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ABSTRACT

Cortical bone porosity is intimately linked with remodeling, is of growing clinical interest, and is increasingly accessible by imaging. Thus,
the potential of animal models of osteoporosis (OP) to provide a platform for studying how porosity develops and responds to interven-
tions is tremendous. To date, rabbit models of OP have largely focused on trabecular microarchitecture or bone density; some such as
ovariectomy (OVX) have uncertain efficacy and cortical porosity has not been extensively reported. Our primary objective was to char-
acterize tibial cortical porosity in rabbit-based models of OP, including OVX, glucocorticoids (GC), and OVX + GC relative to controls
(SHAM). We sought to: (i) test the hypothesis that intracortical remodeling is elevated in these models; (ii) contrast cortical remodeling
and porosity in these models with that induced by parathyroid hormone (1-34; PTH); and (iii) contrast trabecular morphology in the
proximal tibia across all groups. Evidence that an increase in cortical porosity occurred in all groups was observed, although this was
the least robust for GC. Histomorphometric measures supported the hypothesis that remodeling rate was elevated in all groups and also
revealed evidence of uncoupling of bone resorption and formation in the GC and OVX + GC groups. For trabecular bone, a pattern of loss
was observed for OVX, GC, and OVX + GC groups, whereas the opposite was observed for PTH. Change in trabecular number best
explained these patterns. Taken together, the findings indicated rabbit models provide a viable and varied platform for the study of
OP and associated changes in cortical remodeling and porosity. Intriguingly, the evidence revealed differing effects on the cortical
and trabecular envelopes for the PTH model. © 2020 The Authors. Journal of Bone and Mineral Research published by Wiley Periodicals
LLC on behalf of American Society for Bone and Mineral Research (ASBMR)..
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Introduction

lobally, 200 million people live with osteoporosis (OP),"”

which places significant burdens on health care systems
worldwide. Assessment of osteoporotic bone loss has classically
focused on bone mass and density at common fracture sites
such as the hip, wrist, and lumbar vertebrae; however, there is
growing recognition of the role of microarchitecture in bone
deterioration and fragility.) This trend has been driven by
advances in imaging, which have enabled assessment of
microarchitecture—particularly for trabecular bone. More

recently, imaging approaches to assess cortical bone microarch-
itecture (porosity) have emerged for both preclinical (animal
model) and clinical assessment,®** creating the potential to
move beyond what has been termed a “trabeculocentric” view
of bone loss.”® Indeed, the majority of the appendicular skeleton
is composed of cortical bone, which suffers from significant
losses associated with age.®™” Moreover, 80% of all fractures
occur at sites of weakened, thinned cortical bone.®® As recently
reviewed, cortical bone porosity is associated with the mechani-
cal strength of bone and is negatively related to material stiff-
ness, toughness, and the capacity of bone to absorb impact.?
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An increase in cortical porosity, at the scale of vascular pores
(eg, osteonal/Haversian canals and associated resorption spaces),
is a physical manifestation of bone loss that arises as a result of
an imbalance in cortical remodeling with bone resorption out-
weighing bone formation. Remodeling, in the strict sense that
Frost defined, refers only to the creation of secondary tissue (turn-
over) in either cortical or trabecular bone. The cells responsible for
an individual remodeling event are referred to as a basic multicel-
lular unit (BMU).""” BMUs are activated on bone surfaces, leading
to the replacement of cylindrical packets (secondary osteons) in
the cortex and trench-like packets (hemi-osteons) in trabecular
bone.™ Within cortical bone, BMUs are classically depicted as
consisting of an osteoclastic cutting cone that creates a tunnel-like
resorption space followed by an osteoblastic closing cone. A rever-
sal zone separates them, but the two processes are spatially and
temporally “coupled”’*>'® and continued resorption has been
demonstrated in this “reversal-resorption” phase of the BMU."¥
Imbalance with resorption outweighing formation within individ-
ual remodeling events is the underlying mechanism by which cor-
tical porosity increases with age and/or disease. Increases in
cortical porosity may be either a product of increased rate of
remodeling, where formation lags behind resorption,’ also
referred to as transient remodeling spaces"® or through
“uncoupling,” where there is an arrest during the reversal phase
of the BMU.(7"? Strategies for the prevention and/or reversal of
OP ultimately must seek to augment the balance between resorp-
tion and formation within individual BMUs and not simply the ces-
sation of remodeling as reflected by the growing body of literature
on the side effects (eg, osteonecrosis of the jaw, atypical fractures)
of some antiresorptive therapies for OP—mainly bisphosphonates
but also recently reported for denosumab.®®* High-resolution
preclinical imaging of the resorptive phase of individual BMUs
holds great promise for novel spatial-temporal assessment of
BMU regulation, both ex vivo®® and even in vivo.%2%

Given that cortical bone porosity is intimately linked with the
remodeling process, is of clinical relevance, and presents an
increasingly accessible target for imaging, there is a growing need
for suitable animal models of OP to advance our understanding of
how cortical porosity develops and how it is impacted by counter-
measures. Interspecies variation in cortical microarchitecture can,
however, limit the utility of common animal models. The cortical
bone of larger vertebrates, including humans, tends to be domi-
nated by secondary bone that is generated by remodeling, while
smaller species (mammals less than 2 kg®”)), including mice and
rats, exhibit little, if any, cortical turnover and thus retain primary
vascular canals throughout their lives.?®3? Because of this, the
American Food and Drug Administration (FDA) recommends the
use of larger animals, which remodel their cortices in addition to
the common ovariectomy (OVX) rat model for OP studies.®* Nota-
bly, larger species including rabbits, sheep, goats, dogs, and swine
have all been employed in OP research.?2?%3'32 Here we focus
on the rabbit, the smallest commonly employed laboratory animal
with well-defined spontaneous cortical remodeling similar to
humans.®*3 Rabbits also have the advantage of a remodeling
period that is shorter than larger animal models, a relatively rapid
skeletal maturation (by 6 to 9 months),®”*® and they are known to
respond to parathyroid hormone (PTH) treatment with elevated
remodeling and cortical porosity.*>*? Taken together, these
characteristics make the rabbit a promising platform for OP stud-
ies, which is well suited for potential in vivo imaging(43) in future
studies.

