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Postnatal Ontogeny of Nasal Turbinals in the Big Brown Bat,
Eptesicus fuscus

Tim D. Smith"*, Kathryn E. Stanchak?, Sarah E. Downing®, Nicholas A. King',
Veronica B. Rosenberger', Thomas P. Eiting*>, Abigail A. Curtis?, Paul A. Faure®,
and Sharlene E. Santana®’

Abstract - Nasal turbinals, scrolled thin bones of the nasal cavity, increase surface area for condition-
ing inspired air or for olfaction in mammals. To assess function in Eptesicus fuscus (Big Brown Bat),
we quantify surface area of respiratory and olfactory turbinals from birth to adult size, using data
from microCT scans before and after iodine staining. Surface area of each turbinal is significantly
correlated with postnatal age and cranial length. The surface area of the maxilloturbinal and first
ethmoturbinal (ET I) grows faster, relative to skull size, than surface area of caudal ethmoturbinals or
the frontoturbinal. Histological examination of selected specimens reveals ET I grows disproportion-
ately more presumptive respiratory mucosa than olfactory mucosa, supporting the hypothesis that ET
I has a dual function. Lastly, we find that distribution of olfactory mucosa in the caudal nasal cavity
diminishes with age. Our findings suggest a reduction in olfactory function in E. fuscus, perhaps due
to a diminished role in food acquisition by this aerial insectivore.

Introduction

Nasal turbinals are complex projections of the lateral nasal wall that are named for the
bone they articulate with (e.g., maxilloturbinals, ethmoturbinals). Although the turbinals
and other internal nasal structures are bones, their function is accomplished by their mu-
cosal covering (Bhatnagar and Kallen 1974a, Ito et al. 2021, Van Valkenburgh et al. 2011).
Mucosae constitute a combination of surface epithelium and underlying soft tissues that
protect core tissues from pathogens, moisten and warm inspired air, and detect external
stimuli. The 2 most abundant types of mucosae are respiratory mucosa (for air conditioning)
and olfactory mucosa (for odorant detection), and turbinals provide increased surface area
for both functions. Across mammals, the maxilloturbinal augments respiratory air condi-
tioning, but not olfaction (Owerkowicz et al. 2015), whereas ethmoturbinals are specialized
for olfaction, although some of the latter have a dual (respiratory and olfactory) function
(Smith et al. 2015, Yee et al. 2016).

Many factors influence turbinal surface area. For example, surface area of the maxillo-
turbinal is larger in arctic and aquatic carnivorans, compared to other members of the order,
an apparent adaptation to water and/or heat loss during breathing (Green et al. 2012, Van
Valkenburgh et al. 2011). Conversely, compared to terrestrial species, small mammals from
aquatic and semi-aquatic habits have smaller turbinals in the olfactory region, suggesting
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reduced olfactory performance (Martinez et al. 2020). Greater surface area of olfactory tur-
binals has also been linked to dietary specializations, such as carnivory (Green et al. 2012,
Martinez et al. 2018). Moreover, body size, especially midfacial or rostral size, is a potential
constraint on the size of all turbinals (Smith et al. 2007, Van Valkenburgh et al. 2014), as
shown by studies of dog breeds with different degrees of rostral projection (Wagner and Ruf
2021).

The correlation of body and midfacial size with turbinal surface area reflects, in part, a
packaging dilemma: space within the nasal cavity is limited, and any constraint on midfacial
volume limits available space for the turbinals that project into the cavity (Van Valkenburgh
et al. 2014, Wagner and Ruf 2021). This constraining influence affects surface area of tur-
binals, or parts of turbinals, specialized for respiratory function differently than those spe-
cialized for olfaction, because respiratory surface area scales closer to isometry, relative to
cranial measurements or body mass, than does olfactory surface area (Smith et al. 2007, Van
Valkenburgh et al. 2014). The relationship of respiratory nasal surface area to body size re-
flects an increased demand for conditioning of inspired air; larger airway volume increases
the potential for desiccation, thus requiring more respiratory mucosa, and increases demand
for filtration of inhaled particles (Smith et al. 2007). In contrast, surface area of olfactory
turbinals, like other sensory structures, often scales with negative allometry relative to body
mass or cranial dimensions (Howland et al. 2004, Nummela 1995, Van Valkenburgh et al.
2011), presumably because sensory demands change little with increasing body size (Eiting
et al. 2023, Smith and Bhatnagar 2004).

