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Ulnar and tibial cyclic compression in rats and mice have become the preferred animal models for investigating
the effects of mechanical loading on bone modeling/remodeling. Unlike rodents, rabbits provide a larger bone
volume and normally exhibit intracortical Haversian remodeling, which may be advantageous for investigating
mechanobiology and pharmaceutical interventions in cortical bone. Therefore, the objective of this study was
to develop and validate an in vivo rabbit ulnar loading model. Ulnar tissue strains during loading of intact
forelimbs were characterized and calibrated to applied loads using strain gauge measurements and specimen-
specific finite element models. Periosteal bone formation in response to varying strain levels was measured by
dynamic histomorphometry at the location of maximum strain in the ulnar diaphysis. Ulnae loaded at 3000
microstrain did not exhibit periosteal bone formation greater than the contralateral controls. Ulnae loaded at
3500, 4000, and 4500 microstrain exhibited a dose-dependent increase in periosteal mineralizing surface
(MS/BS) compared with contralateral controls during the second week of loading. Ulnae loaded at 4500
microstrain exhibited the most robust response with significantly increased MS/BS at multiple time points ex-
tending at least 2 weeks after loading was ceased. Ulnae loaded at 5250 microstrain exhibited significant
woven bone formation. Rabbits required greater strain levels to produce lamellar and woven bone on periosteal
surfaces comparedwith rats andmice, perhaps due to lower basal levels of MS/BS. In summary, bone adaptation
during rabbit ulnar loading was tightly controlled andmay provide a translatablemodel for human bone biology
in preclinical investigations of metabolic bone disease and pharmacological treatments.

© 2015 Elsevier Inc. All rights reserved.
Introduction

Animal models for in vivo skeletal loading have been essential in
advancing understanding of the relationships between mechanical
loading and bone modeling/remodeling [1]. Early models enabling ex-
trinsic control of load levels provided significant knowledge but typical-
ly employed invasive surgical procedures, such as pinning and external
fixation [1–4], which can present complications (e.g., infection and
inflammation) in experiments and interpretation of results. Therefore,
non-invasive extrinsic loading models were developed, including four-
point bending [5] and cantilever bending [6] of rodent tibiae, axial im-
pact loading of rabbit tibiae [7], and cyclic compression of rodent
ulnae [8–16] and tibiae [17–19].

Over the past decade, ulnar and tibial cyclic compression have
become preferred models due to utilization of non-invasive extrinsic
loading without soft tissue inflammation, applicability to both rats and
mice, and reproducibility for studying periosteal bone formation
and Mechanical Engineering,
Research Building, University of
[9–13,16,17]. These models have elucidated the effects of loading mag-
nitude [9–11,16,17], frequency [9,11], and duration [12] on adaptation
via periosteal bone formation. However, limitations of these models in-
clude a relatively small bone volume for preparing post-mortem tissue
test specimens, limited cortical bone loss in response to estrogen deple-
tion, and the absence of normal intracortical Haversian remodeling in
rodents [1,20–23].

In this study, we propose a rabbit ulnar loading model patterned
after the established rodent ulnar loading model. The rabbit ulna ex-
hibits natural curvature such that axial compression of the forelimb
transfers load to the ulna from the flexed carpus and olecranon process,
inducing a bending moment (Fig. 1), similar to rodents [1,14]. In con-
trast to rodents, adult rabbits naturally undergo intracortical Haversian
remodeling [22–27], providing amore translatablemodel to humans for
studying cortical bone.Moreover, rabbits are known to respond to para-
thyroid hormone (PTH) [25,26], bisphosphonates [28,29], cathepsin K
inhibitors [29], and ovariectomy [29]. As such, rabbits could provide
an alternative model for preclinical pharmaceutical investigations,
which may otherwise require nonhuman primates [29].

Therefore, the objective of this study was to develop and validate a
rabbit ulnar loading model (Fig. 1) suitable for investigations of cortical
bone mechanobiology. Periosteal bone formation in rabbit ulnae was
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Fig. 1. Segmented, 3-D micro-CT reconstruction of the right rabbit forelimb positioned
within a schematic loading fixture. Compressive uniaxial loading of the forelimb trans-
ferred load from the flexed carpus and olecranon process to the ulna, inducing a cranial–
caudal bendingmoment due to the curvature of theulna. Specimen-specific finite element
model predictions of the principal strain distribution for an applied static uniaxial com-
pressive load (e.g., 100 N shown) showed that maximum tensile (T, P1) and compressive
(C, P3) principal strains were located on cranial and caudal periosteal surfaces, respective-
ly, within the distalmid-diaphysis of theulna. Note thatmodel predictionswere calibrated
by measured strains during static uniaxial compression.
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hypothesized to exhibit a dose-dependent anabolic response to ulnar
loading. Ulnar tissue strains during loading of intact forelimbs were
characterized and calibrated to applied loads using strain gauge mea-
surements and specimen-specific finite element models. Periosteal
bone formation in response to varying strain levels was measured by
dynamic histomorphometry at the location of maximum strain in the
ulnar diaphysis using a quadruple fluorochrome labeling technique.