Animal models of OP generally focus on OVX to simulate post-
menopausal decline in estrogen. In rabbits, however, the efficacy

of this model is uncertain. OVX alone has been reported by several
groups as ineffective at inducing OP in the rabbit,*™*® whereas
others, conversely, have reported significant reductions in bone
mineral density (BMD).“’~% The efficacy of the rabbit OVX model
for induction of cortical porosity, in particular, is uncertain because
existing studies have primarily focused on trabecular bone. The
administration of glucocorticoids (GC) either alone or, more com-
monly, in combination with OVX (OVX + GC) is a proven approach
for inducing trabecular®*%°'-*% and cortical geometry/density
changes®>*¥ in the rabbit. That said, the impact of GC alone on
cortical bone porosity in the rabbit has not yet been assessed
and cortical porosity outcomes for OVX + GC have only recently
been explored.®> Rabbit OP models hold great potential as plat-
forms for advancing our understanding of cortical remodeling
and associated porosity; however, this potential can only be real-
ized by filling these gaps in the literature.

Our primary objective was to characterize three-dimensional
(3D) cortical bone porosity changes in rabbit models of OP
(OVX, GC, and OVX + GC) at the distal tibia using ex vivo micro-
computed tomography (micro-CT). Via correlative histomorpho-
metry, we sought to test the hypothesis that cortical remodeling
is elevated by these treatments relative to sham OVX controls
(SHAM). Our secondary objective was to compare these changes
with those caused by PTH, a known inducer of elevated intracor-
tical remodeling and porosity in the rabbit. Finally, we sought to
characterize 3D trabecular bone changes in the proximal tibia
across these groups to enable assessment of changes in different
bony compartments and to facilitate comparison with the more
extensive literature pertaining to trabecular bone.

Materials and Methods

Animals

All animal work was approved by the University of Saskatchewan's
University Animal Care Committee and adhered to the Canadian
Council on Animal Care (CCAC) guidelines for humane animal
use. Thirty-five skeletally mature, 6-month-old (3.7 to 3.9kg),
female New Zealand White rabbits were acquired from a commer-
cial supplier, Charles River Laboratories (Quebec, Canada). Animals
were housed individually in stainless steel rabbit racks in the Uni-
versity of Saskatchewan’s Health Sciences Laboratory Animal Ser-
vices Unit, a CCAC-accredited facility. Room temperature and
humidity were controlled by a computerized system and the light
cycle was maintained at 12:12 (12 hours of dark and 12 hours of
light). Standard rabbit chow (Hi-Pro Feeds, Trouw Nutrition
Canada Inc., Sherwood Park, Canada) and reverse osmosis water
through an automated watering system were provided ad libitum.
Animals were acclimatized for a minimum of 7 days before any
experimental procedures commenced.

The rabbits were randomly divided into 5 groups of 7 animals
each: SHAM, OVX, GC, OVX + GC, and PTH. The OVX and OVX +
GC group underwent bilateral ovariectomy, whereas the SHAM,
GC, and PTH groups underwent bilateral sham OVX surgery.
Fifty-six days (8 weeks) post OVX/SHAM surgery (pre-dosing
period), the GC groups (GC and OVX + GC) received methylpred-
nisolone sodium succinate (Pfizer, Kirkland, Canada) by daily sub-
cutaneous injection of 1.5 mg/kg for 4 weeks, and the PTH group
was dosed by daily subcutaneous injection for 4 weeks with
human PTH (1-34) (Alfa Aesar, Ward Hill, MA, USA) at a concentra-
tion of 30 pg/kg (dosing period). The PTH dose used was inter-
mediate to what has been utilized in recent studies analyzing
the effects of PTH dosing regimens (10 pg/kg/d versus 40 pg/
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kg/d) on rabbit cortical bone.*?*? The GC dose used was an
intermediate-to-high dose (0.5 mg/kg/d versus 1.0 mg/kg/d ver-
sus 2.0 mg/kg/d) based on a previous study analyzing OVX and
OVX + GC OP models in the rabbit.“” SHAM and OVX received
daily subcutaneous injections of 1 mL saline for the correspond-
ing 4-week dosing period. Dose initiation at 8 weeks post-
surgery was selected based upon previous studies that found
conflicting BMD results in relation to time (4, 6, or 8 weeks) post
OVX.#446>9 Each animal was monitored daily at the time of
injection, as well as weekly to assess weight. The bone labeling
fluorochrome calcein (Sigma-Aldrich, St. Louis, MO, USA) was
administered by subcutaneous injection at a dose of 10 mg/kg
on days 13 and 14 (label 1) and days 27 and 28 (label 2; end
point) of the treatment period to facilitate dynamic histomor-
phometry. Animals were euthanized by intravenous injection of
pentobarbital sodium (Euthanyl; Bimeda-MTC, Animal Health
Inc, Cambridge, Canada) at a dose of 0.4 mL/kg. Post-euthanasia,
the right tibiae were removed and fixed in 10% formalin.

Micro-CT analysis

The proximal epiphysis and distal diaphysis (Fig. 1A & C) were
imaged with a SkyScan 1172 desktop micro-CT scanner
(Bruker, Kontich, Belgium) to assess cortical porosity and tra-
becular morphology, respectively. CTVolume (CTVol, version
2.3.2.0; Bruker) was used to generate 3D volumetric renderings
of cortical porosity and trabecular bone morphology. For corti-
cal porosity analysis, a volume of interest (VOI) along 1 cm of
the diaphysis, beginning 3 cm proximal the distal end of the
tibia, was scanned (Fig. 1C) at 75 kVp, 133 pA with 460 ms expo-
sure, 0.2° rotation step, 4-frame averaging, and a 0.5 mm alumi-
num filter. Resolution dependency of micro-CT analysis has
long been recognized for both trabecular bone morphology©®
and cortical bone porosity.®” Here we chose a nominal resolu-
tion (voxel size) of 10 um to specifically target cortical porosity
on the scale of remodeling-related resorption spaces/osteons
(~100 pm in rabbits®®) with smaller spaces (including primary
canals, mature secondary osteonal canals, osteocyte lacunae,
and canaliculi) falling below the spatial resolution
(Supplemental Fig. S1). It should be noted that our resolution
was higher (smaller voxel size) than that of micro-CT protocols
previously applied to rabbit cortical bone (14 to 19 pm).394246:55)
Important considerations for future study included that the
10-um voxel size is similar in scale to that potentially available
in vivo®?® and the distal hind limb of the rabbit is well suited
for live imaging with the animal in an upright position.**) We val-
idated our 3D micro-CT outcomes through comparison with two-
dimensional (2D) histological measures of osteon size, confirming
correlation between the approaches and similar distributions of
values from each (Supplemental Fig. S2 and Supplemental
Table S1). Finally, the distal tibia represents a region of elevated
porosity relative to the mid-diaphysis (Supplemental Fig. S3) con-
sistent with observations of elevated remodeling distally in lower
limb elements.®

