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1 | INTRODUCTION

1.1 | Wing bone performance and
phenotype in bats

Bats are the only mammals to have achieved powered
flight (Cooper et al., 2012; Cooper & Sears, 2013), and
accordingly evolved unique skeletal phenotypes and
performance. The wing bones of bats function in
controlled deformation, rather than stiffness (Swartz &
Middleton, 2008). Unlike terrestrial taxa, the humerus
and radius of bats undergo significant torsional loading
during wingbeats (Swartz et al., 1992). The metacarpals
and phalanges form most of the surface of the wing and
undergo large bending deformations such that they alter-
nate between dorsal and ventrally concave shapes and
the chord lengths (straight end-to-end lengths) of these
elements reduce to ~60% of the arc lengths (length along
the curvature of the diaphysis) (Swartz et al., 2007;
Swartz & Middleton, 2008). Wing bones experience strain
reversal with each wingbeat, oscillating between com-
pression and tension (Swartz & Middleton, 2008). These
bending loads are thought to contribute to the spatial and
temporal distribution of vortices in flight (Lucas
et al., 2014). How the bones of bats undergo substantial
deformations and remain resilient to fracture is poorly
understood. We do not know the full suite of composi-
tional innovations creating their unusual performance
abilities, nor do we understand how these traits change
with age.

Compared to other mammals, the forelimb bones of
bats are long (Sears et al., 2006), display thin, circular
cortices, and are typically poorly vascularized such that
bones of large-bodied bats display few vascular canals
(Andronowski et al, 2022; Foote, 1916; Lee &
Simons, 2015; Pratt et al., 2018; Skedros & Doutré, 2019).
In addition, density of wing bones decreases from
bone-to-bone along a proximodistal gradient, accompa-
nied by a parallel reduction in stiffness (Bennett &
Forwood, 2010; Papadimitriou et al., 1996; Swartz
et al., 2007; Swartz & Middleton, 2008). These character-
istics contribute to the specialized performance of wing
bones during flight.

Bone, in general, is a dynamic organ that is mechano-
sensitive and preferentially orients collagens within its
extracellular matrix to align in a manner that correlates
with principal strains, as shown in studies of horses
(Boyde & Riggs, 1990; Skedros et al., 2009), macaques
(Bromage, 1992), sheep, and deer (Skedros et al., 2009).
Despite the prevalence of torsional loading in bats, histo-
logical studies show these bones share broadly similar col-
lagen fiber orientations with other mammals (Skedros &
Doutré, 2019).

With advanced age, mammalian bone typically
declines in mechanosensitivity, mineral density, and
integrity of collagens, and CFO becomes more homoge-
nous (Goldman et al., 2003). This deterioration in bone
results in fragility. Bats live 3-10 times longer than simi-
larly-sized land mammals (Doherty & de Magal-
haes, 2016; Munshi-South & Wilkinson, 2010; Podlutsky
et al.,, 2005; Wilkinson & Adams, 2019; Wilkinson &
South, 2002), have extended healthspans (Huang
et al., 2019; Seluanov et al., 2018), and are considered
ideal models for aging studies (Austad, 2010; Austad &
Fischer, 1991; Ball et al., 2018; Brunet-Rossinni &
Austad, 2004; de Medina, 2019; Gomes et al., 2011;
Lidzbarsky et al., 2018; Ma & Gladyshev, 2017; Pride
et al., 2015; Salmon et al., 2009; Wilkinson et al., 2021).
The aim of this study was to compare strategies of skele-
tal aging in long-lived big brown (Eptesicus fuscus) and
comparatively short-lived C57BL/6 mice based on quanti-
tative measures of collagen fiber orientation in bone.

1.2 | Study system
We examined age-related changes in CFO in big brown
bats (Eptesicus) and the C57BL/6 mouse strain. Bats as a
group have been the subject of intense skeletobiology
research into the development and patterning of the wing
and its supporting bones (Andronowski et al., 2022;
Cooper et al.,, 2012; Cooper et al., 2018; Cooper &
Sears, 2013; Hockman et al., 2008; Sears et al., 2006;
Weatherbee et al., 2006) and wing bone performance
(Swartz et al., 1992; Swartz et al., 2007), but little is
known of their skeletal response to aging. Eptesicus have
a lifespan of approximately 20 years (Wilkinson
et al., 2021; Wilkinson & South, 2002). In contrast,
C57BL/6 mice are one of the most common strains for
biomedical studies of the aging skeleton, and their age-
related phenotypes are well documented (Beamer
et al., 1996; Brodt et al., 1999; Dengler-Crish et al., 2016;
Dengler-Crish et al., 2018; Ferguson et al., 2003; Halloran
et al., 2002; Holguin et al., 2014; Jilka, 2013; Sheng
et al., 1999). C57BL/6 mice are also relatively long-lived
for laboratory mice—their median lifespan is 866 days
for females and 901 days for males (Yuan et al., 2009).
Although phenotypes of bones have been compared
between bats and terrestrial mammals, no studies have
undertaken quantitative comparisons of collagen fiber
orientation across lifespan. This study utilizes quantita-
tive polarized light microscopy to identify morphological
subregions within the cortices of long bones, describe
how these subregions differ between a volant bat (Eptesi-
cus) and a standard laboratory mouse (C57BL/6), and
track age-related changes in these subregions.
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1.2.1 | Hypothesis

We expect that collagen orientation within the long bone
cortices of Eptesicus will display a unique morphology
that differs significantly with that of C57BL/6 mice, and
that the trajectory of age-related changes in collagen ori-
entation will also differ between the two taxa.