Materials and methods

Animals

Female New Zealand white rabbits (Covance Research Products,
Denver, PA) were obtained as retired breeders at 8–12 (10.4 ± 1.1)
months of age, such that all animals were beyond skeletal maturity
[30]. As-received rabbits for all experiments (N = 27) exhibited a
mean (±standard deviation) body mass of 3.9 (0.3) kg. Of these, 8 rab-
bits were used for characterizing load-strain calibrations, 4 rabbits were
used for an in vivo ulnar loading pilot study to identify the strain levels
required to induce periosteal bone formation, and 15 rabbits were used
for a final in vivo ulnar loading study to measure periosteal bone forma-
tion by dynamic histomorphometry. Rabbits were housed in individual
cages, allowed unrestrictedmovement and ad libitum access to food and
water at all times, and were given 3 days to acclimate prior to initiating
experiments. At the conclusion of each experiment, rabbits were eutha-
nized by intravenous overdose of sodium pentobarbital (0.2 ml/kg,
Somnasol, Butler-Schein, Dublin, OH), followed by bilateral pneumo-
thorax. All experimental procedures were approved by the Institutional
Animal Care and Use Committee at the University of Notre Dame prior
to the initiation of the study.

Static and dynamic load-strain calibrations

Specimen-specific finite element models were used to identify loca-
tions of maximum periosteal strains during ulnar loading (Fig. 1). Eight
rabbits (10.8 ± 0.7 months of age, 4.2 ± 0.2 kg) were received and im-
mediately sacrificed. Right and left forelimbswere removed and imaged
intact via micro-CT (μCT-80, Scanco Medical AG, Brüttisellen,
Switzerland) at 70 kVp, 114 μA, 400ms integration time, and 74 μmres-
olution for 250 projections per slice with image slices oriented perpen-
dicular to the ulnar diaphysis. Bone was segmented from soft tissue at
threshold values which corresponded to a tissue mineral density of
~530 mg hydroxyapatite per cubic centimeter (mg HA/cm3) using a
custom calibration phantom [31]. Segmented bone images were con-
verted to finite element meshes of constant strain four-node tetrahe-
drons using a marching cubes algorithm (Visualization Toolkit,
Kitware, Clifton Park, NY) [32]. The first principal strain and von Mises
stress at the location of maximum periosteal strain converged to less
than 5% difference at 100 μm when the element size was varied be-
tween 140 and 90 μm in 10 μm increments. Finite element analyses
(ADINA v8.8, ADINA R&D, Inc., Watertown, MA) simulated uniaxial
compression with a distributed static load applied to the proximal
epiphyses and boundary conditions that mimicked the loading fixtures
described below. Surface nodes at the distal epiphyseswere constrained
for both lateral and longitudinal translation; surface nodes at the prox-
imal epiphyses were constrained for lateral translation. Material prop-
erties in fully elastic analyses initially utilized an isotropic elastic
modulus of 25 GPa [33] and Poisson's ratio of 0.3 to guide the placement
of strain gauges on periosteal surfaces.

A static load-strain calibration was determined by mounting single-
element strain gauges (Vishay Measurements Group, Inc., Raleigh, NC)
to left ulnae (n = 8) within intact forelimbs through small incisions at
locations of maximum tensile and compressive principal strains on
periosteal surfaces, as determined by the initial finite element models.
One ulna was removed from the study due to debonding of the strain
gauge during loading. Forelimbs were loaded (ElectroForce 3300, Bose
Corp., Eden Prairie,MN) to failure in static uniaxial compression at a dis-
placement rate of 1 mm/s to minimize strain rate effects. Custom stain-
less steel loading fixtures with a hemispherical cup (25 mm radius)
were used to cradle the flexed carpus and olecranon process of the fore-
limbduring loading (Fig. 1). Axial load-strain data for each forelimbwas
fit using linear least squares regression to generate a static load-strain
calibration from the pooled data. Finite element models were subse-
quently calibrated by the measured axial strains in order to account
for material properties and load sharing between the radius and ulna.
Periosteal strains in the models were determined by three-node trian-
gular shell elements of negligible modulus placed at strain gage
locations. A mean homogenous tissue modulus was obtained by mini-
mizing error between the shell element strains and the measured
strains across all ulnae. The axial strain distribution on periosteal sur-
faces along the length and around the perimeter of the ulnar diaphysis
was plotted as the mean (±standard deviation) from the pooled
specimen-specific finite element models.