For trabecular analysis, the proximal epiphysis of each tibia
was scanned (Fig. 1A) at 75 kVp, 133 pA with 1080 ms exposure,
0.2° rotation step, 4-frame averaging, and a 0.5 mm aluminum fil-
ter at a voxel size of 13-um. The trabecular envelope within the
entire epiphysis proximal to the growth plate was segmented
as the VOI (Fig. 1A). The epiphyseal subchondral trabecular bone
was targeted for both consistency with the existing litera-
ture®* >3 and the fact that little trabecular bone was present in
the metaphyses of the rabbits (Fig. 1A).

Fig 1. Micro-computed tomography (micro-CT) image of rabbit tibia
depicting regions of analyses. (A) Location of trabecular bone micro-CT
analysis. Scan field heightis 1 cm. Reconstructed micro-CT image of prox-
imal tibia scan and corresponding three-dimensional reconstructed
image of isolated trabecular bone highlighted in yellow (right). (B) Loca-
tion of histomorphometric analysis. Section is 300 pm thick. Fluorescent
confocal microscopy image of transverse section of cortical bone (right).
(C) Location of cortical bone micro-CT analysis. Scan field heightis 1T cm.
Three-dimensional reconstructed image of cortical bone with cortical
porosity highlighted in yellow (right).

Micro-CT data were reconstructed using the NRecon software
package (Bruker), and quantitative 3D analysis was conducted with
CTAnalyser (CTAn; version 1.16.4.1; Bruker). To assess changes in
cortical bone microarchitecture, cortical porosity (Ct.Po, %) and
mean canal diameter (Ca.Dm, pm) were measured after application
of a standardized global threshold. Histograms representing the dis-
tribution of canal diameter sizes were produced to contrast patterns
across the groups. For analysis of the trabecular VOIs, a standardized
global threshold was again applied followed by 3D measurement of
bone volume fraction (bone volumet/tissue volume [BV/TV, %]), tra-
becular thickness (Tb.Th, mm), trabecular number (Tb.N, mm™"), and
trabecular separation (Tb.Sp, mm).

Dynamic histomorphometry and cortical geometry

Confocal microscopy images were acquired from a cortical cross-
section placed immediately proximal to the micro-CT VOI
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(Fig. 1B). The sections were cut using a low-speed sectioning saw
(Buehler, Isomet) with a diamond wafer blade and ground and
polished to a thickness of 300 pm.®® Mounted sections were subse-
quently imaged with a Leica (Leica Microsystems, Wetzlar, Germany)
DMi8 confocal fluorescent microscope equipped with differential
interference contrast microscopy (DIC) to capture fluorescent signals
and cortical microstructure. 2D mosaics of the DIC and fluorescent
images were produced and analyzed using basic ImageJ (https://
imagej.nih.gov/ij/) functions (unless otherwise described).

Cross-sectional cortical geometry parameters, cortical area (Ct.
Ar, mm?), marrow area (Ma.Ar, mm?), and total area (Tt.Ar, mm?)
were assessed and percent cortical and percent marrow area (%
Ct.Ar, %Ma.Ar) were calculated relative to Tt.Ar. Cortical thickness
(Ct.Th, pm) was measured using the Bone)®" plugin for ImageJ.
To complement the cortical geometry measures, estimates of
maximal and minimal bending (second moments of area, Imax,
Imin, mm* as well as torsional stiffness (torsional
section modulus, Zpol, mm®) were measured from the most
proximal micro-CT cross-sectional image. These measures were
performed on the micro-CT data as this modality enabled the
impact of internal porosity/surface geometry to be better inte-
grated into the measures.

To evaluate the extent of active mineralization on bone surfaces,
single- and double-labeled bone surfaces (sLS, dLS, respectively)
and total bone surface (BS) were measured on the endosteal
(Es) and periosteal (Ps) surfaces. Mineralizing surface per bone sur-
face (MS/BS) was calculated as (dLS + sLS/2)/BS on the endosteal
(Es.MS/BS, %) and periosteal (Ps.MS/BS, %) surfaces.

Intracortical remodeling activity was then counted manually
as single-labeled osteons (sL.On), double-labeled osteons (dL.
On), and resorption cavities (Rs.N), defined as non-mineralizing
pores characterized by eroded surfaces, no lamellar bone forma-
tion, and no calcein labeling. These parameters were normalized
to CtAr (sL.On/CtAr, dL.On/Ct.Ar, and Rs.N/CtAr, mm~>) and
used to calculate a ratio of labeled osteons versus resorption cav-
ities ((sL.On+dL.On)/Rs.N). In cross-sections where Rs.N was zero,
a denominator of 1 was used to maximize the inclusion of data.
Activation frequency (Ac.f) was calculated as Ac.f = ((sL.On+dL.
On)/Ct.Ar)/o¢ (#/mmz/year), where o5, the osteon formation time,
was calculated as W.Th/On.MAR."® W.Th (um) reflects osteon
wall thickness, the distance between osteon canal and cement
line. This was measured from 50 randomly selected osteons for
each animal within each transverse section using transmitted
light microscopy at x20 magnification. In sections with fewer
than 50 osteons, all osteons present were measured. Osteonal
mineral apposition rate (On.MAR, pm/d) was calculated as the
inter-label distance, measured as the distance between two con-
secutive osteonal calcein labels, divided by the labeling period
(14 days). On.MAR was measured in 20 randomly selected dL.
On within each transverse section. In sections with fewer than
20 dL.On, all osteons present were measured. Ac.f was calculated
from mean W.Th and On.MAR values for each animal and, there-
fore, only rabbits with On.MAR values were included in the mean
calculation of Ac . Finally, to provide a measure of overall remo-
deling activity that did not rely upon normalization to oy, we cal-
culated active remodeling centers (a.Rm.Cr, mm~?) as the sum of
resorption spaces and labeled osteons normalized to Ct.Ar: (sL.
On+dL.On+Rs.N)/Ct.Ar.

