbinals is
discernable is 5.5 mm rostral to the first slice in which mucosa encloses the olfactory recess. An
interturbinal is observed between ethmoturbinals II and III. All ethmoturbinals and the
interturbinal possess a simple, folded or plate-like cross-sectional shape rostrally (e.g., Fig. 5,
7b). More caudally, each of them possesses two secondary lamellae (double scrolled; see Fig. 5,
slices 1448-1478).

In the histologically sectioned D. cristata, ethmoturbinal I bears no olfactory epithelium for the
most rostral 1.3 mm (Table 2). Moving caudally, small patches of olfactory epithelium are seen
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on lateral and medial sides (but not the dorsal apex) of ethmoturbinal I. No portion of the first
ethmoturbinals bearing olfactory epithelium projects rostral to the olfactory recess, although
some shrinkage of the rostral part of ethmoturbinals may be assumed (see discussion). The most
rostral extent of olfactory epithelium is found along the medial side of the semicircular lamina;
this projects rostral to the olfactory recess, and is limited to the semicircular lamina (i.e., it does
not extend dorsally to the roof of the nasal cavity at this rostral level). In Figure 4a, the location
of this epithelium is estimated by matching the cross-sectional bony contours of ethmoturbinal I
in the histologically sectioned D. cristata, with the contours of the same bone in CT slices of D.
leporina. Based on this reconstructed epithelial distribution, most of the space rostral to the
olfactory recess is bounded by non-olfactory epithelium (Figs 3, 7).

Olfactory epithelium is observed more rostrally on the semicircular lamina than on the adjacent
nasal septum. More caudally where the dorsal edge of the first ethmoturbinals bear olfactory
epithelium, both the septal and lateral wall (semicircular lamina) of the main chamber are
likewise observed to bear olfactory epithelium (Fig. 7). Here, the entire mucosa thickens due to
olfactory nerves and Bowman’s glands within the lamina propria, and multiple rows of olfactory
sensory neurons within the epithelium, which is approximately 40 pm thick (Figs 7c-e). In the
remainder of the olfactory recess, all ethmoturbinals are primarily lined with olfactory
epithelium (Table 2). However, numerous artefactual distortions of more caudal ethmoturbinals
prevented three reconstructions.
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Discussion

The present study provides the most detailed study to date of osteology and histology of a
dasyproctid rodent. Dasyproctids are one of many relatively large-bodied New World
hystricognaths, and therefore we are able to offer a preliminary assessment of nasal morphology
that may vary in relation to body size. Previously, few studies have examined the largest South
American hystricognaths (e.g., agoutis, pacaranas, and capybara), aside from studies of the
vomeronasal organ (Torres et al., 2020), paranasal sinuses (Ferreira et al., 2022), and the rostral
nasal cartilages (Mess, 1999). These studies focused on smaller samples by targeting neonatal
and prenatal samples respectively, thus avoiding the difficulties of serially sectioning large
specimens. By using uCT and histology, we are able to present highly detailed nasal anatomy
and microanatomy of agoutis for the first time.

Anatomy of the nasal cavity in rodents

Previous detailed work on anatomy of the internal nasal skeleton of rodents has primarily
focused on laboratory rodents (e.g., Kelemen, 1950; Harkema et al., 2006; 2012). Monographic
works such as that by Dieulafé (1906) and Negus (1958) offer surprising little detail on rodents.
Most osteological studies on hystricognath rodents provide only cursory descriptions of the nasal
region, if any (e.g., Moreto et al., 2017; Pereira et al., 2019; Rosenfield et al., 2020). A few
authors have provided detailed comments on the nasal cavity, or structures therein, of guinea
pigs (Dieulafé, 1906; Kelemen, 1950) and chinchillas (Jurcisek et al., 2003), as described in the
next section.

In describing rodents (based on rat and guinea pig), Dieulafé (1906) is more detailed than Negus
(1958). He describes the maxilloturbinal as having only one upwardly directed “roll.” He
describes the nasoturbinal in Cavia as a lamina (with no scrolling) which descends to partially
cover the superior border of the maxilloturbinal. In Rattus, Dieulafé describes the nasoturbinal to
be rostrocaudally less extensive than the maxilloturbinal. Dieulafé numbers three ethmoturbinals
in Cavia and four in Rattus. However, Kelemen (1950) clearly identifies four ethmoturbinals in
Cavia. This agrees with our findings on Dasyprocta. Furthermore, this is the most common state
among non-haplorhine primates (Kollmann and Papin, 1925; Smith and Rossie, 2008),
scandentians, dermopterans, (Lundeen and Kirk, 2019), and lagomorphs (Negus, 1958). Thus,
this may be plesiomorphic for the superorder Euarchontoglires. Pteropid bats also exhibit this
number of ethmoturbinals (Giannini et al., 2012; Smith et al., 2021b). Deviations from this
number and most frequently expressed as a reduction in number (e.g., non-pteropid bats,
Bhatnagar and Kallen, 1975; haplorhine primates, Maier and Ruf, 2014; Smith et al., 2014).