Prior studies indicate that turbinals develop (chondrify and ossify) and grow at different
rates. In bats, primates, and rodents, more caudal ethmoturbinals chondrify later than more
rostral ethmoturbinals (Ruf 2020, Smith and Rossie 2008, Smith et al. 2021a). In primates,
the most rostral respiratory turbinal—the maxilloturbinal—undergoes prolonged postnatal
bone growth, resulting in the redundant scrolling of turbinal plates called lamellae (Smith
et al. 2016), and similar growth trajectories occur in Rousettus leschenaultii (Desmaraest)
(Leschenault’s Rousette) (Smith et al. 2021a). In at least some bats and primates, the unat-
tached, freely projecting part of ET I is lined mainly with respiratory mucosa and grows
more rapidly than the olfactory regions of this turbinal (Smith et al. 2007, 2021a).

Surprisingly few studies have adopted a developmental approach to understand scaling
of nasal turbinals. Given differences in scaling properties and the proportion of respiratory
and olfactory functions of individual turbinals, a nonuniform growth rate among nasal tur-
binals is expected. Any disparity in growth among turbinals may be especially pronounced
postnatally, when respiratory turbinals or parts of turbinals grow rapidly and become
elaborately scrolled (Smith et al. 2007, 2021a). Because this growth pattern also is true in
birds (Hogan et al. 2020), scrolling likely relates to an air-conditioning role (warming and
humidification) for respiratory turbinals in endothermic vertebrates.

Here, we quantify the surface area of turbinals across postnatal age in a vespertilionid
bat, Eptesicus fuscus (Palisot de Beauvois) (Big Brown Bat). Bats are interesting organ-
isms for the study of nasal scaling because they are small sized, with a median body mass
of only 16.2 g (Jones and Purvis 1997), potentially accentuating the packaging dilemma.
Indeed, because of small body and head size, the competing demands of multiple skull func-
tions (e.g., hearing, olfaction, echolocation, and mastication) may increase the likelihood
that specialization in 1 structure requires a trade-off, modifying or even reducing other
structures (Hedrick and Dumont 2018; Pedersen 1993, 1995; Santana and Miller 2016).
Although some bats have the presumed plesiomorphic number of turbinals for mammals,
many have fewer (Allen 1882, Bhatnagar and Kallen 1974b), perhaps because they exhibit
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reduced midfacial projection (Camacho et al. 2020, Dzal and Gillam 2023). E. fuscus is
additionally of interest because it is insectivorous, and insectivory correlates with reduced
olfactory structures (Bhatnagar and Kallen 1974a, b; Eiting et al. 2023). Using microCT
(microcomputed tomography) and diceCT (diffusible iodine-based contrast-enhanced com-
puted tomography), as well as histology of selected matching specimens, we test whether
the turbinals of this bat are characterized by lower growth rates of olfactory structures rela-
tive to respiratory structures (as described above in primates). Additionally, we predict that
the first ethmoturbinal grows mostly in its respiratory regions, as in other mammals.

Methods

Terminology of the nasal cavity

The nasal cavity is divided into right and left nasal fossae, each of which shares the nasal
septum as its medial border. In most mammals, 4 ethmoturbinals project from the lateral
wall of the nasal cavity toward the septum, along with 1 or more frontoturbinals, 1 maxil-
loturbinal, and a variable number of smaller interturbinals (Smith et al. 2015). At the caudal
end of the nasal cavity, on each side, the airway divides into 2 regions: a dorsal cul-de-sac,
called the olfactory recess, and a ventral nasopharyngeal duct, which is continuous with the
pharynx caudally (Smith et al. 2015).

Among bats, pteropodid species possess a full complement of all types of turbinals;
however, most other species, including E. fuscus, have lost at least 1 ethmoturbinal. Eth-
moturbinals are traditionally identified using Roman numerals; in our study, we ignore the
question of which ethmoturbinal (ET) is missing in E. fuscus, and name the 3 that are pres-
ent, from front to back, as ET I, ET II, and ET III.