Statistical analysis

All statistical analyses were performed with SPSS version 26.0
(IBM, Armonk, NY, USA). The normality of all parameters was

assessed by Shapiro-Wilk tests. Independent samples t tests
were employed to evaluate animal weight percent change (test-
ing difference from 0) across the entire experimental period
(weeks 0 to 12) and also within the pre-dosing period (weeks
0 to 8) and the dosing period (weeks 8 to 12). When normally dis-
tributed for all groups, bone parameter data were assessed with
one-way ANOVA (a = 0.05) and, when significant, post hoc Bon-
ferroni tests were used to compare all groups versus SHAM. If
non-normal distributions were detected for one or more groups,
nonparametric Kruskal-Wallis H tests (o = 0.05) with, when sig-
nificant, post hoc pairwise comparisons versus SHAM using
Dunn’s procedure®? were carried out. To account for repeated
pairwise post hoc tests, p value (mean difference, group/SHAM)
or a (confidence interval [Cl] of the mean/median differences
versus SHAM) were adjusted using Bonferroni’s method.®® For
most measures, the p value and Cl were adjusted to account
for the four pairwise comparisons versus SHAM resulting in
adjusted p = p * 4 and %Cl = 98.75% (1-o; where a = 0.05/4).
For comparisons lacking the two GC-dosed groups, the two pair-
wise comparisons employed resulted in adjusted p = p * 2 and %
Cl=97.5% (1-a; where a = 0.05/2). To calculate the Cls, additional
independent t tests for the normal data and Hodges-Lehmann
tests for the non-normal data were employed. Finally, fold
changes relative to SHAM (group/SHAM) were calculated for all
parameters.

Results

Animal weight

Statistics for weight and % weight change are summarized in
Table 1 and depicted in Fig. 2. For the 8-week pre-dosing period,
Cl of the percent change in weight excluded zero for SHAM
(p = 0.008), OVX (p = 0.001), and OVX + GC (p = 0.049), and was
strongly offset from zero for PTH (p = 0.053) indicating weight
gain in these groups. Conversely, the data for GC (p = 0.894) indi-
cated no change in weight reflected by a Cl evenly distributed
about zero. Cls revealed that during the 4-week dosing period
SHAM (p < 0.001) and OVX (p = 0.006) again gained weight, while
GC (p = 0.008), OVX + GC (p =0.011), and PTH (p = 0.012) all lost
weight. Considering the entire 12-week experimental period,
SHAM (p = 0.002) and OVX (p < 0.001) exhibited overall weight
gain, GC (p = 0.037) exhibited overall weight loss, while OVX +
GC (p = 0.430) and PTH (p = 0.674) exhibited no change with
Cls well distributed about zero.

Cortical porosity

Representative micro-CT 2D cross-sectional images and 3D ren-
ders of the VOIs are provided in Fig. 3A. Cortical pores appeared
to be non-uniform and clustered within portions of the mid-cor-
tex. Measurements of CtPo and Ca.Dm are summarized in
Table 2 and Fig. 3B,C. Cls of the mean/median differences versus
SHAM excluded zero for all groups with fold changes from SHAM
ranging from 4.6 to 28.8, indicating increased porosity in all
groups. Evidence supporting an increase in Ct.Po was the least
robust for GC (adj. p = 0.256), which had the smallest fold
increase (4.6) despite inclusion of a strongly positive outlier. For
Ca.Dm, similar fold change increases from SHAM, ranging from
1.4 to 1.9, were observed in all groups and Cls excluding (OVX
+ GC, adj. p<0.001 and PTH, adj. p = 0.049) or strongly offset
(OVX, adj. p = 0.202; and GC, adj. p = 0.061) from zero were
observed across all groups (Table 2). The distributions of Ca.Dm
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parathyroid hormone. Values are reported as mean =+ standard deviation. n = 7. Independent

sample t tests were employed. The reported p values are unadjusted. 95% confidence intervals (Cl) of the mean are reported.

glucocorticoid; OVX + GC = ovariectomy and glucocorticoid; PTH

= ovariectomy; GC =

SHAM = control; OVX

values (Fig. 3D) reflected the relatively low proportion of large
resorption space-sized pores in SHAM, although this group did
exhibit a peak in distribution of values around the expected
(100 um) osteon/resorption space diameter for rabbits. A similar
peak dominated the distributions for OVX and PTH. The two GC
dosed groups (GC and OVX + GC) exhibited a different pattern
with higher proportions of much larger pores.

Cortical bone geometry

Representative DIC images are provided in Fig. 4 and all cross-
sectional geometry measures are summarized in Fig. 5. It was evi-
dent from these images, as well as the 2D histological and 3D
micro-CT images (Figs. 4G and 3A, respectively), that net resorp-
tion occurred at the endosteal surfaces of the two GC-dosed
groups (GC and OVX + GC) with large trench-like packets of bone
being removed (Fig. 4G). Quantitatively (Table 3), the geometric
parameters exhibited individual variability reflected by many
outliers but subtle overall fold changes relative to SHAM ranging
from 0.8 to 1.2. Cls for GC excluded zero for Tt.Ar (no post hoc), Ct.
Ar (adj. p = 0.004), Imin (adj. p = 0.029), Imax (adj. p = 0.068), and
Zpol (adj. p = 0.013), all findings indicative of smaller, weaker
bones in this group. This pattern was not observed in OVX + GC
with the caveat that Ct.Ar (adj. p = 0.065) was reduced relative
to SHAM with a Cl excluding zero.