Descriptions of more peripheral nasal cavity spaces, as well as the smaller turbinals within them,
are typically far less detailed in previous work. An exception is Ruf’s (2020) thorough discussion
of the prenatal nasal “template” (or cartilaginous nasal capsule) as well as the adult skeletal
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anatomy of muroid rodents. Muroids have one to two frontoturbinals, and do not have
interturbinals within the frontal recess (Ruf, 2020). They may be reduced to only a single ridge
(e.g., Jaculus) or fully developed with ventral and dorsal scrolls. Of all muroids described by Ruf
(2020), only one species possesses more than two frontoturbinals (three are present in Abrothrix
longipilis). The number of frontoturbinals in some other mammals varies similarly. Most
euarchontans have two or fewer frontoturbinals (Lundeen and Kirk, 2019). Lagomorphs also
possess two frontoturbinals, and may have an interturbinal between them (Ruf, 2014). With the
caveat that some authors may not distinguish interturbinals from frontoturbinals, it appears likely
that two turbinals within the frontal recess is the likely plesiomorphic condition in
Euarchontoglires. It is the most common condition known among living lagomorphs,
scandentians, dermopterans, rodents, and strepsirrhine primates. Exceptions among primates
include Daubentonia madagascarensis, which has six turbinals in the frontal recess (Maier and
Ruf, 2014; Lundeen and Kirk, 2019) and haplorhine primates, which possess none (Lundeen and
Kirk, 2019). The most derived exceptions among rodents may be hystricognath rodents (see
below).

More broadly in mammals, the plesiomorphic number of frontoturbinals is uncertain, in part due
to use of terminology that obscures homology (i.e., “ectoturbinals;” see above). At present, it
appears likely that carnivorans and ungulates have the most numerous frontoturbinals, although
with much variation. This is also true cumulatively regarding all smaller turbinals. Moore (1981)
tabulated a range of 12 to 30 “ectoturbinals” in perissodactyls, and 13 to 20 in artiodactyls.

Numerous studies have stated the presence of maxillary and frontal paranasal spaces, termed
recesses (e.g., Adam, 1972; Ruf, 2020) or sinuses in mammals, including rodents (e.g., Harkema
et al., 2012; Chamanza and Wright, 2018; Alvites et al., 2018). Previously, some authors have
argued that the distinction of a recess and sinus is more than semantic, and hinges on the process
of “secondary pneumatization.” In secondary pneumatization, opportunistic osteoclastic activity
causes a paranasal recess to expand and invade parts of a growing bone (Witmer, 1999; Smith et
al., 2005; Rossie, 2006). Thus, if a paranasal space does not opportunistically expand, it is best
termed a recess, whereas it is termed a sinus after secondary pneumatization (Rossie, 2006). The
extent of secondary pneumatization in rodents has not been subject to serious investigation to our
knowledge. However, both the maxillary recess, and the anterolateral recess extending rostral to
it, are small spaces in muroid rodents (Adams, 1972; Chamanza and Wright). Some
developmental work suggests they may remain small and restricted in both fetuses and adults
(Ruf, 2020). Therefore, they may not undergo secondary pneumatization in muroid rodents, in
contrast to the invasive expansion seen in the maxillary sinus and some other paranasal spaces in
primates (Smith et al., 2005; Rossie, 2006). A comparison to hystricognath rodents is discussed
below.

Comparative nasal anatomy in hystricognath rodents



14

In addition to the descriptions of Cavia by Kelemen (1950), Paulli (1900) described nasal
anatomy in four of the largest hystricognaths, including Cuniculus (Coelogenys) paca, Hystrix
cristata, Hydrochoerus hydrochaerus, and Myocastor (Myopotamus) coypu. Combined with the
present description of Dasyprocta, we may make some general observations about these rodents.