Composition of the sample

We used microCT and diceCT scans of an ontogenetic series of subadult E. fuscus that
were previously prepared for a study of masticatory muscles (Santana 2018, Stanchak et
al. 2023). From that sample, we selected 7 specimens, based on discernability of nasal tis-
sues versus surrounding airways in diceCT scan slices. These 7 animals were taken from a
captive colony at McMaster University at 0 (neonate), 7, 14, 20, 28, 35, and 42 days after
birth; the 28- and 42-day-old specimens were female, and the rest were male (Stanchak et
al. 2023). Members of this colony weighed about 3.6 g at birth and reached approximately
17-19 g after 45 days, with females larger than males (Mayberry and Faure 2014). We also
qualitatively examined histological sections from 4 adult E. fuscus (1 male and 3 unre-
corded sex) that had been prepared for earlier an study (Bhatnagar 1980).

Computerized visualization and histology

Heads were fixed in 4% paraformaldehyde in phosphate-buffered saline and imaged in a
microCT scanner (SkyScan 1172, Bruker Corporation, Billerica, MA), with scan parameters that
ranged from 29 to 55 kV and 175 to 181 pA. To aid in visualizing soft-tissue structures, heads
were then immersed in a solution of either 1% weight/volume (0- and 7-day-old specimens)
or 3% weight/volume (all others) of Lugol’s iodine for 5—-11 days and rescanned (Gignac et al.
2016, Stanchak et al. 2023). Some shrinkage is associated with iodine staining (Hedrick et al.
2018). However, prior work showed that iodine-related shrinkage is less than with other meth-
ods, such as histology, with respect to measurements of nasal mucosa (Smith et al. 2021b).

After scanning, we assembled raw scan data into stacks of bitmap images, using the
software NRecon (Bruker Corporation). Data and images from the microCT scans have
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been placed online (https://www.morphosource.org, under the project title “Eptesicus fus-
cus ontogenetic series of heads™). We used Amira software (Thermofisher, Pittsburgh, PA)
to reconstruct the 3-dimensional structure of the skull and nasal fossa from microCT and
diceCT scans, respectively. We assessed age-related changes in turbinal size and epithelial
surface area relative to 2 cranial dimensions. To estimate skull and rostral size, we gener-
ated a 3-dimensional reconstruction of each skull from micro-CT scans, using the Label
Voxels tool to set a threshold for greyscale values representing bone versus air. Then we
used the Volume tool to generate a 3-dimensional model of the skull.

We determined palatal and cranial lengths with the 3D Measure tool in Amira. Because
a midline gap occurs in the upper jaw of vespertilionid bats, a virtual bar was created be-
tween the anterior ends of the right and left premaxilla, and the rostralmost point for each
length was placed at the center of the bar. We defined cranial length as the distance between
this bar and the inion at the convergence of the nuchal lines of the occipital bone. Palatal
length, which was a proxy for rostral length, was measured between the virtual point and
the posterior midpoint of the hard palate.

To reconstruct the soft-tissue boundaries of the walls of the nasal fossa from diceCT
scans, we first selected airways according to their highly radiolucent (darker gray) appear-
ance compared to iodine-stained soft tissues, using Amira’s Magic Wand tool, or manually
tracing when necessary (e.g., when mucus or other artifactual substances were stained with
iodine). Similarly, we outlined all soft tissues based on their lighter gray appearance. Vol-
umes of both airway and soft tissue were saved as separate files, and hereafter, we use the
term “volume” in lieu of the Amira file type that stored the space occupied by structures ob-
served in CT slices. The airway volume was then subtracted from the soft-tissue volume to
remove noise near the mucosal surface. Sources of noise included scattered radiation during
scanning and secreted material, such as mucus, both of which created artificial irregularities
in the surface contours of turbinals.

We exported individual CT slices, which included only the regions designated as soft tis-
sue, as binary TIFF files. To quantify mucosal surface area for each turbinal, we imported the
files into ImageJ (https://imagej.net), measured turbinal perimeters slice by slice (Fig. 1), and
then multiplied perimeters by interslice distance to calculate surface area. All CT scans were
reconstructed in the coronal plane, approximately perpendicular to the palatal plane.