A dynamic load-strain calibrationwas also determined bymounting
strain gauges (Vishay) to right ulnae (n = 8) within intact forelimbs
through small incisions at locations of maximum tensile and compres-
sive axial strains on periosteal surfaces, as determined by the calibrated
finite element models. Forelimbs were loaded (ElectroForce 3220, Bose
Corp., Eden Prairie,MN) in cyclic uniaxial compression at 2 Hz for a total
of 360 cycles at sequentially increasing peak loads of 8 to 144 N, in 8 N
increments for 20 cycles per load level, and themean peak strain ampli-
tude was measured at each load level [10,15]. Axial load-strain data for
each forelimbwere fit using linear least squares regression to generate a
dynamic load-strain calibration from the pooled data.

In vivo ulnar loading

Periosteal bone formation in response to in vivo ulnar loading was
measured in response to peak compressive strain levels ranging from
3000 to 5250 microstrain. In an initial pilot study, both forelimbs of 4
rabbits (10.9 ± 0.6 months of age, 3.5 ± 0.2 kg) were loaded at peak
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ulnar compressive strain levels of 3000, 3750, 4500, and 5250
microstrain (n = 2 forelimbs per strain level, randomly distributed
among rabbits) to determine strain thresholds for inducing lamellar
and woven bone formation. Subsequently, 15 rabbits (10.0 ±
1.3 months of age, 3.8 ± 0.2 kg) were randomly divided into three
groups (n = 5/group) loaded at peak ulnar compressive strains of
3500, 4000, and 4500microstrain in right forelimbswhile left forelimbs
served as contralateral controls. In both experiments, rabbits were
allowed to acclimate for 3 days and received daily ulnar loading for 5
consecutive days on days 3–7 and 10–14 [9,10] (Fig. 2). Forelimbs
were loaded in cyclic uniaxial compression for 360 cycles/day at 2 Hz
[9] (Bose ElectroForce 3220). Peak load levels for the desired peak
ulnar compressive strains were determined from the dynamic load-
strain calibration. Rabbits were anesthetized during ulnar loading
using an intramuscular injection of ketamine (25 mg/kg at 100 mg/ml,
Butler-Schein), xylazine (5 mg/kg at 20 mg/ml, Lloyd Laboratories,
Shenandoah, IA), and acepromazine (2.5 mg/kg at 10 mg/ml, Phoenix
Pharmaceuticals Inc., St. Joseph, MO), supplemented with inhaled
isoflurane as-needed. Recovery from anesthesia was assisted with
heating pads and intravenous injection of yohimbine (0.4 mg/rabbit at
2mg/ml, Lloyd Laboratories) as an antagonist for xylazine and ketamine
[34]. There were no signs of pain or distress during or following ulnar
loading.

Histomorphometry

Periosteal bone formation was measured by histomorphometry
after quadruple labeling [27] with tetracycline (30 mg/kg at 30 mg/ml
oxytetracycline hydrochloride, Sigma-Aldrich, St. Louis, MO), alizarin
(25 mg/kg at 30 mg/ml alizarin-3-methyliminodiacetic acid, Sigma),
calcein (10 mg/kg at 20 mg/ml calcein, Sigma), and xylenol orange
(90 mg/kg at 90 mg/ml xylenol orange tetrasodium salt, Sigma). Each
label was administered on two consecutive days beginning on day 7,
14, 21, and 28 for the four labels, respectively (Fig. 2). The daily dose
of each fluorochrome label was divided in half and administered by in-
tramuscular injection in each hind limb, such that the delivered volume
was ~2 ml/site [35].