2 | METHODS

2.1 | Quantitative polarized light
microscopy

This study employs polarized light microscopy, which
has become a standard tool for investigating collagen
fiber orientation in histological sections. Optical systems
for polarized light microscopy can be grouped into three
general configurations: crossed linear polarizers (Boyde
et al., 1984); crossed circular polarizers (circularly polar-
ized light microscopy or CPL (Boyde et al., 1984;
Bromage et al., 2003; Warshaw et al., 2017); and a com-
bination of circular polarizer and rotating linear ana-
lyzer, where the rotation of the optical axis of the
analyzer is mechanical (Glazer et al., 1996) or electro-

inner
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FIGURE 1
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optical (Oldenbourg & Mei, 1995), often referred to as
quantitative polarized light microscopy (qPLM,
Kaminsky et al.,, 2007; Sekita et al.,, 2017; Spiesz
et al., 2011; Spiesz et al., 2013; Spiesz et al., 2018) or 3D
polarized light microscopy (3dPLM, Yang et al., 2018).
CPL has become the most commonly used approach,
because it is easy to implement on most microscope sys-
tems and provides a direct readout of out-of-plane CFO
(deviation from microscope optical axis, theta [6],
Figure 1) that is not affected by in-plane CFO (azimuth,
phi [¢]). In CPL, collections of fibers that are isotropic
or anisotropic with a predominantly longitudinal orien-
tation appear dark, whereas anisotropic fibers that are
transverse-to-obliquely oriented are bright (Bromage
et al.,, 2003) (Figure 1). In diaphyseal cross-section,
longitudinally-oriented fibers are associated with high
tensile strain resistance, transversely-oriented fibers are
thought to better resist compressive strains (Goldman
et al., 2003), and obliquely- or helically-oriented colla-
gens are expected to optimize resistance to strain in tor-
sion or shear (De Margerie et al., 2005; Skedros &
Doutré, 2019).

For this study, we employ qPLM, which provides
additional details on CFO when compared to CPL.
Although many implementations of this configuration

elderly

qPLM images of unstained ground sections through the midshaft of the radius of long-lived big brown bat (Eptesicus fuscus,

a-c) and C57BL/6 laboratory mice (d-f) from young (left), middle-aged (middle), and elderly (right) age groups. The collagen fiber
orientations shown in these qPLM images are similar to CPL images, where longitudinally oriented fibers are dark, compared to more
transversely- or obliquely-oriented fibers (light-colored). A distinct inner tissue compartment lies adjacent to the medullary cavity in the
center of the bone cross-section. In most sections, collagens within the inner cortical region display a different pattern of orientation

compared to those in outer cortical bone. Inner and outer cortical regions are separated by a dashed line in (a). All images are the same size,

and not to scale, to illustrate the different relative sizes of the inner cortical and periosteal compartments.
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are technically advanced and require dedicated micro-
scopes, in principle there are only two components that
separate qPLM configurations from CPL: repeatable
manipulation of an elliptical or linear polarizing element,
and a small amount of image post-processing. With little
additional hardware and modest processing, qPLM
configurations provide a readout of both out-of-plane and
in-plane collagen fiber orientation (Figure 2). The out-
of-plane orientation 6 from qPLM is directly comparable
to calibrated grayscale value in CPL. The additional in-
plane CFO measure ¢ is directly comparable to estima-
tion of fast axis with a full wave plate and crossed linear
polarizers. Because of the distributions of these two mea-
surements are linked, and because standard parametric
statistics on orientation data can provide misleading
results, we apply directional statistics (Mardia &
Jupp, 2000; Tyler, 1987) as an approach to describing
CFO. We have bundled the image processing for gPLM
together with directional statistical analyses in a package
for the R statistical computing environment (R Core
Team, 2018), so that this approach can be freely modified
and expanded.

21.1 | Animals

This study used known-aged colonies of big brown bats
(Eptesicus fuscus) and C57BL/6 mice (Jackson Laborato-
ries) maintained by the Cooper lab at NEOMED
(Rootstown, Ohio, USA; Table 1). All Eptesicus are kept
in a large non-breeding colony for at least 1 year at a con-
stant temperature, and the bats do not undergo annual
torpor or hibernation. Eptesicus have an adult body mass
around 20 g, and mass of C57BL/6 mice is slightly larger
with masses that range from 25 to 36 g. From our
known-aged colonies, Eptesicus and age-matched
C57BL/6 mice were assigned into young, middle, and
elderly age categories (Table 1) based on published evi-
dence of lifespan in mice (Flurkey et al., 2007) and the
longevity of bats (Wilkinson & South, 2002). Age catego-
ries for the bats included young (1-4 years), middle
(5-9 years), and elderly (10+ years). Normalized age-
matched categories for the mice included young
(4 weeks-3 months), middle (6-16 months), and elderly
(184 months) (Flurkey et al., 2007; Yuan et al., 2009).
Our samples, taken from young, middle, and elderly
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FIGURE 2 Quantitative Polarized Light Microscopy (qPLM) overview, shown with a section from a radius of Eptesicus fuscus.
Rotating-polarizer qPLM analysis software [Rotopol™ (Kaminsky et al., 2007)] returns three variables for each pixel, describing (a) the
transmissivity I, (b) the retardance [sin 5|, shown here converted to out-of-plane orientation #, and (c) the in-plane orientation ¢. The
combination of 6 and ¢ is shown in (d) using a perceptually scaled combination of brightness (mapped to 8) and hue (mapped to ¢).
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TABLE 1 Bone samples used for .

density (a) and histology (b) assays. (a) Bone density
Taxon Bone Young Middle Elderly
Eptesicus Humerus 9 (3M, 3/3F) 3 (0M, 0/3F) 8 (2M, 4/2F)
Eptesicus Radius 9 (3M, 3/3F) 4 (0M, 1/3F) 8 (2M, 4/2F)
Eptesicus Metacarpal 9 (3M, 3/3F) 4 (0M, 1/3F) 8 (2M, 4/2F)
C57BL/6 Humerus 9 (6M, 3F) 28 (14M, 14F) 15 (5M, 10F)
C57BL/6 Radius 9 (6M, 3F) 28 (14M, 14F) 15 (5M, 10F)
C57BL/6 Metacarpal 8 (5M, 3F) 26 (13M, 13F) 15 (5M, 10F)

() Bone histology

Taxon Bone Young Middle Elderly
Eptesicus Humerus 5 (1M, 2/2F) 3 (0M, 0/3F) 3 (1M, 1/1F)
Eptesicus Radius 9 (4M, 2/3F) 3 (0M, 0/3F) 5(2M, 1/2F)
Eptesicus Metacarpal 7 (3M, 1/3F) 3 (0M, 0/3F) 5(2M, 1/2F)
C57BL/6 Humerus 6 (3M, 3F) 10 (5M, 5F) 5 (2M, 3F)
C57BL/6 Radius 4 (1M, 3F) 9 (4M, 5F) 5 (2M, 3F)

Note: M indicates males, F indicates females. For female Eptesicus, number indicates #colony/#wild

individuals.

adults, will therefore reflect age-related shifts in bone
phenotype throughout at least 75% of their respective life-
spans. This bat colony (Skrinyer et al., 2017) has been
used for molecular skeletal biology (Ball et al., 2016) and
aging studies (Ball et al., 2018; Wilkinson et al., 2020).