To visualize age-related change in olfactory mucosa on the ethmoturbinals, we decalci-
fied the heads of the 3 youngest specimens (0-, 7- and 14-days old). Each was embedded
in paraffin, serially sectioned at 10-pum thickness, and stained using Gomori trichrome and
hematoxylin-eosin; the 4 adults had already been processed in a similar manner (Bhatnagar,
1980). Histological sections of the subadults were examined to detect mucosal changes in
diceCT slices in the same (frontal) plane. When the plane of the CT slice was not oriented
similar to the histological sections, we rotated the diceCT scan volume using Amira, until
the slice plane matched the histological section (see Supplemental File 1, available online at
http://www.eaglehill.us/NABRonline/suppl-files/nabr-008-Smith-s1), and the volume was
resliced in the matching plane.

In the 3 youngest specimens, diceCT slices were annotated to allow us to measure the
extent of olfactory and respiratory mucosa lining the ethmoturbinals. Unless we specifically
discuss histological sections, we use the term “nonolfactory” instead of respiratory, because
only olfactory mucosa was identified using diceCT. Initially, we compared diceCT slices to
histological sections at similar cross-sectional levels and noted that olfactory mucosa was
distinctly thicker than nonolfactory mucosa, and similarly, Smith et al. (2021b) showed that
the olfactory epithelium and supporting glands were thick and radiopaque in diceCT scan
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slices. Consequently, in our study, we identified olfactory mucosa in diceCT scans based on
its greater thickness (see Supplemental File 1, available online at http://www.eaglehill.us/
NABRonline/suppl-files/nabr-008-Smith-s1).

We manually annotated olfactory mucosa using a paint brush tool in Amira; marking was
done every 2-3 slices and interpolated. Next, the previously captured nasal airway volume
was subtracted from the olfactory mucosa volume to ensure the annotations were flush with
the surface of the soft-tissue volume. We then exported the olfactory mucosa volume as
TIFF files representing individual CT slices containing olfactory mucosa. Using Photoshop
(Adobe, San Jose, CA), we superimposed the olfactory-mucosa TIFFs over soft-tissue im-
ages, and the color of the olfactory mucosa was changed to create an annotating boundary
denoting the perimeter of the olfactory surface in each slice. We identified the precise rostral
and caudal end points of olfactory mucosa and otherwise manually measured the perimeter
every 3—4 slices in ImageJ. Due to damage of the rostralmost sections of ET II in the 14-day-
old, we only reconstructed and measured areas of ET I and ET III.

The 4 adults had not been diceCT scanned, so they could not be used for 3-dimensional
reconstructions. However, we combined histological information from those previously
prepared adults with data from the youngest subadults, to assess age-related changes in
rostrocaudal distribution of olfactory and respiratory mucosa on ethmoturbinals and in the
olfactory recess. In histological sections, respiratory mucosa is recognized by having an
epithelium with rows of short cilia for propelling mucus that traps inhaled particles, and a

To isolate ET Il, a site of
its attachment

to ET |l is

erased

Figure 1. To measure turbinal surface area, we first converted CT slices to binary files and measured
turbinal perimeter. In this example, the second ethmoturbinal (ET II) is isolated from its attachment
to the first ethmoturbinal (ET I), and total perimeter of ET II (red outline) was measured using Im-
agel. Then, the length of the base (dashed blue line) was measured and subtracted to obtain the actual
perimeter of ET II, excluding its attachment site. Perimeter was multiplied by interslice distance and
summed to obtain surface area. Black represents nasal airway, whereas white within the airway rep-
resents turbinals covered with mucosa.
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highly vascular mucosa for warming inspired air. Olfactory mucosa, in contrast, has a thick
epithelium because it has multiple rows of cell bodies of the sensory neurons; the connec-
tive tissue deep to this epithelium is also thick, because it contains Bowman’s glands and
olfactory nerves (Harkema et al. 2000).