After rabbits were sacrificed on day 35 (Fig. 2), ulnae were collected,
fixed in 10% neutral buffered formalin, stored in 70% ethanol, and em-
bedded in polymethylmethacrylate. Histologic sections (~100 μm in
thickness) were cut from a 10 mm segment of the ulnar diaphysis cen-
tered at the location of maximum axial compressive and tensile strain
using a diamond wire saw. Sections were mounted on glass slides,
ground to a final thickness of ~50 μm, and analyzed using a standardmi-
croscope with an epifluorescence lightsource and digital measurement
software (BIOQUANT®, Nashville, TN).

Primary histomorphometric data were collected on the periosteal
and endosteal bone surfaces. For each sequential fluorochrome label
pair, measures included the length of the total bone perimeter (B.Pm),
single label perimeter (sL.Pm), double label perimeter (dL.Pm), and
the interlabel distance (IrL.D). From these, mineralizing surface
(MS/BS = [0.5 · sL.Pm + dL.Pm]/B.Pm; %), mineral apposition rate
(MAR = IrL.D/7; μm/day), and bone formation rate (BFR/BS = MS/
BS · MAR · 3.65; μm3/μm2/year) were calculated [36]. All measured
data for dynamic histomorphometry are available in the Appendix as
daily u
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Fig. 2. The experimental design and timeline for in vivo ulnar loading experiments. All rabbits w
secutive days on days 3–7 and 10–14while under anesthesia, andwere sacrificed on day 35. Per
tetracycline, alizarin, calcein, and xylenol orange administered on two consecutive days beginn
Supplementary Content. Outcome measures were compared between
loaded and control ulnae across strain levels using a mixed-model
two-way analysis of variance (ANOVA) (JMP 10.0, SAS Institute Inc.,
Cary, NC). Post hoc comparisons were performed using a Mann–
WhitneyU-test due to a non-normal distribution ofMS/BS in the overall
population (p b 0.005, Shapiro–Wilk W-test) and a small sample size
(n = 5/group). Comparisons between loaded ulnae and contralateral
controls at each strain level were performed using paired t-tests. The
level of significance was set at p b 0.05 for all tests.

Results

Ulnar strain distribution and load-strain calibrations

Segmented micro-CT reconstructions of intact rabbit forelimbs and
specimen-specific finite element models of ulnae showed that the
ulna exhibits curvature such that axial compression of the forelimb
transfers load to the ulna from the flexed carpus and olecranon process,
inducing a cranial-caudal bending moment (Fig. 1). Specimen-specific
finite element models under static loading identified themean (±stan-
dard deviation) location ofmaximum tensile and compressive strains at
32.5 (1.2) and 31.6 (1.6)mm from the distal end of ulnae (Fig. 1), which
corresponded to 39.7 (2.0) and 38.5 (2.1) percent of the total ulnar
length of 82.0 (2.5) mm, respectively (Fig. 3a). Maximum tensile and
compressive strains were also observed to be located on cranial and
caudal periosteal surfaces of ulnae, respectively (Figs. 1 and 3b).
Differences between themagnitude and location of maximum principal
and axial strains at themid-diaphysis were negligible for both individu-
al animals and pooled animals, as expected.

Ulnar strain levels in the specimen-specific finite element models
were calibrated by strain gaugemeasurements at locations ofmaximum
tensile and compressive strains during static loading of intact forelimbs.
After calibration, the mean homogenous tissue modulus in specimen-
specific finite element models of ulnae was 17.3 GPa. The measured
static and dynamic (cyclic) load-strain calibrations were both linear
over the range of applied axial loads (Fig. 4). Compressive strains
were greater than tensile strains, as expected (Fig. 4). The dynamic
load-strain calibration (Fig. 4b)was subsequently used to set load levels
to target the desired peak strain levels during in vivo ulnar loading
experiments.

In vivo ulnar loading and periosteal bone formation

An initial pilot study qualitatively revealed a dose-dependent ana-
bolic response to in vivo ulnar loading (Fig. 5). Both nonloaded control
ulnae and ulnae loaded at 3000microstrain did not producemeasurable
levels of periosteal bone formation as evidenced by minimal labeled
surface and undetectable interlabel separation (not shown). Ulnae load-
ed at 3500 microstrain exhibited a detectable but very weak response
with minimal labeled surface and minimal interlabel separation
(Fig. 5a). Ulnae loaded at 4000 and 4500 microstrain produced new la-
mellar bone on periosteal surfaces with 4500microstrain providing the
most robust response shown by interlabel spacing (Figs. 5b and c).
Ulnae loaded at 5250 microstrain exhibited significant woven bone
formation (Fig. 5d).
lnar
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calceinalizarin xylenol