Additional bat samples were obtained from a colony
of wild-caught Eptesicus maintained by Drs. Jeff
Wenstrup and Alex Galazyuk, also at NEOMED. Wild-
caught bats within the Wenstrup/Galazyuk colony were
categorized into young, middle-aged and elderly age clas-
ses based on relative tooth wear (Brunet-Rossinni &
Austad, 2004). Mostly unworn teeth with sharp cusps
within the pre-molars and molars were classified within
the “young” age-class. Conversely, bats with flattened
teeth that lacked cusps and crests within their cheek
teeth were classified as “elderly.” “Middle-aged” bats
were therefore distinguished based on moderate wear to
the cusps and crests of the cheek teeth. Within the
sample of Eptesicus, half of the elements included in the
analysis are from known age individuals, half are from
wild-caught individuals where age is estimated by tooth
wear (Table 1). All wild-caught bats were captive for at
least a year before sampling for this study. Bats are in a
captive colony not exposed to external air or fluctuations
in temperature.

C57BL/6 mice are used as a model for osteoporosis
research (Ferguson et al., 2003; Jilka, 2013), a disease
associated with age-related bone fragility. As such, they
have undergone intensive study of age-related deteriora-
tion in bone phenotype (Dengler-Crish et al., 2016;

Halloran et al., 2002; Raghavan et al., 2012), biomechan-
ics (Aido et al., 2015; Ferguson et al., 2003; Srinivasan
et al., 2003), and bone cell signaling (Syed et al., 2010).
As C57BL/6 mice age, their long bones erode along the
inner cortical surface. Infilling inner cortical bone has a
low growth rate (Sheng et al., 1999) but the periosteal
perimeter is maintained or new material is added, result-
ing in a thinner bone with a greater relative cross-
sectional moment of inertia (Ferguson et al., 2003). This
pattern of inner cortical thinning is also seen in osteopo-
rotic humans and therefore this strain of mouse is consid-
ered a model for studying age-related osteopenia and
osteoporosis (Ferguson et al., 2003).

2.1.2 | Bone mineral density

Mineral density affects the optical properties of bone
under polarized light. To control for this known source of
variation, we used bone mineral density data collected
for a larger sample of Eptesicus and C57BL/6 mice that
broadly overlaps with the specimens included in histolog-
ical analysis. Specifics of the expected contributions of
mineral density to the optical properties of bone thin sec-
tions are considered in the description of our quantitative
polarized light microscopy protocol.

The humerus, radius, and metacarpals (Table 1a)
were harvested from cadaveric forelimbs, cleaned and
stored in phosphate buffered saline until they underwent
high-resolution micro-CT scans in a VivaCT 75 scanner
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TABLE 2

Mean bone density

(a) values (a) and percentage of inner
Young Middle Elderly cortical bone relative to total bone
Taxon Bone Mean (SEM) Mean (SEM) Mean (SEM) cross-sectional area (b).
Eptesicus Humerus 1309.68 (4.08) 1267.93 (11.44) 1243.46 (3.86)
Eptesicus  Radius 1286.64 (6.13) 1167.15 (5.54) 1158.45 (10.91)
Eptesicus Metacarpal 1076.98 (5.62) 1020.48 (4.55) 1019.69 (2.77)
C57BL/6 Humerus 1094.19 (39.79) 1140.83 (5.47) 1061.69 (4.96)
C57BL/6 Radius 1013.35 (37.13) 1052.77 (4.94) 1033.02 (2.42)
C57BL/6 Metacarpal 895.38 (42.70) 1031.83 (2.82) 1001.05 (4.28)
®) Percentage inner cortical bone
Young Middle Elderly
Taxon Bone Mean (SEM) Mean (SEM) Mean (SEM)
Eptesicus Humerus 22.199 (4.614) 14.802 (5.127) 9.652 (2.605)
Eptesicus Radius 15.545 (1.335) 14.359 (2.991) 20.044 (4.135)
Eptesicus Metacarpal 18.463 (2.478) 11.746 (4.138) 14.701 (1.886)
C57BL/6 Humerus 0.113 3.564 (0.499) 1.009 (0.133)
C57BL/6 Radius 0.876 3.238 (0.203) 1.767 (0.197)

Note: Density was measured using stock calibration tools and algorithms for the Scanco VivaCT 75 microCT

scanner. Percentage inner cortical bone was based on spatially constrained clustering of collagen fiber

orientation distributions about a bone cross-section.

(Scanco Medical AG, Briittisellen, Switzerland). Voxel
grayscale values were calibrated to units of bone mineral
density (as mg hydroxyapatite per cm®) using a Scanco
QC phantom and Scanco's built-in algorithm. Mean bone
mineral densities for midshaft transverse sections of each
scanned element were calculated in Image]. Overall
mean bone mineral densities by age class and element
(Table 2a) were used to scale expected birefringence
values for qPLM, ultimately scaling our reported values
of out-of-plane orientation.

2.1.3 | Imaging and analysis of the bone
extracellular matrix

Humeri and radii of bats and mice, along with third
metacarpals of bats (Table 1b), were air-dried, embedded
in Buehler Epothin™ epoxy resin and cured at room tem-
perature. Mouse third metacarpal specimens could not be
reliably sectioned and were excluded from histological
analysis. Because of this omission, we could only fully
evaluate proximodistal gradients in CFO distribution in
bats. Embedded samples were cut approximately 1 mm
to the side of the mid-diaphyseal transverse plane on a
Buehler Isomet 1000 low-speed wafering saw with
a water-cooled diamond grit blade. Using successively
finer grits on a water-cooled lap wheel, the surface was
ground and polished to reach the mid-diaphyseal plane

before a final polish with P4000 grit. The polished sur-
faces were then glued to the frosted surface of glass slides
with a UV curing resin (Henkel Loctite 349). Excess
material was cut off the slide using a water-cooled dia-
mond saw blade before grinding and polishing to a final
thickness of approximately 45 pm, with a final polish
using P4000 grit. Coverslips were attached to the slides
using immersion oil. Final slide thickness was measured
optically at four points relative to the imaging orientation
around the periosteal surface (approximately dorsal, ven-
tral, medial, and lateral edges of the bones) using a 40x
objective lens and a calibrated vernier micrometer micro-
scope stage.