Statistics

A Shapiro-Wilk test indicated that no variables differed significantly from a normal
distribution. We examined the relationship of square root of turbinal surface area versus
cranial length using ordinary least-squares linear regression, to obtain slopes for com-
parisons among variables. We used Pearson’s correlation coefficient (r), to evaluate the
strength of the relationship. Because snout dimensions influence turbinal size and morphol-
ogy (Yee et al. 2016), we also assessed changes in palatal length with age. We used Excel
(Microsoft, Redmond, WA, USA) to obtain correlation coefficients and R (vers 4.3.1; R
Core Team 2024) to calculate regressions. Because we used square root of area, a slope of
1 was expected for an isometric relationship with cranial or palatal length; we predicted
that the turbinals with more nonolfactory mucosa and were most rostrally positioned (ET
I and maxilloturbinal) would scale closer to isometry than those that were mostly covered
with olfactory mucosa and positioned dorsocaudally (ET II, ET III, and the frontoturbinal).
Alpha was set at 0.05 for all procedures.

Results

Quantitative changes in turbinal surface area across age

All turbinal surface areas are significantly correlated (Table 1) with postnatal age (r =
0.87-0.98) and cranial length (» = 0.93-0.96), as is palatal length with cranial length (» =
0.99). Slopes of regression lines for area of the rostral maxilloturbinal and ET I against
cranial length (0.37 and 0.44, respectively) are more than double the slopes for any other
turbinals (Table 1; Fig. 2), although we are unable to test for statistical differences due to
small sample sizes. The slope for palatal length against cranial length is 0.67 (Table 1).

Morphogenesis of ethmoturbinals and the olfactory recess

Qualitative comparisons indicate that the rostral end of ET I grows rapidly between birth
and 14 days (Fig. 3), expanding the amount of the rostral tip that is solely lined with nonol-
factory mucosa (Figs. 3 and 4a—c). The shape of ET I also changes with age, becoming more
elongated rostrocaudally and folded ventrally (Fig. 3b). In contrast, ET II and ET III retain
nearly the same proportions across ages (Figs. 3a—b), consistent with apparent differences
in slopes among the 3 ethmoturbinals (Fig. 2). Initially, the medial and lateral edges of ET I
are horizontally oriented (Figs. 3c and 4a), but ventral folding begins within the first week
(Fig. 3d). These edges grow downward as descending lamellae during the first 2 weeks and
become intimately folded around the maxilloturbinal (Figs. 3d and 4a—b). In histological
sections from adults, this close association is enhanced by further extension of the lamellae,
along with outgrowth of the maxilloturbinal (Fig. 4c). Histological examination reveals that
the maxilloturbinal and the descending lamellae of ET I bear a highly vascular respiratory
mucosa in the adult (Fig. 5a).

Rostrocaudal changes in distribution of olfactory and nonolfactory mucosa
In linear distribution, nonolfactory mucosa increases on the rostral end of ETI with age. At

birth, 4% of the rostral end is lined with only nonolfactory mucosa; this coverage increases to
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6% at 7 days and 20% at 14 days. Our measurement of a histologically sectioned adult also
reveals that 20 % of the rostral end of ET I is lined with only nonolfactory mucosa (Fig. 5b). In
subadults and adults, all other ethmoturbinals and the frontoturbinal have an olfactory mucosa
extending closer to, if not reaching, their rostral end (Figs. 3 and 5b).

The age-related increase in linear extent of nonolfactory epithelium on the rostral end of
ET I suggests that the percentage of olfactory mucosa decreases. Although total surface area
of olfactory mucosa on ET I increases with age (Table 1), the percentage of olfactory mucosa
on ET I decreases over 3 percentage points (41.7% to 38.0%) during the first 2 postnatal weeks
(Table 2). Furthermore, if we measure only the free projection of ET I (i.e., excluding the
caudal part that anchors it to the nasal cavity wall), a more precipitous decrease in olfactory
surface area emerges; the 14-day-old has about 8% less surface covered by olfactory mucosa
compared to the newborn (Table 2). In contrast, the percentage of ET III lined with olfactory
mucosa remained nearly the same in both the neonatal and 14-day-old pups.

The olfactory recess of E. fiscus contains only the most caudal part of the last ethmoturbinal
(ITT) in specimens at all ages (Figs. 4d—f). In our histologically sectioned specimens, the olfac-
tory mucosa retreats from this caudal end of ET III and is replaced by nonolfactory tissue in
the older specimens (Figs. 6a—d). In adults examined histologically, the caudal portion of ET
11T that lacks olfactory mucosa may amount to more than 20% of total turbinal length (Fig. 5b).
Moreover, olfactory mucosa is present at birth and 7 days in the very caudal end of the recess
that is devoid of turbinals; the epithelium in this region is thick, due to rows of receptor cells,
and there is a thick layer of soft tissue deep to the epithelium containing glands and olfactory
nerves (Fig. 6e). However, in the 14-day-old (Fig. 6f) and adults (Fig. 6g), only a thin nonolfac-
tory epithelium is present, and little soft tissue resides between this epithelium and bone.