Among the large turbinals that project close to the midline (“endoturbinals” of Paulli’s
terminology), the maxilloturbinal is described in the least detail. Paulli (1900) gave less attention
to this turbinal than to the ethmoturbinals and the smaller turbinals. But his description indicates
that in Hystrix it is a dorsally projecting lamina that intervenes between the nasoturbinal and
lateral nasal wall (P 516, “...das maxilloturbinale nach hinten eai hohes blatt bildet, das sich
zwischen nasoturbinale und lateraler nasenhéhlenwand ...”"). This is consistent with the
description of the maxilloturbinal of Cavia (Kelemen, 1950) and Dasyprocta (Fig. 3f). In Cavia,
the nasoturbinal is large and rivals the maxilloturbinal in its size having similar rostrocaudal
length based on fig. 2 in Kelemen (1950). In Dasyprocta, the maxilloturbinal and nasoturbinal
together span nearly the entire height of the main nasal chamber (Fig. 1). Qualitatively, these two
hystricognaths have quite large nasoturbinals and maxilloturbinals compared to prior
descriptions of muroid rodents (e.g., Adams, 1972; Ruf, 2020). Further comparative work to
quantify surface areas of these turbinals is needed to confirm this.

Of the more caudal turbinals, nearly all hystricognath rodents studied in detail have four
ethmoturbinals, with the notable exception of Hystrix cristata, which has an additional
ethmoturbinal caudally (Fig. 8A). Smaller turbinals of the ethmoid bone are much more variable
in number. Fortunately, Paulli (1900) provides a precise account of their position in several
hystricognaths, making it possible to differentiate among the so-called “ectoturbinals.” Like
many rodents, Hystrix possesses two frontoturbinals, and possesses an impressive four
interturbinals in the olfactory recess (Fig. 8A). In Myocastor, there is only one frontoturbinal
indicated by Paulli (1900), and in some species there are none, a possible correlate of
semiaquatic behavior (Martinez et al., 2020); no interturbinals in the olfactory recess were have
been described in Myocastor. In Hydrochoerus, there is one frontoturbinal and one interturbinal
in the olfactory recess (Fig. 8B). In Cuniculus (Coelogenys) paca, Paulli (1900) describes four
frontoturbinals and one interturbinal in the olfactory recess. Dasyprocta, therefore has the most
turbinals in the frontal recess (four frontoturbinals, plus one smaller interturbinal).

The variations in turbinal numbers do not follow a detectable pattern at present. Too few species
have been studied to infer phylogenetic patterns, if that is a major factor influencing turbinal
numbers. Since Hydrochoerus has relatively few ethmoidal turbinals (i.e., all ethmoturbinals,
frontoturbinals, interturbinals and nasoturbinal) compared to most hystricognaths that have been
studied, it seems the number of smaller turbinals is not under an influence of positive allometry
relative to head or body size. Since the smaller turbinals tend to be covered with olfactory
epithelium, a correlation to olfactory acuity or discrimination with frontoturbinal and
interturbinal numbers could be explored in future studies. Airflow studies suggest that odorants
of differing solubility are differentially deposited throughout the nasal fossa (Rygg et al., 2017;



15

Smith et al., 2019). Thus, the number of turbinals in the frontal versus olfactory recesses may
also be of interest. It is possible variation in the different chambers reflects a capacity to detect
particular odorants (e.g., based on odorant solubility). Future work could examine this
comparatively, taking into account the mucosa type that covers each turbinal (see below).

In addition to varying turbinal numbers, hystricognath rodents vary in the anatomy of recesses in
the nasal cavity. All that have been described have a prominent transverse lamina that “captures”
most portions of all ethmoturbinals within an olfactory recess. More variation exists in more
laterally positioned (paranasal) spaces. Prior descriptions by Paulli (1900) and others (Negus,
1958; Moore, 1981) indicate some paranasal spaces are exceptionally large in hystricognath
rodents compared to muroids. However, the identity of specific spaces is complicated by varied
terminology. Paulli (1900) describes an enlarged maxillary cavity (Kieferhohle) in Myocastor
(Myopotamus) coypu (fig. 29 in Paulli, 1900). Although this space is partially bounded by the
maxilla, Paulli’s written description (p 516) locates this bone medial to the caudal part of the
nasoturbinal (“...medialwarts im hinteren Theil des Nasoturbinale...”). Further, he notes a free
margin of the nasoturbinal projects into the space (“...der freie Randtheil des Nasoturbinale,
welcher den vorderen Umfang der Offnung bildet, rollt sich ein wenig in die Hohle ein.”). Based
on these descriptions, the space is consistent with the anterolateral recess described here. Rather
than the nasoturbinal, as defined here, the bone bordering this space is the semicircular lamina
(with which the nasoturbinal merges). Its inferior edge in Dasyprocta does indeed “roll” upward
into the recess; some frontoturbinals project rostrally from the frontal recess into the anterolateral
recess (Fig. 6¢).