2.1.4 | Quantitative polarized light
microscopy

Finished slides were analyzed using a Nikon Eclipse 50i
POL polarizing microscope (Nikon, Melville, NY, USA)
outfitted with a 532 nm peak, 55 nm full width half maxi-
mum (FWHM) bandpass filter (BN532-46, Midwest
Optical, Palatine, IL, USA), a Rotopol™ rotating analyzer
system (Kaminsky et al., 2007; http://cad4.cpac.
washington.edu/ROTOPOLhome/ROTOPOL.htm), and
an MA300 digital microscope camera (Amscope, Irvine,
CA, USA). Each bone section was captured in a single
image frame that contained the entire diaphyseal cross
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TABLE 3 Redundancy analysis Df Variance Fi p Holm p
(RDA) ANOVA results for Eptesicus &
C57BL/6 inner cortical bone. Age 1 020 2.01 0.087 0.347
Taxon 1 0.68 6.88 0.001* 0.056
Sex 1 0.06 0.55 0.652 0.720
Bone (humerus vs. radius) 1 0.11 1.07 0.360 0.720
Residual 50 2.53
Age|(Sex, Taxon, Bone) 1 0.12 2.50 0.087 0.347

Note: Full model terms are given first. The last row shows the test of the age class term after accounting for
confounding variables. After accounting for multiple testing, none of the terms explain a significant
proportion of variation in collagen fiber orientation when inner cortical bone CFO of Eptesicus and C57BL/6

are considered together.

*p < 0.05.
TABLE 4 Redundancy analysis
(RDA) ANOVA results for inner cortical
bone within Eptesicus only. Age
Sex

Proximodistal gradient
Residual

PD gradient|(Age, Sex)
Age|(PD gradient, Sex)

Df Variance F# p Holm p
1 0.11 1.81 0.167 0.505
1 0.01 0.12 0.878 0.878
1 0.39 6.32 0.004* 0.026*
40 2.49
1 0.39 6.32 0.005* 0.027*
1 0.10 1.60 0.168 0.505

Note: Full model terms are given first. The last two rows show tests of proximodistal gradient and age class
terms after accounting for other variables. Proximodistal gradient emerges as a significant explanation of
CFO in Eptesicus in the full model, and remains significant when other terms are accounted for in the

conditional model.
*p < 0.05.

section. Rotopol™ control and image capture software
returns a set of three false-color RGB images that use the
red channel to encode data. These images include optical
transmissivity (I, non-birefringent variation in brightness,
equivalent to grayscale image with just the band-pass fil-
ter; Figure 2a), retardance (Jsin §|, equivalent to brightness
in circular polarized light imaging), and slow axis orienta-
tion (¢, analogous to the variation in interference colors
visible with a first-order wave plate in linear polarized
light imaging; Figure 2c). In addition to serving as the pri-
mary data source for analysis, Rotopol™ images were also
used to generate binary image masks in Adobe Photoshop
to restrict analyses to pixels containing bone tissue.
Processing and analysis of quantitative polarized light
microscopy (qQPLM) data from the Rotopol™ system was
conducted in the R statistical computing environment
(R Core Team, 2018) using a collection of functions bun-
dled into an R package we call microTransit (available at
https://github.com/TobinH/microTransit/releases/tag/
v1.0.0). In addition to specific functions for handling
Rotopol™ format images, microTransit also includes
functions that will analyze sets of rotating-polarizer
images using the generalized approach of Glazer et al.

(Glazer et al., 1996), allowing this package to be flexibly
applied to images from any rotating-polarizer configura-
tion, up to and including manual rotation of the linear
polarizer/analyzer on a standard polarizing scope.
Thickness measurements at four points across each
ground section (intended to capture maximum and mini-
mum image coordinates in u and v, not strictly oriented
to anatomical landmarks) were used to fit a linear esti-
mate of specimen thickness at each pixel, to ameliorate
the effect of uneven grinding and polishing. Pixel-scale
measurements of |sin §| from Rotopol™ analysis software
were then transformed into estimates of out-of-plane ori-
entation @ (Figure 2b) using the following relationship:

0=sin"

where / is the center wavelength of the bandpass filter, A is
the estimated thickness of the specimen at that pixel, and ng
is the estimated birefringence of bone tissue in the sample
(Nesse, 2004). This operation is built into the KaminskyqgPLM
0 and buildqPLM() functions in microTransit.
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Df Variance F#
Age 1 0.01 0.16
Taxon 1 0.29 9.97
Sex 1 0.01 0.19
Bone (humerus vs. radius) 1 0.88 30.3
Residual 63 1.82
Age|(Sex, Taxon, Bone) 1 0.004 0.13

TABLE 5 Redundancy analysis
p Holm p
(RDA) ANOVA results for Eptesicus &
0.777 >1 C57BL/6 outer cortical bone.
0.002* 0.008*
0.734 >1
0.001* 0.001*
0.815 >1

Note: Full model terms are given first. The last row shows the test of the age class term after accounting for
confounding variables. Taxon and skeletal element emerge as terms that explain significant proportions of
variation in outer cortical bone CFO across both Eptesicus and C57BL/6 mice, but there is no significant

age-related signal.

*p < 0.05.
Df Variance i p Holm p TABLE 6 Redundancy analysis
(RDA) ANOVA results for Eptesicus
Age 1 0.22 7.58 0.009* 0.034* outer cortical bone.
Sex 1 0.01 0.32 0.592 0.592
Proximodistal gradient 1 1.63 56.9 0.001* 0.001*
Residual 40 1.15
PD gradient|(Age, Sex) 1 1.63 56.9 le—04* 0.001*
Age|(PD gradient, Sex) 1 0.19 6.60 0.015* 0.034*

Note: Full model terms are given first. The last two rows show tests of proximodistal gradient and age class
terms after accounting for other variables. Both proximodistal gradient and age class are identified as
significant terms in the full model, and both remain significant when other variables are accounted for,
showing that these are independent effects and not covariance related to sampling.

*p < 0.05.