Table 1. Regression equations for plots of square root of turbinal surface area against age
and cranial length.

Independent variable ~ Dependent variable Intercept  Slope P r

Age Ethmoturbinal I 324 0.06 <0.001 0.96
Age Ethmoturbinal IT 142 0.03 <0.002 0.94
Age Ethmoturbinal III 1.09 0.02 <0.005 091
Age Maxilloturbinal 1.89 0.05 <0.001 0.96
Age Frontoturbinal 1.57 0.02 <0.003 093
Age Palatal length 6.68 0.09 <0.001 0.96
Cranial length Ethmoturbinal I -3.17 0.44 <0.001 0.96
Cranial length Ethmoturbinal IT -1.46 0.19 <0.001 0.96
Cranial length Ethmoturbinal III -1.16 0.15 <0.002 0.94
Cranial length Maxilloturbinal -3.48 0.37 <0.001 0.98
Cranial length Frontoturbinal -0.72 0.16 <001 0.88
Cranial length Palatal length -2.92 0.66 <0.001 0.99
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Figure 2. Palatal length and square root of turbinal surface area plotted against cranial length (a) and
age (b). ET, ethmoturbinal; FT, frontoturbinal; MT, maxilloturbinal.

Figure 3. Three-dimensional reconstructions, generated from diceCT scans, of the lateral nasal wall
and surrounding tissues in neonatal (a, ¢) and 14-day-old E. fuscus (b), highlighting distribution of
the olfactory mucosa (orange) on the ethmoturbinals (ET). In the lateral views (a, b), proportional
changes during the first 2 weeks are evident, including more rapid growth of ET I compared to ET 11
and ET III. In addition, ET I grows disproportionally into the nonolfactory mucosa on the rostral end
(b). The rostromedial perspectives (c, d) reveal that ET I and the maxilloturbinal (MT) are adjacent
at birth (c), but over the first 2 weeks, ET I wraps ventrally, curving around the MT (d). Scale bars: a
and b= 0.5 mm; ¢ and d = 0.25 mm.
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Figure 4. Histological sections of the first (ET I) and last (ET III) ethmoturbinal at birth (a, d), in a
14-day-old (b, e) and adult (c, f) E. fuscus. a) At birth, ET I is nearly flat along its ventral surface. b)
By 14 days, ET I is concave where it faces the maxilloturbinal (MT); shrinkage caused by ethanol
baths during histology make ET I and MT appear farther apart than in Figure 3c). In the adult, the
lateral and medial lamellae (arrows) have grown farther ventrally, and the MT has grown medially to
increase the spatial adjacency of the 2 structures. Figures 4d—f show the olfactory recess (OR) at each
age. Regardless of age, only the caudalmost end of ET III is within this recess. NPhD, nasopharyngeal
duct; S, nasal septum. Scale bars = 0.5 mm.

Eptesicus fuscus
OE on turbinals (% of rostrocaudal length)

- |

0 20 40 60 80 100

rostral «——— caudal EnonOE W OE

Figure 5. Mucosal covering of various turbinals in adult E. fuscus. a) The section is at about the 20th
percentile of rostrocaudal length of ET I, where a small patch of olfactory mucosa (OM) first appears;
the medial and lateral lamellae (arrows) project ventrally and are lined with respiratory mucosa. Note
that the ethmoturbinal wraps around the maxilloturbinal (MT). The mucosa of MT and most of ET I
possesses numerous venous sinuses (*). Scale bar = 150 um. b) This chart shows the type and amount
of epithelium, determined by histology, that is present on 4 turbinals. Approximately 20% of the ros-
tralmost part of ET I is lined with nonolfactory epithelium (nonOE), whereas ET II and ET III have
more nonolfactory epithelium on their caudal ends, compared to ET I. The frontoturbinal (FT) has
olfactory epithelium (OE) along its entire extent.
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Discussion