Cortical bone histomorphometry

The calcein labels revealed active bone formation on the perios-
teal and endosteal surfaces as well as intracortical bone forma-
tion within actively forming osteons (Figs. 4 and 6, Table 4).
Formation was most pronounced in the PTH group, particularly
at the endosteal surface and intracortically (reflected qualita-
tively in many geometry parameters in Fig. 5). Conversely, the
GC and OVX + GC groups exhibited reduced evidence of labeled
bone formation on all surfaces (Fig. 4A). Because of the lack of
formation, measures relying upon calcein labels were not assess-
able for GC and OVX + GC and were reported as no data (ND) in
Table 4. Bone formation at both surfaces, Es.MS/BS and Ps.MS/BS,
was increased in the PTH group (Cls excluding zero; adj. p < 0.001
and 0.040, respectively). Endosteal bone formation in PTH had a
distinct pattern that included well-organized lamellar bone in
places but also disorganized plates with a crude trabecular-like
pattern reminiscent of woven bone in others (Fig. 4E, F). Ps.MS/
BS was highly variable with large outliers detected for SHAM
and OVX.

Evidence of elevated remodeling was most dramatically (8.4-
to 26.3-fold increases) and consistently observed in PTH for sL.
On/Ct.Ar (adj. p = 0.004), dL.On/Ct.Ar (adj. p = 0.008), Rs.N/Ct.Ar
(adj. p<0.001), aRm.Cr/Ct.Ar (adj. p<0.001), and Acf (adj.
p = 0.008) as reflected by Cls excluding zero. OVX exhibited a
similar but less pronounced pattern (fold changes approximately
half those of PTH) for these parameters with the caveat that the
Cl for Acf (adj. p = 0.203) included but was strongly offset from
zero. For the glucocorticoid groups, Rs.N/Ct.Ar was elevated
10.1- and 17.5-fold for GC (adj. p = 0.064) and OVX + GC (adj. p
<0.001), respectively, with Cls excluding zero. The ratio of
labeled osteons to resorption cavities (sL.On + dL.On)/Rs.N was
0.1- and 0.4-fold that of SHAM for OVX+ GC (adj. p = 0.008)
and GC (adj. p = 0.100), respectively, with the Cl for the former
excluding zero and the latter strongly offset from it.
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Fig 2. Analyses of mean changes in body weight in rabbit groups over
experimental time period (0 to 3 months). Data are presented by box
plots with individual rabbits plotted as solid circles and outliers plotted
as open circles. n = 7. Independent sample t tests (o = 0.05) were
employed for comparison to 0 with p values (unadjusted) shown in
graph. SHAM = control; OVX = ovariectomy; GC = glucocorticoid; OVX
+ GC = ovariectomy and glucocorticoid; PTH = parathyroid hormone.
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Trabecular bone micro-CT

Fig. 7A presents 3D renders of a portion of the VOI used for anal-
ysis of trabecular morphology. Overall, although fold changes
(0.8 to 1.2) were more subtle than many of the cortical parame-
ters, a pattern of loss was observed for OVX, GC, and OVX + GC
groups, whereas the opposite was observed for PTH (Table 5
and Fig. 7B-E). A similar-sized reduction in BV/TV was observed
in GC (adj. p = 0.024), OVX + GC (adj. p = 0.016), and OVX (adj.
p = 0.448) with the Cls excluding (GC and OVX + GC) or strongly
offset from zero (OVX). Conversely, PTH (adj. p = 0.880) exhibited
the opposite pattern with the largest positive fold change (1.2) in
BV/TV with a Cl strongly offset from zero. Differences in Th.N sup-
ported the overall patterns of change in BV/TV with Cls consis-
tently excluding or being strongly offset from zero (adj. p < 0.05
for all groups). The outcomes for Th.Sp and Th.Th were less defin-
itive, exhibiting the lowest fold changes (0.9 to 1.2) and Cls clus-
tered about zero with the caveat that Tb.Sp for GC (adj. p = 0.124)
and OVX + GC (adj. p = 0.155) had Cls just including zero.

Discussion

In general, the animals tolerated the OVX/sham surgeries well
and weight gain was observed in three of the groups during
the pre-dosing period (SHAM, OVX, and OVX+ GC) and sug-
gested by offset Cls for the fourth (GC). Glucocorticoid dosing
was not as well tolerated by the animals and weight loss was
observed during the dosing period, an observation consistent
with past studies for GC®" and OVX + GC.* Three of the GC rab-
bits had a more extreme reaction to treatment, exhibiting hair
textural changes, although it is unclear if this might have been
linked to early (pre-dosing) lack of weight gain observed in this
group. Notably, the 1.5 mg/kg/d dose we administered is moder-
ate to high in the context of existing literature and 2 mg/kg/d has
been reported as lethal.“? Further, administering lower doses
(1 mg/kg/d) over longer lengths of time (6 weeks) had also
resulted in the premature death of one animal.®® As such,
increasing GC dose or the length of dosing to possibly induce

larger-scale differences in cortical bone parameters may not be
feasible in terms of animal welfare. PTH dosing was well toler-
ated by the animals. Although they exhibited weight loss over
the dosing period, it was less pronounced than that observed
in the GC-dosed groups. Hirano and colleagues“" found a simi-
lar decrease in weight after dosing rabbits with 40 pg/kg/5 days a
week of PTH for 20 weeks.

The characterization of cortical porosity in the OP models and
PTH was our primary objective. Comparative data are limited as
cortical porosity is only sparsely reported in the literature for rab-
bit OP models. In a recent report, Chandler and colleagues®®
observed no difference in Ct.Po at the femoral mid-diaphysis
between SHAM (0.50%) and OVX (0.43%) groups at 18 weeks
post-surgery, whereas their OVX + GC group (dosed for 12 weeks
commencing 6 weeks after OVX) had elevated Ct.Po (9.75%). It is
unclear what underpins their lack of a difference for OVX com-
pared with our study. It could relate to the different skeletal ele-
ments studied (femur versus tibia), relative location of the VOI
(mid-shaft versus distal shaft), the larger (15 pm) voxel size used,
and/or Chandler and colleagues’ longer duration post-surgery.
Regarding the latter, their longer post-surgery phase for OVX,
at 18 weeks versus our 12 weeks, may have enabled more time
for cortical remodeling to reach steady state (see discussion of
Ac.f below). PTH had the most pronounced difference in Ct.Po,
a result consistent with recent reports. Yamane and col-
leagues®®® reported a Ct.Po of 3.62% in rabbit tibiae after treat-
ment with 40 pg/kg/d of PTH for 4 weeks, assessed using
micro-CT at a 19.1-um voxel size, whereas Zebaze and col-
leagues“? reported a higher Ct.Po of 8.7% in rabbit femora using
the same dosing regimen and imaging at 15-pm voxel size.