Because specimen birefringence has a direct impact
on the estimate of 6, and birefringence is known to
change with differences in bone mineral density (Ascenzi
& Bonucci, 1961; Bonucci, 2007; Dallemagne & Melon,
1946), we chose to estimate birefringence separately for
different bones and age classes in our sample. We used
MicroCT measurements of bone density to estimate bire-
fringence using a volumetric model which assumes that
bone crystallites and collagen fibers are aligned with each
other (i.e., the fast axis of collagen is aligned with the
slow axis of hydroxyapatite) and any volume not occu-
pied by hydroxyapatite is filled with collagen. While there
is evidence that bone mineral crystallites are not entirely
aligned to bone collagen (Skedros et al., 2006; Takano
et al., 1996), there is at least some concordance between
their orientation in mature osteonal tissue (Ascenzi
et al., 1979). Because birefringences are differences
between fast and slow axis refractive indices (Nesse,
2004), and the refractive index of a heterogeneous mate-
rial is simply a weighted sum of the component refractive
indices (Stokes, 1963), the simplifying assumption of opti-
cal axis alignment between collagen and bone mineral
allows us to model the overall birefringence as a sum of

bone mineral and collagen birefringence weighted by
their proportional volume:

n—DS npa+ (1 Ds n
SiDHA HA DHA c

where ny, is the reference intrinsic birefringence of
hydroxyapatite (—4 x 10~%), n. is an estimated form bire-
fringence for collagen (8.933 x 10 ), D; is the measured
sample concentration of hydroxyapatite in mg/cm>, and
Dy, is the reference density of pure hydroxyapatite
(3.16 x 10° mg/cm’). Collagen birefringence was empiri-
cally determined using known-thickness sections of
methylmethacrylate-embedded non-mineralized turkey
tendon and retardance values from the Rotopol™ system.
Reference values for hydroxyapatite are drawn from the
CRC Handbook of Chemistry and Physics (Weast &
Astle, 1982). The values used here are proportional to
those determined by Dallemagne and Melon (1946) for
fresh cow bone. Modeling expected birefringence in this
way provides a lower bound—departures from the
assumption of alignment between bone mineral crystal-
lites and collagen would have the effect of increasing
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birefringence and skewing interpreted values of out-of-plane
orientation § toward more longitudinal orientations.
Although specimens were generally aligned with dor-
sal cortex toward the top of the slide during processing, ¢
is defined with respect to an arbitrary cross-section orien-
tation during imaging, and does not necessarily have bio-
mechanical significance unless the orientations of all the
specimens can be assumed to be ‘homologous’ or
mechanically equivalent in some sense. Even if all speci-
mens are perfectly aligned, most of the biomechanical
significance of in-plane CFO in mid-diaphyseal trans-
verse section is related to torsion around a central axis,
not to an arbitrary external frame of reference. To pre-
serve the biomechanical significance of in-plane orienta-
tion, we adjusted the ¢ of each pixel to reflect orientation
relative to the geometric centroid of the cross section:

_ v, Vs
Peorr =@ — tan ! (u_cc) +§

where u, and v, are the centered values for pixel position
coordinates [u, v]. This transformation is available as
function centroidCorr() in microTransit. The resulting
@corr Values are roughly analogous to ¢ taken from a cor-
tex that has been “unwrapped” from the centroid into a
horizontal sheet. Taken together, the variables 0 and @
for each pixel provide an additional dimension of CFO
when compared conventional circularly polarized light
microscopy (CPL).

2.1.5 | Statistical analysis
Angular central Gaussian distribution of orientation
Statistical treatments of orientation data differ in several
important respects from those of typical continuous vari-
ables. Although in-plane ¢, and out-of-plane 6 are
recorded by separate variables, their distributions cannot
be accurately modeled (or tested) separately. One of the
most tractable statistical models of the distribution of axial
orientations is the angular central Gaussian (ACG) distri-
bution, which is defined by a transformation matrix A such
that any sample of three-dimensional orientations X can be
transformed to a uniform distribution on a sphere X, as:
AIX
Xo=———"
(X'A'X)?

This transformation is roughly analogous to distorting
the original measurement space until the collection of [6,
@corr] Orientation vectors in the sample radiates evenly
in all directions. The angGaussSumm() function in

EEDERERE WiLEY-L

microTransit uses Tyler's (Tyler, 1987) maximum likeli-
hood algorithm to estimate A. Eigenanalysis of the trans-
formation matrix A yields a measure of how anisotropic
the data are around principal orientation axes (eigen-
values of A, Figure 3b,c), and also returns the directions
of the principal orientation axes (eigenvectors of A,
Figure 3d,e) (Tyler, 1987). Because each pixel of qPLM
data in this analysis records a single [0, @] estimated
slow-axis orientation, the orientation characteristics of a
given region of bone (e.g., CFO anisotropy, trends in ori-
entation) can be described by the ACG parameters of the
pixel set.

Cluster-based regions of interest

Defining regularly spaced regions of interest (ROIs) in
Cartesian or polar coordinates is a common means of
selecting subsamples of cortical bone for statistical analy-
sis. Although straightforward in concept, this approach
carries several assumptions: (a) the orientation of the
ROI grid can be matched between specimens, (b) the
sampling regions can be considered homologous across
specimens, and (c) the distributions of the measured vari-
ables are not spatially dependent. Even when these
assumptions are met, the accurate placement of ROI
grids can be time-consuming.

As an alternative, we use an automated spatially con-
strained clustering method (Legendre & Legendre, 2012)
to define contiguous regions of pixels with similar ACG
parameters over 20 x 20 pixel block subsamples across
the entire section (Figure 3f). This approach is built into
the gPLMClust() function in microTransit. For this analy-
sis, adjacent subsamples were clustered by similarity in
first and second axis A eigenvalues (Figure 3b,c) and the
z (out-of-plane) component of first and second axis
eigenvectors (Figure 3d,e). In mid-diaphyseal cross-
sections, these measures are analogous to degree of CFO
anisotropy and longitudinal orientation, respectively.

After a hierarchical clustering tree is established for a
given image, the tree node(s) that encompass the tissue of
interest can be selected for analysis (Figure 3f-h). The pull-
Cluster() function in microTransit provides an interactive
interface for selecting contiguous areas of tissue that cluster
together based on ACG parameters. This approach pro-
vides a straightforward means to define complex regions of
interest, while simultaneously excluding imaging artifacts
and local variability outside the biological scope of a given
analysis (e.g., secondary osteons in a study of primary bone
tissue). The microTransit package also provides functions
for conventional interactive approaches to ROI selection
(drawing a user-defined box or selecting a set number of
pixels around a user-defined point).

After cluster-based selection of distinct cortical
regions in a section, percentage area for distinct tissue
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compartments in each bone were calculated by counting
the number of pixels from each selection as a percentage
of the total bone pixels from each section's binary mask.