Prior studies on mammals established a stronger link between body or midfacial size
and “respiratory turbinals” than “olfactory turbinals” (Green et al. 2012, Owerkowicz et
al. 2015). However, it may be unreliable to employ some of the turbinals as osteological
proxies for 1 particular function (respiratory or olfactory). Histological data on mammals
have long confirmed that some turbinals of the ethmoid have both respiratory and olfac-
tory functions (Bhatnagar and Kallen 1975, Loo 1974, Smith et al. 2007, Yee et al. 2016).
Although E. fuscus resembles most mammals in this respect, we found other features that
diverge from most other mammals.

Growth of turbinals in the context of function

The data presented here are the first to quantify the development of nonolfactory and
olfactory surface areas and the skeletal structure of the turbinals in an ontogenetic sample
from an insectivorous bat. The predictions that we made based on other vertebrates are

Figure 6. Histological sections of the olfactory recess (OR) in a neonate (a, ¢), 14-day-old (b, f) and
adult (c, d, g). Photos in the top row (a—c) show a cross section through the caudal end of the last
ethmoturbinal (ET III), whereas those in the bottom row (e—g) are caudal to ET III. A thick olfac-
tory mucosa covers most of ET III in the neonate (a), is present only on the dorsal part of ET III in
the 14-day-old (b), and is lacking in adults (c). The boxed region in (c) is enlarged in (d), and shows
Bowman’s glands (Gl) at the lower margin of the olfactory mucosa, just dorsal to ET III, which is
lined by a thinner mucosa with rows of cilia (arrowheads) along the apex of the epithelium. Caudal
to ET III, the OR ends as a simple cul-de-sac; the OR is lined with a thick olfactory epithelium (OE)
laterally in the neonate (e), but olfactory mucosa is lacking in the 14-day-old (f). The neonate (e) also
has a dense layer of soft tissue (*), containing olfactory nerves and glands, between the OE and the
surrounding cartilage (cartilaginous border indicated by dashed line). The inset in (f) is a magnified
view of the boxed region in that photo and shows only nonolfactory epithelium, specifically a simple
cuboidal epithelium (SCE), in the 14-day-old. In the adult (g), the caudal end of the OR is lined with
a uniformly thin, nonolfactory epithelium (Epi), with barely any soft tissue between it and the sur-
rounding bone. NPhD, nasopharyngeal duct; S, nasal septum. Scale bars: a, b, e, and f=50 um; ¢ and
g =150 pm; insets = 10 pm.
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largely supported. However, no turbinals scale with isometry relative to cranial length. In-
deed, even palatal length scales with negative allometry (slope = 0.67; Table 1), suggesting
that growth of the rostrum does not keep pace with the overall cranium, perhaps supporting
the idea that the nasal region of this bat grows under a “packaging” constraint. However,
we show differential growth of the mucosae across age. The 2 turbinals that bear the most
nonolfactory mucosa, the maxilloturbinal and ET I, grow faster in surface area (relative to
cranial length) than the more caudal turbinals of the ethmoid. Although ET II and III bear
proportionally more olfactory mucosa than ET I, an intriguing finding is that much available
space in the caudal nasal fossa is not lined with olfactory mucosa in adults, in stark contrast
to most mammals (Smith et al. 2015).

We also reveal that ET I grows faster than the more caudal turbinals (Fig. 2; Table 1),
and histological data from a small subset of our sample suggest that regions with different
types of mucosa grow at different rates. Beyond an increase in surface area, ET I and the
maxilloturbinal transform profoundly within the first week of postnatal life. Initially ET
I and the maxilloturbinal are spatially separated (Figs. 3c and 4a). By 7 days, though, the
lateral and medial margins of the rostral end of ET I wrap around the maxilloturbinal. This
is consistent with the suggestion of Coppola et al., (2014) that the initiation of respiration
is an important factor in turbinal morphogenesis and that respiratory airflow may be a me-
chanical stimulus that promotes turbinal growth. The functional significance of the resulting
anatomical proximity is that inspired air passes through the cleft between the 2 bones and
is warmed by the highly vascular mucosa that lines each turbinal (Fig. 5a).