The degree of pneumatic expansion of paranasal spaces also varies, but there clearer examples of
“true” sinuses among hystricognaths compared to muroid rodents. Plates from Paulli (1900)
reveal that in some of the largest rodents in the world, the inner table of the bone surrounding the
frontal recess or parts of the olfactory recess is perforated (Fig. 8); these apertures lead to
expanded cavities. Paulli (1900) made reference to “enormous pneumaticity” (“enorme
pneumaticitat”, p 517) in the skull of Hystrix cristata (Fig. 8A), and referred to multiple
pneumatic spaces (Fig. 8A). Paulli (1900) also provided a detailed description of two large
pneumatic spaces in Hydrochoerus. The more rostral space is described to extend into the upper
jaw and nasal bone, and then extend caudally and medially to the rear part of the nasoturbinal
(““...medialwarts breitet sich die Hohle in ca. hintere Halfte des Naseturbinale ein”, p 521). Paulli
may be referring to the lamina semicircularis specifically when indicating the rear portion of the
nasoturbinal; if so, and based on figure 31 in his monograph (1900), this is consistent with the
anterolateral recess. This space is quite inflated in Hydrochoerus, similar to Dasyprocta. A more
caudal pneumatic space invades the frontal bone and extends to the rostral part of the parietal
bone. Its ostium connects to the frontal recess, specifically between the nasoturbinal and first
frontoturbinal (Fig. 8B). This communication is consistent with the frontal sinus of other
mammals (Rossie, 2006).
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The extent to which the maxillary or anterolateral recess are pneumatized is unclear, since these
spaces do not invade bone by creating perforations (ostia) as described for the frontal or other
sinuses described above. The extent to which they pneumatize bone may be made clearer by
developmental studies in the future. This information could establish whether the bauplan for
these spaces, and the proportions of the facial skeleton, is established early by the cartilaginous
template. If so, they may be considered products of primary pneumatization, and could this be
called recesses postnatally (Witmer, 1999; Rossie, 2006). Or, these spaces may undergo
extensive postnatal changes, perhaps involving secondary pneumatization. In any case, the
anterolateral recess appears quite expanded in Dasyprocta compared to prior descriptions of
muroid rodents (e.g., Adams, 1972, see fig. 1c). Based on the microanatomy of this region (see
below), we know this is unrelated to olfactory function, and may be related to scaling of head
size.

Functional microanatomy of the nasal cavity in agoutis

Numerous studies have employed cranial skeletal structures as proxies for sensory modalities
(e.g., Bhatnagar and Kallen, 1975; Kirk and Kay, 2004; Van Valkenburgh et al., 2004; Green et
al., 2012; Muchlinski, 2008; Martinez et al., 2018). The size of skeletal structures such as the
cribriform plate has been linked to the repertoire of genes that encode for olfaction (Bird et al.,
2018). In cases where skeletal structures have a known functional role, this provides a potentially
powerful means to compare functional anatomical element broadly across vertebrate species, or
estimate functional capabilities of extinct taxa. For example, the maxilloturbinal bone is lined
with a highly vascular respiratory mucosa in a broad array of mammals (Smith et al., 2007; Yee
et al., 2016) and the size of this bone has been linked to ecological factors such as climate, which
in turn influence demands for conditioning of inspired air (Van Valkenburgh et al., 2011; Green
et al., 2012). Many other nasal structures, however, are known to possess more than one type of
mucosal covering, i.e., they have dual function (Smith et al., 2007; Yee et al., 2016). This creates
a dilemma for drawing inferences based on the size (e.g., cross-sectional area) of bony nasal
elements: if turbinals or other structures vary in the proportion of olfactory and non-olfactory
mucosal coverings, they may not be easily comparable across taxa.