Analysis of age-, bone-, and taxon-related signal
Statistical comparisons of CFO distribution were accom-
plished using the R package vegan (Oksanen et al., 2018).
Age class, and the potential confounding variables of taxon,
sex, and element (humerus vs. radius vs. metacarpal II),
were coded into a design matrix using Helmert contrasts.
Variation partitioning analysis (Legendre & Legendre, 2012)
was used to assess the joint explanatory power of all cate-
gorical variables on CFO distribution, with separate ana-
lyses for inner and outer cortical bone compartments.
Redundancy analysis (RDA) and an ANOVA-like permuta-
tion test which provides an F# statistic comparable to the F
statistic of ANOVA (Legendre & Legendre, 2012) were then
used to assess the statistical significance of variance parti-
tions in specific models, including (2) a full model with all
terms as predictors of CFO distribution, and (b) a model of
age as a predictor of CFO distribution, with taxon, sex, and
element accounted for as covariates. A similar set of ana-
lyses were run for Eptesicus by itself, with data from the
third metacarpal included. Models for the analysis of Epte-
sicus data included (a) a full model with all terms, (b) a
model of age with sex and proximodistal element position
as covariates, and (c) a model of proximodistal element
position with age and sex as covariates. Each model was
tested under 10,000 permutations of the data. Holm correc-
tion (Holm, 1979) was used to adjust the significance
threshold for multiple non-independent tests.

While the technical aspects of RDA can be complex,
the intent of each analysis can be captured as a series of
simple questions. Variation partitioning addresses the
question: how much of the variation in collagen fiber
orientation can be attributed to the effects associated
with age, skeletal element, or sex? RDA is a follow-up
analysis—the full model addresses the question: can
any of the age-, element, or sex-related effects explain a
significant proportion of variation in collagen fiber
orientation? Conditional models (written as “main
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effect|covariates”) address the question: after other
effects are accounted for, can this specific effect (age or
proximo-distal gradient) explain a significant proportion
of variation in collagen fiber orientation?

3 | RESULTS

3.1 | Zones of cortical bone defined by
consistent CFO differences in both taxa

Cluster analysis of cortical bone for both taxa generally
returns a single well-supported cluster of more longitudi-
nally oriented bone on the outer region of the cortex con-
tinuous with the periosteal surface. An additional 1-4
clusters containing more helically oriented bone lie
directly around the endosteal surface (Figure 3f). We will
refer to these structurally distinct regions of bone as outer
cortical bone and inner cortical bone, respectively.
Outer cortical bone tends to show more uniform orienta-
tion (greater whole-compartment anisotropy) and more
longitudinal orientation than inner cortical bone.

Separate inner cortical bone clusters are absent in all
but one of the young C57BL/6 mice and tended to occupy
smaller proportions of the overall cortex in elderly
vs. middle-aged mice (Figure 4d). Throughout the lifespan
of bats, mean values of the percentage of total cortical
bone in this inner ring were 6-14 times larger than those
of mice (Table 2b, Figure 4c,d). Among bats, only the
humerus showed a stepwise decline in the relative size of
the inner cortex with age. Elderly bats displayed more
inner cortical bone in the radius compared to young and
middle-aged bats. In third metacarpals, the size of the
inner cortical region was greatest in young bats.

3.2 | Consistent differences between
Eptesicus and C57BL/6 mice

There are no significant effects of age that are consistent
across both taxa. Aside from the presence of recognizable

FIGURE 3

Statistical treatment of QPLM data, illustrated with the Eptesicus radius section from Figure 2. Each cross-section image

stack is broken into 20 x 20 pixel subsamples, and the orientation data within each subsample is modeled as an Angular Central Gaussian
(ACG) distribution. Four descriptors from this distribution model were used to spatially cluster subsamples: (a) the amplitude of the first
eigenvalue of the distribution, analogous to the degree of anisotropy within the subsample; (b) the amplitude of the second eigenvalue,
describing a range from single-axis anisotropic to flattened “girdle” distributions; (c) the z component of the first axis eigenvectors,
indicating longitudinal anisotropy; and (d) the z component of the second axis eigenvectors, indicating the degree of variability in out-

of-plane orientation. Out-of-plane orientation is shown in (e) and (f), with the resulting clusters shown superimposed in (f). Note the area of
extrinsic fibers for a muscle attachment that do not cluster with the surrounding cortical bone, shown as ‘excluded’ in (f). Ellipsoids
showing the length and orientation of major ACG axes for the entire ROI are shown for the outer cortical (g) and inner cortical (h) regions.
The vertical lines seen in (a) and (b) are artifacts of adjusting ¢ to @cor-
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FIGURE 4 Inner cortical bone area over the lifespan of Eptesicus and C57BL/6 mice. Across their lifespan, bats display a greater
proportion of inner cortical bone (a) compared to mice (b). Black columns indicate the young age group, dark gray columns indicate the

middle-aged group, and the light gray columns indicate the elderly age class.

inner and outer cortical bone regions, both CFO distribu-
tion and age-related effects show idiosyncratic taxon-
specific patterns. Outer cortical bone tends to be more
longitudinal across all elements in Eptesicus compared to
C57BL/6 mice (Figure 5b). In contrast, inner cortical
bone in Eptesicus shows a more oblique or helical orien-
tation when compared to C57BL/6 mice (Figure 5a).

3.3 | Consistent characteristics of bone
tissue in Eptesicus

Across all age groups of Eptesicus, both outer and inner
cortical bone regions show evidence of a proximodistal
gradient in CFO (Figure 6b,d). The effect is more pro-
nounced in outer cortical bone (56% CFO variance
explained) than inner cortical bone (12% CFO
variance explained). In both cases, more distal elements
show more longitudinal CFO and greater overall anisot-
ropy (greater ACG 1st axis eigenvalues, smaller ACG 2nd
axis eigenvalues) across the region. Longitudinal orienta-
tion has greater influence in this relationship than anisot-
ropy (greater magnitude of loading in RDA).

3.4 | Age-related characteristics of bone
tissue in Eptesicus

CFO in outer cortical bone shows a small but significant
age effect (6% CFO variance explained; Figure 6d). The
general trend is an increase in anisotropy and an increase
in longitudinal orientation with age. This effect can be

seen most clearly in comparisons of € in the radius
among young vs. (middle + elderly) bats, and in the third
metacarpal in (young + middle) vs. elderly bats
(Figure 5b). In contrast with the proximodistal gradient
above, anisotropy varies more consistently with age than
longitudinal orientation.