Across all groups, qualitative inspection of the images sug-
gested the cortical pores did not appear to be randomly distrib-
uted; rather, they were frequently clustered in the mid-cortex.
The reason underpinning this is unclear, although it may be
linked to developmental features and the localized age of the tis-
sue. In rats, central bands or “islands” of calcified cartilage have
been observed, indicating remnants of developmental tissues
in the mid-cortex.®*®* It is unclear if this was the case in our rab-
bits, although the central cortex had distinctly complex micro-
architecture when compared with more organized lamellar
bone, which was particularly evident at the periosteal surface.
Mid-cortical porosity in PTH contrasts with observations by
Zebaze and colleagues*? and Hirano and colleagues® who
reported increased porosity primarily adjacent to the marrow
cavity in the proximal femur and tibial midshaft of rabbits,
respectively. It is unclear if these endosteal pores reported by
others may be related to the endosteal bone formation we
observed.

Mean Ca.Dm values for SHAM were slightly lower (70 pm) than
anticipated for remodeling-related resorption spaces in rabbits.
This 3D micro-CT measure, however, includes all resolved pores
ranging in size from the maximal diameter of cutting cones,
down through the contracting diameter of the closing cones
and, ultimately, approaching the normal scale of mature quies-
cent canals. The latter were not resolved by our micro-CT proto-
col (Supplemental Fig. S1). The distribution of Ca.Dm (Fig. 3D) for
SHAM did reveal a peak in values at the expected 100um size for
secondary osteons/resorption spaces in rabbits. The distribu-
tions of Ca.Dm were very similar for OVX and PTH, and their
modal values (~100 pm) corresponded closely with the peak in
SHAM. This suggests that the maximal diameters of the resorp-
tion spaces created in these groups are similar and of a scale con-
sistent with past reports of normal secondary osteon size in
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Fig 3. Micro-CT-based analyses of cortical bone in rabbit tibiae. (A) Representative two-dimensional micro-CT cross-sectional images of cortical bone in
distal rabbit tibiae in various treatment groups with corresponding three-dimensional renders of volume of interest (below). Regions of cortical porosity at
the level of vascular canals are highlighted in yellow. Scale bar = 1 mm. (B) Cortical porosity (Ct.Po) analysis in rabbit tibiae. Data are presented by box plot
with individual rabbits plotted as solid circles and outliers plotted as open circles. n = 7. Kruskal-Wallis H test with post hoc Dunn'’s test was used to com-
pare groups versus SHAM. Adjusted p values (Bonferroni method; adj. p = p * 4 for four-pairwise comparisons) are shown in graph. (C) Canal diameter (Ca.
Dm) analysis in rabbit tibiae. Data are presented by box plot with individual rabbits plotted as solid circles and outliers plotted as open circles. n = 7. One-
way ANOVA with post hoc Bonferroni test was used to compare groups versus SHAM. Adjusted p values (Bonferroni method; adj. p = p * 4 for four-pairwise
comparisons) are shown in graph. (D) Histograms depicting distributions of canal diameters in rabbit tibiae for each group. SHAM = control; OVX = ovari-
ectomy; GC = glucocorticoid; OVX + GC = ovariectomy and glucocorticoid; PTH = parathyroid hormone.
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Fig 4. (A) Differential interference contrast (DIC) and fluorescent confocal microscopy images of transverse sections of rabbit tibiae in various treatment
groups. Green fluorescent signal from calcein depicts areas of active bone formation. Absent signals from GC-treated rabbits are due to inhibition of
osteoblastic-mediated bone formation by GC treatment. Scale bar = 1 mm. SHAM = control; OVX = ovariectomy; GC = glucocorticoid; OVX + GC = ovari-
ectomy and glucocorticoid; PTH = parathyroid hormone. (B-D) Representative confocal microscopy images of (B) single-labeled osteon, (C) double-
labeled osteon, and (D) resorption cavity. Scale bar = 50 um. (E) Confocal microscopy image of PTH endosteal surface in transverse section. Note the tra-
becularized appearance of bone formed on the endosteal surface, a feature typical of woven bone. Scale bar = 150 pm. (F) Corresponding three-
dimensional reconstructed micro-CT image of PTH endosteal surface. (G) Confocal microscopy image of GC endosteal surface in transverse section. Note
scalloped appearance of endosteal bone. Scale bar = 150 pm. (H) Corresponding three-dimensional reconstructed micro-CT image of GC endosteal

surface.

centers, a.Rm.Cr/Ct.Ar, which was not normalized to any assump-
tion about osteon formation time and included both labeled
osteons and resorption spaces. By this measure, OVX and PTH
were elevated related to SHAM 7- and 13-fold, respectively,
and the approximately 3-fold increases for GC and OVX + GC
support the conclusion of a difference in those groups as well.
This observation for the glucocorticoid groups was corroborated
by the large fold changes in Rs.N/Ct.Ar. OVX and PTH also exhib-
ited elevated radial mineral apposition rates (On.MAR) within
forming osteons, providing corroborating evidence of an
increase in the formative activity of BMUs. Conversely, the ratio
of labeled osteons to resorption cavities ((sL.On + dL.On)/Rs.N)
was reduced for OVX + GC (0.1-fold) and GC (0.4-fold), indicating

a lack of transition from bone resorption to formation
(uncoupling’”"'?) in the glucocorticoid groups. Taken together,
the histomorphometric data support the hypothesis that the rate
of remodeling was elevated in all of these OP models.
Measures of cortical geometry and associated bone strength
were relatively stable across groups, which was not unexpected
given the skeletal maturity of the animals and the short duration
of the experiments. Distinct endosteal resorption was observed
in the glucocorticoid groups whereby large packets of bone
were being resorbed with no evidence of formation. Whether
these spaces reflect uncoupled BMUs"”~'? or a negative (resorp-
tive) modeling drift’® is perhaps a semantic point. It did not
appear that these resorptions represented trabecularization of
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Fig 5. (A-I) Cortical bone geometry analyses in rabbit tibiae. Data are presented by box plots with individual rabbits plotted as solid circles and outliers
plotted as open circles. n = 7. One-way ANOVA was employed and if p < 0.05, post hoc Bonferroni test was used to compare groups versus SHAM.
Adjusted p values (Bonferroni method; adj. p = p * 4 for four-pairwise comparisons) are shown in graphs. Tt.Ar = total area; Ct.Ar = cortical area; Ma.Ar = mar-
row area; Ct.Th = cortical thickness; Imin = minimum second moment of area; Imax = maximum second moment of area; Zpol = torsional section modulus;
SHAM = control; OVX = ovariectomy; GC = glucocorticoid; OVX + GC = ovariectomy and glucocorticoid; PTH = parathyroid hormone.