14 21 28 3513 22 2915

ere allowed to acclimate for 3 days after receipt, received daily ulnar loading for five con-
iosteal bone formationwasmeasured by histomorphometry after quadruple labelingwith
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Quantitative measurements of the mineralizing surface (MS/BS) at
three strain levels (3500, 4000, and 4500 microstrain) subsequently
showed that lamellar periosteal bone formation exhibited a dose-
dependent anabolic response to in vivo ulnar loading (Fig. 6). Ulnae
loaded at 4500 microstrain exhibited increased MS/BS compared with
contralateral controls (p b 0.05 loaded N control, paired t-test) for each
label pair (Fig. 6), which characterized three time points extending at
least 2 weeks after loading was ceased (Fig. 2). Ulnae loaded at 3500
and 4000 microstrain exhibited increased MS/BS compared with con-
tralateral controls (p b 0.05 loaded N control, paired t-test) for the
tetracycline-alizarin label pair (Fig. 6), which characterized the first
time point concluding after the second week of loading (Fig. 2), but
not at later time points after loadingwas ceased (Fig. 6). MS/BS exhibit-
ed an overall increase with increased strain levels for each interlabel
pair (p b 0.05, ANOVA). Pairwise differences between strain levels
within both loaded ulnae and contralateral controlswere not statistical-
ly significant.

The periosteal mineral apposition rate (MAR) was able to be consis-
tently measured for only the tetracycline-alizarin and alizarin-calcein
label pairs in ulnae loaded at 4500 microstrain. The mean (±standard
deviation) MAR in loaded ulnae and contralateral controls was 1.38
(0.38) and 1.23 (0.12) μm/day, respectively, for the tetracycline-
alizarin label pair, and 1.46 (0.56) and 1.19 (0.12) μm/day, respectively,
for the alizarin-calcein label pair. Differences in MAR between loaded
ulnae and contralateral controls were not statistically significant
(p N 0.45, paired t-test). The mean (±standard deviation) BFR/BS in
loaded ulnae and contralateral controls was 215 (136) and 113 (86)
μm3/μm2/year, respectively, for the tetracycline-alizarin label pair, and
212 (110) and 62 (25) μm3/μm2/year, respectively, for the alizarin-
calcein label pair. Differences in BFR/BS between loaded ulnae and
contralateral controls were statistically significant (p b 0.05 loaded N

control, paired t-test).
In contrast to periosteal bone formation, endosteal bone formation

did not exhibit a detectable dose-dependent response to in vivo ulnar
loading. Tetracycline-alizarin and calcein-xylenol orange labels
were too minimal for reliable measurement. Endosteal MS/BS for
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Fig. 5. Representative epifluorescent light micrographs showing labeled periosteal surfaces on transverse sections of whole ulnae subjected to peak compressive strain levels of (a) 3500,
(b) 4000, (c) 4500, and (d) 5250 microstrain during in vivo ulnar loading. Higher magnification images taken within the inset boxes show individual tetracycline (faint yellow), alizarin
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produce measurable levels of periosteal bone formation as evidenced by minimal labeled surface and undetectable interlabel separation (not shown). Ulnae loaded at 3500 microstrain
exhibited a detectable but very weak response with minimal labeled surface and minimal interlabel separation. Ulnae loaded at 4000 and 4500microstrain produced new lamellar bone
with 4500 microstrain providing the most robust response shown by interlabel spacing. Ulnae load at 5250 microstrain exhibited significant woven bone formation.
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the alizarin-calcein label pair was not affected by increased strain
levels, and differences between loaded ulnae and contralateral con-
trols were not statistically significant (p N 0.28, ANOVA). The pooled
mean (±standard deviation) endosteal MS/BS in loaded ulnae and
contralateral controls was 15.1 (15.6) and 22.2 (22.1) percent,
respectively, for the alizarin-calcein label pair.

Discussion

In vivo ulnar loading in rabbits provided a dose-dependent anabolic
stimulus for periosteal bone formation at peak ulnar compressive strains
ranging 3500–4500 microstrain, with 4500 microstrain producing the
most robust lamellar bone formation. Contralateral controls and strain
levels at 3000 microstrain did not produce measurable bone formation,
while strain levels at 5250 microstrain produced significant woven
bone on periosteal surfaces. In contrast, rats and mice exhibit periosteal
bone formation at strain levels b2000 microstrain for lamellar bone [9,
10,16,17,37] and b3000 microstrain for woven bone [13,16,37]. Thus,
rabbits required greater strain magnitudes to produce lamellar and
woven bone on periosteal surfaces of ulnae comparedwith rats andmice.