Although it does not contribute to a significant differ-
ence in VARPART analysis, there is a noticeable
transverse-to-helical trend with age in the inner cortical
bone of the radius (Figure 5a).

3.5 | Age-related characteristics of bone
tissue in C57BL/6 mice

Inner cortical bone was absent from all but one of the
young mice—this single individual showed inner cortical
bone that was generally helically aligned (8 ~ 45°) in
both humerus and radius, whereas inner cortical bone
from older individuals showed a broader range of orien-
tations, with medians of 8 ~ 60° and 55° in humerus and
radius, respectively (Figure 5a).

3.6 | Sensitivity of CFO data to
collinearity with bone mineral density

Because we apply a scaling for out-of-plane orientation
based on expected birefringence from bone mineral den-
sity before analysis, one possible interpretation of differ-
ences in reported CFO is that they are derived from bone
mineral density differences rather than differences in the
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Box-and-whisker plot comparisons of out-of-plane collagen fiber orientation € and anisotropy across samples of young

(black), middle-aged (dark gray), and elderly (light gray) bats and mice. Thick white and black lines across boxplots represent the median
value, hinges and whiskers represent quartile range. (a) Inner cortical bone 6, pooled from all samples of a given age class and element. Note
the trend for Eptesicus inner cortical bone to align more closely with a helical orientation (45°), while inner cortical bone in mice is
generally more transversely-oriented. (b) Outer cortical bone. 6, pooled from all samples of a given age class and element. (c) Inner cortical
bone anisotropy. (d) Outer cortical bone anisotropy. Note the difference in scale (outer cortical bone is generally more anisotropic that inner
cortical bone) as well as the proximodistal gradient of increasing anisotropy in Eptesicus. A similar pattern of increasing anisotropy in distal

elements is visible between humerus and radius in mice as well.

underlying fiber orientations themselves. To test for this
possibility, we ran a correlation test between our age-
and element-class estimates of bone birefringence on one
hand and the mean out-of-plane component of CFO for
each group on the other. The resulting relationship is not
significant (R* = 0.025, p = 0.31), suggesting that our use
of estimated birefringence as a scaling factor is not a sig-
nificant contributor to the shape of our resulting
CFO data.

4 | DISCUSSION

Results of our CFO analyses are in agreement with other
studies of bats (Lee & Simons, 2015) and laboratory mice
(Birkhold et al., 2016; van Tol et al.,, 2020), that long
bones show distinct inner and outer cortical regions.

Collagen fibers within the inner cortical region are rela-
tively more helically oriented than the more longitudi-
nally oriented fibers of the outer region in both taxa.
Compared to C67BL/6 mice, Eptesicus showed a greater
concentration of helically oriented fibers within the inner
cortical region throughout all age classes, and bone
within this region had more oblique or helically oriented
fibers compared to those of the mouse. Within the radius
of Eptesicus, the inner cortical region showed a transition
from more transverse to more helically oriented fibers
with age. In all measured bats, the outer cortical region
trended toward increased anisotropy and longitudinally
oriented fibers with age.

In contrast to prior work on bats (Lee &
Simons, 2015), we did not isolate a periosteal region of
bone tissue as distinct from the outer cortex. There are
two differences between our study and that of Lee and
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Outer Cortical Bone VARPART
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(a-d) Results of variation partitioning in RDA analyses, see Tables 3-6. The components shown here are direct readouts of

adjusted R* values, so each partition of variation also reflects the effect size of a relationship between CFO and the specified independent

variable. (a) Variation in inner cortical collagen fiber orientation across both taxa in the humerus and radius. Only taxon explains a

significant portion of variation in this sample. Age and sex did not explain measurable portions of variation in the samples and are not

shown. (b) Variation in inner cortical collagen fiber orientation in Eptesicus. Proximodistal gradient explains a significant portion of

variation. Sex does not explain a measurable portion of variation. (c) Variation in outer cortical collagen fiber orientation in both taxa. Bone

and taxon both explain significant portions of variation in collagen fiber orientation. Age and sex do not explain measurable portions of

variation. (d) Variation in outer cortical collagen fiber orientation in Eptesicus. Age and proximodistal gradient both explain significant

portions of variation in collagen fiber orientation. Sex does not explain a measurable portion of variation.

Simons (2015) that contribute to this departure. The first
is difference in sampling—where prior work focuses on
the humerus across several taxa, our work examines
humerus, radius, and metacarpals within a single chirop-
teran taxon. The second difference is that we base our
regions on a clustering analysis that uses four collagen
fiber orientation parameters across 10 pm x 10 pm sub-
samples, as compared to visual examination of CPL
results. Although there are differences in structure in the
periosteal regions of many bat humeri that are apparent
to a human observer using CPL, the clustering algorithm
typically keyed in on local departures from ACG parame-
ters within the body of the outer cortex before it started
isolating anything that could be interpreted as a perios-
teal region. This is partly due to the fact that when a dis-
tinct periosteal organization is present in our samples, it
consists of a very thin band that is most likely diluted
with other cortical pixels. This is also a reflection of the
fact that a distinct periosteal region that would be appar-
ent in CPL is absent in many of our samples. The differ-
ence between our study and that of Lee and Simons
(2015) suggests that while a distinct periosteal organiza-
tion is apparent in many taxa, its expression is variable in
bats, compared to the relatively invariant presence of an
inner cortical bone compartment.

In an osteological study of the Mexican free-tailed bat
(Tadarida brasiliensis), bones of the wing were shown to
decrease in mineral density along a proximo-distal gradi-
ent with the most proximal elements being the densest

and some distal phalanges lacking bone altogether as
they consisted of cartilage (Papadimitriou et al., 1996).
Density assays of the wing bones (humerus, radius, and
metacarpal) of Eptesicus and the bones (humerus
and radius) of C57BL/6 mice show a similar proximo-
distal gradient in bone mineral density (Table 2),
although no phalanges were sampled. Results suggest
that among bats and mice, the presence of a proximodis-
tal gradient is directly correlated with the material
properties of wing bones. Collagen orientations,
cross-sectional area, and overall length of the bone may
also play a role in determining bone performance.