the cortex created by coalescence of numerous individual BMUs.
This pattern of endosteal bone loss did have sufficient time to
produce definitive differences in cortical geometry compared
with SHAM, although the results did reveal smaller, weaker
bones for GC. Notably, thinning of cortices through increased
endocortical bone resorption has been reported in GC-treated
rats.®® A previous report noted decreased cortical bone volume
in GC-treated rabbits.®” For OVX + GC, Liu and colleagues”
reported no significant changes in Ct.Th, whereas Chandler and
colleagues®® found significantly lower Ct.Ar and Ct.Th.
Endosteal bone apposition induced by PTH administration
has been well documented in animal®**"76? and human
studies,”®”" and it has been suggested that this bone formation
may be compensating for the increase in intracortical porosity to
limit negative biomechanical effects.*’”? We observed exten-
sive endosteal bone formation for PTH, which uniquely had a
trabecular-like appearance in 2D and 3D (Fig. 4E, F). It has been
suggested that this may be poorly developed woven bone,®
a tissue type formed in states of high turnover/growth. Previous
PTH rabbit studies have demonstrated small decreases in Ma.
Ar“Y and increases in Ct.Ar.“°*"%”) Hirano and colleagues“”
also found rabbits treated with PTH increased Tt.Ar, which was
associated with periosteal bone formation, whereas several

other large animal studies showed that the measure remained
unchanged.®”7273 We observed increased bone formation at
both the endosteal and periosteal surfaces for PTH, and although
the changes to overall geometry were subtle (perhaps because
of the short dosing period), the mean values do support a pat-
tern trending toward increased %Ct.Ar and Ct.Th along with
decreased %Ma.Ar for PTH.

Our final objective was to contrast trabecular bone differences
in the proximal tibia to facilitate contextual comparisons within
the literature and compare effects across bone morphotypes.
Previous reports are conflicted with respect to the effect of
OVX on trabecular bone microarchitecture with one observing
changes”® and two others reporting no change relative to
sham-operated controls.*>*® For the former, BV/TV and Th.N
were reduced and Tb.Sp increased in OVX rabbits compared with
controls”® at 27 weeks post OVX. Our OVX results are consistent
with this single report of decreased BV/TV driven by loss of tra-
beculae (reduced Tb.N). GC has been reported to reduce
BV/TV“® as well as reduce Tb.Th and Tb.N,*" while OVX + GC
rabbits have also been reported to have reduced Tb.N, Tb.Th,
Th.Sp, and BV/TV.4>4¢>% Again, our findings of reduced BV/TV
driven by a decline in Tb.N for both glucocorticoid groups are
consistent with these previous reports.
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Fig 6. (A-J) Histomorphometric analyses of transverse cortical bone sections in rabbit tibiae. Data are presented by box plots with individual rabbits plot-
ted as solid circles and outliers plotted as open circles. n = 7 except for On.MAR and Ac.f measures for OVX (n = 5) and SHAM (n = 3). For sL.On/Ct.Ar, dL.On/
Ct.Ar, Rs.N/Ct.Ar, a.Rm.Cr/Ct.Ar, (sL.On + dL.On)/Rs.N, W.Th, and Es.MS/BS, Kruskal-Wallis H tests were employed and if p < 0.05, post hoc Dunn's test was
used to compare groups versus SHAM. For On.MAR, Ac.f, and Ps.MS/BS, one-way ANOVA with post hoc Bonferroni tests were used to compare groups
versus SHAM. Adjusted p values using Bonferroni method (adj. p = p * 4 for four-pairwise comparisons except for Es.MS/BS, Ps.MS/BS, On.MAR, and Ac.
f, where adj. p = p * 2 to account for two-pairwise comparisons) are shown in graphs. sL.On = single-labeled osteon; dL.On = double-labeled osteon;
Rs.N = resorption cavities; a.Rm.Cr = active remodeling centers; Ct.Ar = cortical area; W.Th = wall thickness; On.MAR = osteonal mineral apposition rate;
Ac.f = activation frequency; Es = endosteal; Ps = periosteal; MS/BS = mineralizing surface per bone surface; SHAM = control; OVX = ovariectomy; GC = glu-
cocorticoid; OVX + GC = ovariectomy and glucocorticoid; PTH = parathyroid hormone.
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Fig 7. Micro-CT-based analyses of trabecular bone in rabbit tibiae. (A) Three-dimensional reconstructed images of epiphyseal subchondral trabecular
bone structure in rabbit tibiae of various treatment groups. Regions of trabecular bone are highlighted in yellow. Scale bar = 1 mm. (B-E) Three-
dimensional trabecular bone analyses in rabbit tibiae. Data are presented by box plots with individual rabbits plotted as solid circles and individual outliers
plotted as open circles. n = 7. For Tb.Th and BV/TV, one-way ANOVA was employed and if p < 0.05, post hoc Bonferroni test was used to compare groups
versus SHAM. For Tb.Sp and Th.N, Kruskal-Wallis H test with post hoc Dunn’s test was used to compare groups versus SHAM. Adjusted p values (Bonferroni
method; adj. p = p * 4 for four-pairwise comparisons) are shown in graphs. BV/TV = bone volume/tissue volume; Tb.Th = trabecular thickness; Tb.N = tra-
becular number; Th.Sp = trabecular separation; SHAM = control; OVX = ovariectomy; GC = glucocorticoid; OVX + GC = ovariectomy and glucocorticoid;

PTH = parathyroid hormone.