The extent to which ethmoturbinals are compartmentalized by the transverse lamina varies in
mammals such as bats and primates (Eiting et al., 2014). Nonetheless, some mammals have
ethmoturbinals that are notably restricted dorsocaudally and mostly sequestered into the
olfactory recess by a transverse lamina. In these so-called “macrosmatic” mammals, such canids
and rodents, airflow slows within the olfactory recess; this is predicted to maximize odorant
uptake (Craven et al., 2009, 2010; Wagner and Ruf, 2021). In this sense, it seems unsurprising
that nearly the entirety of ethmoturbinal I, and notably its entire dorsal margin, is lined with
olfactory epithelium in Rattus and Peromyscus (Harkema et al., 2006; Adams, 1972). Still, in
both of these rodents a portion of the ethmoturbinals, especially ethmoturbinal I, projects rostral
to the olfactory recess (Adams, 1972; Uraih and Maronpot, 1990). In addition, in both of these
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rodents, and also in the larger chinchilla (Jurcisek et al., 2003), olfactory epithelium is distributed
even further rostrally along the nasoturbinal. Compared to these rodents, Dasyprocta has
notably less olfactory epithelium distributed rostral to the olfactory recess. Ethmoturbinal I is
lined with non-olfactory epithelium for at least the first 1.4 mm (likely an underestimate since
free projections of turbinals are known to shrink during histological processing — DeLeon and
Smith, 2014). More caudal ethmoturbinals and even the frontoturbinals also possess some non-
olfactory epithelium on their most rostral projections. More notable is the complete absence of
olfactory epithelium on the nasoturbinal, in contrast to the smaller rodent species from mice to
the chinchilla (Adams, 1972; Jurcisek et al., 2003).

Although we could not reliably quantify epithelial surface area on individual turbinals of
Dasyprocta, in a descriptive sense our findings support the hypothesis that as body size and
turbinal size increases in mammals, the proportional extent of olfactory surface area decreases
(Smith et al., 2007). To be clear, if the olfactory distribution is relatively restricted dorsocaudally
in the agouti compared to other rodents, this does not imply relatively diminished olfactory
capacity. We have argued elsewhere that olfactory structures should not be expected to scale
with body size, and that absolute measurements may be more meaningful than scaled
measurements with olfactory (and perhaps other special sensory) structures (Smith and
Bhatnagar, 2004). In contrast, nasal surfaces that are dedicated to respiratory function are known
to scale closer to isometry (Owerkowicz and Crompton, 2001; Smith et al., 2007). Thus, the
apparent “retreat” of olfactory epithelium in the agouti to more caudal regions is likely a
reflection of an increased demand for respiratory air-conditioning associated with increasing
body size.

If the apparent augmentation of non-olfactory epithelia in Dasyprocta and other hystricognaths is
borne out quantitatively, an implication is that respiratory mucosa, for filtering, warming and
moistening inspired air, may be in great demand in hystricognath rodents based on their
generally large body size. This scenario requires further exploration via airflow modeling, as
well as a more detailed understanding of the distribution of venous sinuses throughout the
mucosal depth of the relatively large rostral turbinals and paranasal spaces of Dasyprocta and
perhaps other hystricognaths.

Conclusions

The present study offers the most detailed account of the nasal cavity of Dasyprocta, or of any
large rodent to date, in terms of micro- and gross anatomy. Certain features are notable in this
genus compared to other rodents. First, the nasoturbinal is particularly large in dorsoventral and
rostrocaudal dimensions in Dasyprocta; this turbinal is entirely non-olfactory in function, in
apparent contrast to known muroids (Adams, 1972; Harkema, 2006). Whether this relates solely
to body size scaling or perhaps also relates to conditioning of inspired air requires more
quantitative study. Secondly, olfactory epithelium appears more restricted to the olfactory and
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frontal recesses compared to muroids. At the same time, the rostral tips of the olfactory turbinals
bear at least some non-olfactory epithelium.

In a broader sense, the findings of this study support the hypothesis that turbinals are
multifunctional structures (Smith et al., 2007; Yee et al., 2016), and investigators should use
caution when categorizing turbinals as specialized for olfaction. Caution may be especially
appropriate in the case of large-bodied mammals, in which the different scaling characteristics of
respiratory and olfactory mucosa result in relative more of the former type as body size
increases. Further comparative tissue-level studies are sorely needed. Recent advances in the use
of uCT-scanning of iodine-stained samples to identify olfactory tissues may offer an opportunity
to identify turbinal mucosa in larger samples of mammals (Yohe et al., 2018; 2021; Smith et al.,
2021).
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Figure captions