Unlike the limbs of terrestrial mammals, the wing
bones of bats display a unique proximodistal gradient
also in performance of their individual bones. Landmark
studies showed that during flight, the humerus and
radius undergo torsional loading (Swartz et al., 1992),
while the metacarpals and phalanges undergo significant
bending (Swartz et al., 2007; Swartz & Middleton, 2008).
A known influence of bone stiffness or strength in bend-
ing or torsional loading is the polar moment of inertia, a
measure of the distance of bone about the center of
a given cross-section of bone. In the case of Eptesicus
shown here, as well as a published study of Myotis
(Kwiecinski et al., 1987), the presence of and even
accrual of bone about the inner cortical surface of the
bone surrounding the medullary cavity is unlikely to
influence bone's polar moment of inertia (Bennett &
Forwood, 2010; Currey et al., 2017). The relatively large
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inner cortical layer of helically oriented bone in the wing
bones of Eptesicus is unlikely to influence the bending or
torsional stiffness or strength of the elements included in
this study. While the inner cortical region is unlikely to
influence whole-bone performance, it may instead act on
a smaller scale to influence mechano-responsiveness of
tissue.

With age, the inner cortical surfaces of mammalian
limb bones erode and ultimately osteocytes embedded
within the bone matrix decline in mechano-
responsiveness with age. These osteocytes and their
dendritic processes are embedded within a vast network
of lacunae and canaliculi that allow for the cells to
sense shear-induced fluid movement within the bone
and therefore respond to loading. Osteocytes along the
inner cortical, or endosteal, region of bone are known
to be more mechano-responsive relative to the outer
cortical, or periosteal, compartments of osteocytes, as
shown in studies of laboratory mice (Birkhold
et al., 2016; van Tol et al., 2020). Because the size of the
inner cortical compartment of helically oriented fibers
of collagens are larger in bats, it could be that bats
retain a relatively larger network of mechano-responsive
osteocytes throughout their lifespan. This large network
within the wing bones of bats may act as a mineral res-
ervoir that can be modified without weakening the
bones and their structurally derived performance. How-
ever, no mechanistic testing of the osteocytes taken
from either the inner cortical or periosteal compart-
ments have yet been undertaken to test for regional dif-
ferences in cell mechanosensitivity.

Cortical bone of mammals <5 kg often lacks second-
ary osteons entirely (Felder et al., 2017). A likely cause is
negative allometry of secondary osteon size with respect
to cortex size (“volume effect” of Skedros, 2012; see also
Currey & Shahar, 2013; Felder et al., 2017; Lad, 2023),
which effectively places a lower limit on the thickness of
mechanically loaded cortex that can be remodeled by sec-
ondary osteons without risking failure of the cortex. We
observed cross-cutting relationships among the lamellae
of the inner cortical region in several of our Eptesicus sec-
tions, suggesting that inner cortical bone on the endosteal
surface had undergone resorption followed by redeposi-
tion of new inner cortical bone in a process of endosteal
remodeling (Figure S1). The range of observed thickness
of the inner cortical region in Eptesicus (<50 pm) is con-
sistent with the mean thickness of secondary osteon
infilling in mammals <5 kg (Felder et al., 2017). The cor-
tical regions in most bats are thin enough that the diame-
ter of a newly developing secondary osteon would
severely compromise the structure of the cortex
(Currey & Shahar, 2013; Felder et al., 2017). A process of
inner cortical resorption and redeposition would allow

AR e atomica reco VAT SUERR

turnover of mechanically responsive bone tissue without
compromising the structural properties of the cortex
(Currey et al., 2017).

5 | CONCLUSIONS AND
FUTURE WORK

This study lays a methodological foundation for future
quantitative research into the collagen orientation of
mammals via elaborations on standard methods of CFO
(see Supplement S1 for further discussion of qPLM as
implemented here). Although this study focused on the
age-related changes in bone microanatomy in one species
of bat compared to a unique strain of laboratory mouse,
it remains untested if the bones of bats as a whole differ
from those of terrestrial mammals in a similar size range.
Bats make an ideal case-study as taxa display a variety of
body sizes and locomotor niches (e.g., quadrupedal, dif-
ferent aerial agilities). Study of variation within the wing
bones of Chiroptera relative to that seen in small terres-
trial mammals may pinpoint how bone tissues of wings
differ from those of limbs utilized during terrestrial loco-
motion. Any contrasts seen in this comparison could also
shed light on variation in bone structure among taxa
where small cortical size prevents Haversian remodeling,
and limits tissue response to modeling and remodeling
on the surfaces of the cortex (Felder et al., 2017; Lad,
2023; Skedros, 2012).

This study focuses on testing for age- and element-
related patterns CFO. Other data not included in this
analysis, such as polar and second moments of area and
bone length, would be critical for assessing the potential
role of CFO variability in contributing to material proper-
ties. If the loading histories of skeletal elements are driv-
ing consistent patterns of CFO, these additional data
would be necessary as covariates to tease apart the pat-
tern across differences in skeletal element size and shape.

Future comparative in vitro studies may elucidate the
molecular mechanisms driving formation of both
the inner cortical and periosteal tissues in bat wing
bones. Exploration of bone cell signaling and extracellu-
lar matrix secretions could offer insight into differential
patterning and potential mechanosensitivity of inner
outer cortical regions. Ongoing work could isolate and
differentiate osteoprogenitor cells from both compart-
ments from known-aged Eptesicus following a published
protocol (Ball et al., 2016). By exposing cultured cells to
loads and quantifying resultant mRNA expression levels
and matrix secretions, these data could provide direct evi-
dence of the mechano-responsiveness of bone cells and
correlate these findings with the resultant extracellular
matrix phenotype. Parallel experiments of cells harvested

85U017 SUOWIWOD 8A1I81D 3|(edl|dde ays Aq peueAob ae Ssolle O ‘8SN JO'S3|N1 10} A% 38Ul UQ AB|IA UO (SUOIPUOD-PUR-SWLBHW0D A8 | 1M AeIq U UO//:SANY) SUORIPUOD pue swie | 81 88S *[720z/¥0/70] U A%eiq1T8ulluO A8]IM ‘SBAIUN [BOIPBI OO 1SesUMON AQ 89852 1e/200T 0T/I0p/wod A8 | 1M Aeiq 1 puljuosqndALoteue//sdny Wwolj papeojumod ‘0 ‘v6r82e6T



o LwiLey-

HIERONYMUS ET AL.

from age-matched C57BL/6 mice could offer a more thor-
ough understanding of how these cells differ between ter-
restrial and volant taxa, as well as highlight differential
rates of bone cell senescence between both groups.
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