Trabecular bone formation induced by PTH administration
has been extensively characterized in animal and human
studies,”>78? although increases in rabbit trabecular bone have
been less consistent. In the lumbar vertebrae of rabbits, PTH at
a dose of 10 pg/kg/d for 35 days increased BV/TV and Tb.Th;
however, continuing PTH administration for an additional 35
days resulted in no differences in these parameters.®” Hirano
and colleagues“” also reported no difference in trabecular
parameters when rabbits were treated with 40 pg/kg/d for 20
weeks. We observed a pattern of increased BV/TV with associ-
ated higher Tb.N in PTH, which is consistent with the early effects
reported for rabbit lumbar vertebrae.

This study has several limitations. First, although our group
sizes (n = 7) match the scale utilized in previous characterizations
of the rabbit for trabecular bone and cortical geometry/
density,*#4>°3>% 3 great deal of variation was observed for
many parameters, including outliers. Given there were no
grounds to exclude them, all outliers were retained within our
guantitative analyses. These factors ultimately limited our statis-
tical power and certainly contributed to the uncertainty in a
number of parameter changes despite considerable fold
changes. Caution is thus warranted when determining signifi-
cance of changes based upon p values alone, particularly where
adjustments for multiple tests can make these comparisons
occur on a very small scale. Consideration of Cls adds important
contextual information, but it must also be recognized that Cls
are directly related to a. The necessity of additional tests to calcu-
late adjusted Cl and discrepancies detected with the primary sta-
tistical tests further highlight the perils of relying strictly on
p value for analysis and thus our discussion of results has avoided
dichotomization based upon p value and embraced uncertainty.
As already noted, sample size limitations were further exacer-
bated by the lack of labeling in the GC-dosed groups and the
low numbers of double-labeled osteons in OVX and SHAM.

Second, for our micro-CT analysis, we employed an imaging res-
olution (10 pm voxels) that was effective at detecting porosity on
the scale of remodeling-related resorption spaces; however, it
was insufficient to detect all vascular-level cortical porosity in
rabbit bone (Supplemental Fig. S1). Further, although this
approach was effective at detecting resorption spaces, it is not
exclusive to them, and larger canals that were not actively remo-
deling as well as some of the porosity associated with endosteal
bone formation (particularly evident in the PTH group) contrib-
uted to the overall Ct.Po measure. Although the lack of bone for-
mation observed within the GC-dosed groups is consistent with
uncoupling within the BMU associated with GC treatment
reported by Andreasen and colleagues,”"” the shift toward larger
sizes suggests a further disruption of BMU regulation through
either a coalescence of resorption spaces (initiation and/or steer-
ing) or an increase in the size of individual spaces. Third, turning
to our histological measures, a limitation of our measure of Rs.N/
Ct.Ar and hence also a.Rm.Cr/Ct.Ar was the fact that not all large
spaces observed in the histological images could be confirmed
as actively resorbing at the end of the experiment. This was par-
ticularly the case for the OVX groups (OVX and OVX + GC), which
had a longer time frame during which remodeling could be initi-
ated and potentially halted/uncoupled. That said, because of our
inclusion of only those spaces with roughly eroded surfaces, no
lamellar bone formation, and no calcein labeling, it is a fair
assumption that these spaces overwhelmingly represented
recently active events induced by OVX and/or subsequent dos-
ing. A more refined delineation of pores (ie, eroded, mixed
eroded and formative, formative and quiescent pores) has
recently been described®” and presents a potential path for-
ward for estimating the relative size/duration of the different
phases of the BMU through their relative occurrences in 2D sec-
tion. Such analysis paired with 3D morphological analysis of
BMUs by micro-CT holds great potential for advancing our
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ovariectomy

glucocorticoid; OVX + GC

ovariectomy; GC =

control; OVX

parathyroid hormone.Values are reported as mean =+ standard deviation. Median values are also reported for those parameters where at least one group was not normally distributed.

7.0ne-way ANOVA with post hoc Bonferroni tests were employed for normal data. Kruskal-Wallis tests with post hoc Dunn’s tests were employed for non-normal data. The p values were adjusted for multiple

comparisons versus SHAM using Bonferroni method (adj. p

bone volume/tissue volume; Th.Th = trabecular thickness; Tb.N = trabecular number; Tb.Sp = trabecular separation; SHAM

and glucocorticoid; PTH

n

BV/TV

p * 4). Mean/median differences (Group-SHAM) and confidence intervals (Cl) of the mean/median differences are reported from independent t tests

98.75% (1-a; where a = 0.05/4). Fold changes are reported relative to SHAM

for normal data and Hodges-Lehmann tests for non-normal data. Cls were adjusted for multiple comparisons versus SHAM

(Group/SHAM).

understanding of BMU spatio-temporal coordination. Expanding
analysis beyond pores to the vasculature contained within them
also holds great potential® as factors like age and corticoste-
roids reduce bone perfusion while PTH has been shown to
increase it.®¥ Finally, a detailed analysis of the biomechanical
impacts of increased porosity was beyond the scale of this study.
Given the non-random distribution of cortical pores visually
apparent across all the groups, a more detailed analysis of the
interplay of mechanical axes and regional variation of bone
microarchitecture across all envelopes (periosteal, intracortical,
and endosteal) is certainly warranted. Any direct mechanical
testing would have to carefully consider the sampling site
because this non-random distribution of porosity would cer-
tainly impact local bone material properties.

Our findings indicated that cortical porosity was elevated
many fold for all treatments with the caveat that the data were
the least robust for GC. Histomorphometric measures supported
the hypothesis that remodeling rate was elevated in all groups.
For trabecular bone, a pattern of loss was observed for OVX,
GC, and OVX + GC groups, whereas the opposite was observed
for PTH. The viability of the OVX model, in particular, adds new
evidence to the conflicted literature. Overall, our results are
encouraging for the further exploration of the role of cortical
bone loss in OP using rabbits and highlight the need to consider
both cortical and trabecular changes when looking at systemic
bone loss. These rabbit models also have great potential to serve
as a platform for more detailed analyses of BMU spatio-temporal
coordination and the balance between bone resorption and for-
mation within individual remodeling events, which cumulatively
determine skeletal health. In this pursuit, in vivo imaging®2® will
certainly prove illuminating.
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