Figure 1. View of the lateral wall of the right nasal fossa in an adult agouti (Dasyprocta
leporina), with the largest turbinals color-coded as light red (maxilloturbinal), purple
(nasoturbinal) and green (ethmoturbinals). Most of the ethmoturbinals are within the olfactory
recess (the space to the right side of the dashed line), which is found dorsal to the transverse
lamina (tl). et I, et 11, et 111, et IV, first through fourth ethmoturbinals (in parentheses, synonyms
from other recent studies are included, see Table 1); ma, maxillary bone; na, nasal bone; npd,
nasopharyngeal duct. Scale bar: 3 mm.
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Figure 2. Coronal sections of the vomeronasal organ of adult agouti (Dasyprocta cristata),
shown at levels A) within the rostral half; B) the approximate midpoint, and C) near the
caudalmost limit of vomeronasal neuroepithelium (vne; * = lumen). D-F and inset, increasing
magnifications of A. The inset of F reveals faintly stained rows of nuclei (arrows) in the vne.
Gomori trichrome stain (bone, stained red or green; cartilage, light green; vne is atypically

stained red in this specimen). sc, septal cartilage; vnc, vomeronasal cartilage; vs, venous sinuses.
v, vomer. Scale bars: A-C, 0.5 mm; D, 200 um; E, 100 um; F, 20 pm, inset, 10 pm.
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Figure 3. Nasal anatomy of adult agouti based on approximately matching levels of um-CT
slices of Dasyprocta leporina and histological sections of Dasyprocta cristata. A) Three-
dimensional reconstruction of the part of the nasal fossa from rostral opening to the start of the
olfactory recess, with coronal cross-sections indicated by dashed lines that represent, from rostral
to caudal, plates B-E. Plates B to E are matched to sections showing the same features from a
different specimen in plates F to I. The most rostral level (B, F) includes the rostral extent of the
maxilloturbinal (mt) and nasoturbinal (nt), as well as the nasopalatine, or incisive duct (nd).
Closer to the midpoint of these turbinals, each becomes more complex by virtue of additional
lamellae. Enlarged views of both the nt (J) and mt (K) reveal numerous venous sinuses (*) within
the lamina propria (boxes in f and g indicate source of enlarged views). From cross-sectional
levels C to E, a paranasal recess is found lateral to the nasal fossa (alr = anterolateral recess). The
ALR becomes quite large by sectional level d, and the nasal fossa is thus narrowed. Also at this
level, the NT merges with the semicircular lamina (H, scl). I) The adjacent surfaces of the nt and
septum are lined by respiratory epithelium (re) at the level shown in H; the alr is lined by ciliated
(c1) simple cuboidal epithelium. Cross-sectional level E/I reveals ethmoturbinal I (etl) at the start
of the olfactory recess. Here, the lateral and medial sides of the dorsal part of etl (enlarged in N)
is lined with olfactory epithelium (oe), while more ventrally etl is lined with re (enlarged in O).
Stains F, G, I, J, K, N, O: Gomori trichrome; H, L, M: hematoxylin-eosin. sc, septal cartilage.
Scale bars: A-E, 5 mm; F-1, 1 mm; J, 30 um; K, 400 um; L, 50 pum; M-O, 20 um.
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Figure 4. Left frontal recess of an adult Dasyprocta cristata, seen from the medial side after the
ethmoturbinal complex and the semicircular lamina are entirely removed. The dorsal root of the
semicircular lamina (sl) is indicated, as is the ventral connection of the horizontal lamina (hl).
Three frontoturbinals (ft) are visible adjacent to the lateral part of the cribriform plate (cp). alr,