Rostrocaudal distribution of olfactory mucosa shifts with age

Weiler and Farbman (1997) demonstrated that, as laboratory-bred Rattus norvegicus
(Berkenhout) (Norway Rat) ages, the largest cross-sectional perimeter of olfactory mucosa
shifts posteriorly, implying that, as the snout grows, the tissue responsible for the detection
of odorants progressively shifts to the rear. In adult strepsirrhine primates, such as Micro-
cebus murinus (Miller) (Gray Mouse Lemur), olfactory mucosa is also disproportionately
caudally distributed (Smith et al. 2014).

The dorsal and caudal location of olfactory mucosa in the nasal cavity, and specifi-
cally within the olfactory recess, reflects a plesiomorphic arrangement of the nasal cavity
of crown mammals; this anatomical organization maximizes access of olfactory receptor
cells to inhaled odorants (Eiting et al. 2014a, Smith et al. 2019). One or more of the most
caudal turbinals (in typical mammals, ET IV and possibly others) are sequestered within
the olfactory recess. Not surprisingly, the most caudal ethmoturbinal has olfactory mucosa
covering its entire dorsal surface, from the rostral to caudal ends, in most mammals (Adams
1972, Martinez et al. 2020, Smith and Rossie 2008, Yee et al. 2016). The sequestering of
1 or more turbinals into the olfactory recess characterizes rodents, carnivorans, ungulates,
strepsirrhine primates, and other mammals, revealing an important adaptation for predator
and prey species (e.g., Adams 1972, Smith and Rossie 2008, Smith et al. 2019, Yee et al.
2016).

As an adult, E. fuscus deviates from the primitive mammalian arrangement in 2 ways.
First, the olfactory recess is exceedingly small, housing only the most caudal extent of ET
III. Second, our cross-sectional age sample reveals that the most caudal ethmoturbinal (ET
IIT) develops atypically for mammals. Although our 3 youngest specimens have the caudal
ends of ET III lined with olfactory mucosa, none of our adults did. Since the caudal end of
the olfactory recess bears olfactory mucosa in both newborn and 7-day-old pups, but not in
the 14-day-old, posterior growth of olfactory mucosa apparently does not keep pace with
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posterior expansion of the nasal cavity as a whole. Therefore, the olfactory recess has lost
its ancestral function of odorant detection in adult E. fuscus.

Growth of the olfactory surface area in bat pups, on turbinals and elsewhere in the nasal
cavity, is likely influenced by selection on social behavior as well as diet. Pups of E. fuscus,
tested for their ability to discriminate between maternal odors and those of other females,
show no preference from birth until 20 days (Mayberry et al. 2014), although olfaction in
adults is related to social interactions (Bloss et al. 2002, Kilgour et al. 2013). Nevertheless,
insectivorous bats have smaller olfactory bulbs compared to frugivorous bats (Bhatnagar
and Kallen 1974b, Eiting et al. 2023), and we suggest that the olfactory recess of E. fuscus
has lost its plesiomorphic olfactory function, due to the use of echolocation and the dimin-
ished importance of olfaction in hunting flying insects. However, further investigations are
needed of other vespertilionids, as well as members of other families, which vary in the
extent of olfactory mucosa lining the olfactory recess (Eiting et al. 2014b).

Conclusions and future directions

Our results support the hypothesis that respiratory and olfactory surfaces of nasal turbinals
grow at different rates. Furthermore, our results are consistent with prior findings on primates
indicating that ET I grows more rapidly than more caudal ethmoturbinals and that such growth
is disproportionately occurring in respiratory regions of this turbinal. However, our results
also suggest some reduction of olfactory function, perhaps due to the diminished role of olfac-
tion in food acquisition by this aerial insectivore.

Ontogenetic studies of nasal development in bats are rare (e.g., Smith et al. 2021a). Future
work should consider turbinal development, as well as changes in degree of complexity in the
adult nasal cavity, especially within the context of varying facial projection among chiropterans.
With our limited sample, we cannot provide robust estimates of populations of olfactory sensory
neurons across age, but a future examination of these cells, as well as physiological data from E.
fuscus, could further contextualize our findings and provide insightful comparisons to the large
existing literature on rodents (Alberts 2007, Apfelbach et al. 1991, Weiler and Farbman 1997).
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