anterolateral recess. Scale bar: 2.5 mm.
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Figure 5. Rostral to caudal CT slices of Dasyprocta leporina, spanning the space of the frontal
recess (numbers indicate rostrocaudal CT slice level). The semicircular lamina is tinted red;
frontoturbinals are tinted green. Slice 1278 is near the rostral ends of the first three
frontoturbinals (ft1-3), at a position where the semicircular lamina (sl) would obscure view of
these turbinals from the medial side. Note the horizontal lamina (hl) is a ventral attachment for
ft2 and ft3. At slice 1278, note the frontal recess (fr) is the space dorsal to the hl, and a very
compressed maxillary recess (mr) is positioned ventrolateral to the hl. At slice 1343, a fourth
frontoturbinal (ft4) has emerged, and this turbinal gradually projects parallel to F1-3 at more
caudal levels. At slice 1478, the emergence of an interturbinal (it) between ft2 and ft3 is visible.
All frontoturbinals become double-scrolled caudally; the more ventromedial lamella ultimately
fused with the cribriform plate (cp). or, olfactory recess. Scale bar: 3 mm.
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Figure 6. A), B), medial and rostromedial perspectives of the right nasal fossa in an adult agouti
(Dasyprocta leporina). In A, the caudal part of the first ethmoturbinal (etl), the entire second and
third ethmoturbinals, as well as their root lamella are virtually dissected away to reveal the
semicircular lamina (scl). Caudal to the scl is the opening into the frontal recess (fr). In B, the scl
is also dissected away to reveal three large frontoturbinals (ft) within the frontal recess. C-F)
Histological sections in the frontal recess of Dasyprocta cristata. C, a histological section
through the rostral, free projections of frontoturbinals 2 and 3, also emphasized the greatly
elongated and sickle-shaped scl (dashed line in A indicates a likely comparable cross-sectional
level in D. leporina). At rostral levels, the scl and each ft is covered with pseudostratified,
columnar ciliated epithelium (D, showing scl) or simple cuboidal/columnar, ciliated epithelium
(e, showing ft2). F) ft3 has the most rostrally projecting olfactory epithelium (oe). bg, Bowman’s
glands. re, respiratory epithelium; s, septal cartilage; vs, venous sinus. Scale bars: A, 3 mm; B,
2.5mm; C, | mm; D, 50 pm; E, 10 pm; F, 20 pm.
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Figure 7. A) Three-dimensional reconstruction of the right nasal fossa in adult agouti

(Dasyprocta leporina), with a dashed line indicating a cross-sectional level within the olfactory
recess at the level of the first and second ethmoturbinals (etl and etll, respectively). A
histological section at a similar level from a second specimen (Dasyprocta cristata) is shown in
B). Here, a thick olfactory mucosa is found along adjacent surfaces of the semicircular lamina
(scl) and septum (s), as well as the dorsal part of ET 1. Note that little olfactory mucosa extends
rostral to this point (see A, where the estimated distribution of olfactory epithelium is indicated
in green). Bottom row: enlarged views of mucosa of the scl (C), etl (D), and septum (E). Note
thick olfactory epithelium (oe) overlaying a deep lamina propria that includes numerous
olfactory nerve bundles (on). Scale bars: a, 3 mm; b, I mm; c-e, 30 um.
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Figure 8. Redrawn and relabeled from Paulli (1900). Cross-sections, in downwardly leaning
frontal planes (see Maier and Ruf, 2014, for further information) through the ethmoturbinal
region of the nasal cavity of Hystrix cristata (A) and Hydrochoerus hydrochoerus (B). Turbinals
and recesses are labeled according to the terminology used in this paper. Hystrix may have more
turbinals overall than any other rodent. Hydrochoerus is notable for the advanced degree of
pneumatization. fs, frontal sinus; ft, frontoturbinal; it, interturbinal; scl, semicircular lamina; I, II,
I, TV, V, ethmoturbinals I to V; ? pneumatic expansions of uncertain homology.



36

Supplemental Figure 1: An extended series of rostral to caudal CT slices of Dasyprocta
leporine is shown, to show a greater extent of the olfactory recess (numbers indicate rostrocaudal
CT slice level). The semicircular lamina is tinted red; frontoturbinals are tinted green;
ethmoturbinals and the interturbinal are tinted blue. Slice 1085 is near the rostral-most level of
the olfactory recess (or), and space bordered by large bilateral anterolateral recesses (alr). Here, a
plate of bone, the transverse lamina (tl) separates the olfactory recess from the nasopharyngeal
duct (npd, the space ventral to the latter). The ethmotrubinals (et I, II, III, IV) and frontoturbinals
(ft1, 2, 3) gradually become more complex in more caudal slices. An interturbinal (it) is observed
among ethmoturbinals (e.g., 1278, 1343), as is common in mammals. An interturbinal
(provisionally identified) is also observed among frontoturbinals (1478). The semicircular lamina
(sl) is exceedingly elongated rostrally (1085 tp 1250). As this lamina reduces in extent caudally,
the frontal recess (fr) expands (1278 to 1403). Ventral to the horizontal lamina (hl), the maxillary
recess (mr) is a greatly compressed space (e.g., 1278, 1298). Very caudally, ethmoturbinal make
connections to the cribriform plate (cp) with their more dorsal lamellae (examples indicated by
*%). Scale bar: 3 mm.
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Table 1: Terminology for structures and spaces of the nasal fossa.

Structure name

Comments?

Structures

Nasoturbinal

Maxilloturbinal

Ethmoturbinal I

Ethmoturbinal II

Ethmoturbinal 111

Ethmoturbinal IV

Synonyms: dorsal nasal concha, pars rostralis (NAV?); endoturbinal I (Moore, 1981, fig. 84)

Synonyms: concha ventralis (NAV); maxilloturbinate (Harkema et al., 2012)

Synonyms: concha media (NAV); ethmoturbinal II (Martin, 1990); endoturbinal II,
upper lamella (Paulli, 1901; Moore, 1981); endoturbinal I (Allen, 1882)

Synonyms: concha ethmoidalis (NAV); ethmoturbinal III (Martin, 1990); endoturbinal II,
lower lamella (Paulli, 1901; Moore, 1981); ethmoturbinal I, ventral lamella (Maier, 1993a)

Synonyms: concha ethmoidalis (NAV); ethmoturbinal IV (Martin, 1990);
endoturbinal II (Paulli, 1900; Moore, 1981)

Synonyms: concha ethmoidalis(NAV); ethmoturbinal V (Martin, 1990); endoturbinal
III (Moore, 1981)



Semicircular lamina Synonyms: semicircular crest; dorsal nasal concha, pars caudalis (NAV)

Frontoturbinal Synonyms: ectoturbinal (Paulli, 1901; Moore, 1981)

Frontomaxillary septum Synonyms: lateral root of ethmoturbinal I (Rossie, 2006); anterior root of
ethmoturbinal I (de Beer, 1937); horizontal lamina (Maier, 1993a)

Interturbinal (Maier, 1993b) Synonyms: ectoturbinal (Paulli, 1900; Moore, 1981); accessory turbinal (Dieleux, 1906)

Transverse lamina synonyms: lamina terminalis (Kollmann and Papin, 1925; Hill, 1953); posterior transverse lamina (Macrini, 2012)
Spaces
Anterolateral recess Term first used by Smith and Rossie (2008) to refer to the rostral part of the recess that is lateral to the

semicircular crest; caudally, it merges with the frontal and maxillary recesses; synonyms: recessus anterior (de
Beer, 1937); maxillary sinus (Rowe et al., 2005, see figure 5 therein)

Posterolateral recess This is equivalent to both the frontal and maxillary recesses, together (Adams and McFarland, 1972)

Frontal recess Synonyms: superior maxillary recess (Negus, 1958, p 313)



Maxillary recess Synonyms: inferior maxillary recess (Negus, 1958, p 313); postnatal: maxillary sinus®

Olfactory recess Synonyms: sphenoethmoidal recess; ethmoturbinal recess (Maier, 1993a); cupular
recess (van Gilse, 1927); sphenoidal recess (Loo, 1973)

See Moore (1981) and Smith and Rossie (2006, 2008) for further discussion; 2NAV (Nomina Anatomica Veterinaria); > the maxillary sinus,
technically, results from pneumatic expansion beyond the limits of the fetal maxillary recess in humans.



Table 2: Notes on rostrocaudal identity of epithelial type on each of the turbinals in the main nasal chamber and frontal recess.

Interturbinal (between frontoturbinals 3
and 4)

Region Olfactory Notes
epithelium?

Central chamber

Ethmoturbinal I Present No OE for most rostral 1.3 mm of the turbinal; first patch of OE found
medially, then laterally as well; at 1.8 mm from the rostral tip OE is also
found dorsally.

Ethmoturbinal II Present First patch of OE found medially, 1.44 mm from the rostral tip.

Ethmoturbinal 111 Present OE present but poorly preserved rostrally.

Ethmoturbinal IV Present OE present but poorly preserved rostrally.

Interturbinal (between ET II and ET III) | Present OE present but poorly preserved rostrally.

Nasoturbinal Absent No OE anywhere along its rostrocaudal length.

Semicircular lamina Present This bears the most rostrally positioned olfactory epithelium of any nasal
cavity structure.

Frontal recess

Frontoturbinal 1 Present OE present but poorly preserved rostrally.

Frontoturbinal 2 Present The most rostral 2.5 mm is devoid of OE; the first small patches face
medially

Frontoturbinal 3 Present This turbinal has the most rostrally positioned OE of all the frontoturbinals;
most rostral 1.8 of turbinal is devoid of OE.

Frontoturbinal 4 Present OE present but artefactual folding of some more rostral sections hinder
determination of how far rostrally it extends.

5

Mucosa poorly preserved.