The reason for species-specific differences in strain thresholds for
periosteal bone formation in rabbits compared with rodents is not
immediately clear andwarrants further investigation. One potential ex-
planation is differences in basal periosteal bone formation levels and
mechanosensitivity between rabbits and rodents. In this study, the
pooled mean (±standard deviation) basal levels of MS/BS and MAR
for the ulnae of skeletally-mature rabbits were 9 (10) % (Fig. 6) and
1.2 (0.1) μm/day, respectively, which is comparable to measurements
at other cortical bone sites in rabbits [25,29]. Ulnar loading increased
MS/BS and MAR to a maximum mean value of ~35% (Fig. 6) and
~1.4 μm/day, respectively, for lamellar bone formation at 4500
microstrain (Fig. 6). In contrast, mean basal levels of MS/BS and MAR
in adult (7–8m/o) rat ulnae were 25–30% and ~0.9 μm/day, respective-
ly, which was increased to ~75% and ~2.5 μm/day, respectively, at
~4000 microstrain using an identical ulnar loading protocol [10].
Skeletal growth in rats continues well past sexual maturity [38] such
that already active modeling may be more readily stimulated by
exogenous loading.

Rabbits normally exhibit active Haversian remodeling within the
intracortical envelope [22–27] while rats and mice do not [1,20–23],
whichmay also factor into a species-dependent predisposition for peri-
osteal bone formation in rodents. Thus, rabbits exhibited remodeling
within the intracortical envelope in addition to the periosteal and
endocortical envelopes (Fig. 5), in contrast to rodents which normally
exhibit remodeling in only the periosteal and endocortical envelopes.
Nonetheless, rodent models will remain advantageous in the use of
powerful transgenic models, including knockouts and knockins, for
studying molecular mechanisms in bone mechanobiology [42]. There
are currently no comparable transgenic rabbit models utilized in skele-
tal research; however, transgenic rabbits have been developed to study
other human diseases, primarily cardiovascular disease [43,44], and
were reported to exhibit different skeletal phenotypes [45].

The rabbit ulnar loadingmodel was developed by adaptingmethods
from established rat ulnar loading models with two primary modifica-
tions in implementation. Rabbit ulnae required instrumentation capable
of greater applied axial loads to reach anabolic levels of strain (Fig. 4b)
due to rabbit ulnae exhibiting a ~3-fold greater size (length and cortical
diameter) compared with rat ulnae. Rabbits also required injected
anesthesia, rather than inhaled anesthesia, to achieve proper sedation
during ulnar loading and recovery assisted by an antagonist to the anes-
thetic. These differences in implementation had no affect on the model
repeatability. Variability in measurements of MS/BS andMAR in rabbits
was comparable to that exhibited by rodent ulnar loadingmodels [9,10,
16,17,37]. Moreover, the periosteal strain distribution within loaded



0

10

20

30

40

50

60

3500 4000 4500

Te
tr

ac
yc

lin
e-

A
liz

ar
in

 M
S

/B
S

 (
%

) Control
Loaded

Microstrain

(a)

*

*

*

0

10

20

30

40

50

60

3500 4000 4500

A
liz

ar
in

-C
al

ce
in

 M
S

/B
S

 (
%

)

Control
Loaded

Microstrain

(b)
*

(c)

0

10

20

30

40

50

60

3500 4000 4500

C
al

ce
in

-X
yl

en
ol

 O
ra

ng
e 

M
S

/B
S

 (
%

) Control
Loaded

Microstrain

*

Fig. 6. Periosteal mineralizing surface (MS/BS) measured in ulnae subjected to peak com-
pressive strain levels of 3500, 4000, and 4500 microstrain during in vivo ulnar loading,
compared with contralateral controls, for each pair of consecutive labels (Fig. 2):
(a) tetracycline-alizarin (days 7–14), (b) alizarin-calcein (days 14–21), and (c) calcein-
xylenol orange (days 21–28). Error bars show one standard deviation of the mean.
MS/BS was elevated in loaded ulnae compared with contralateral controls for each
interlabel pair at 4500 microstrain and for tetracycline-alizarin at all strain levels
(*p b 0.05 loaded N control, paired t-test). MS/BS exhibited an overall increase with
increased strain levels for each interlabel pair (p b 0.05, ANOVA). All measured data for
dynamic histomorphometry are available in the Appendix as Supplementary Content.
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ulnae (Fig. 3) and load-strain calibrations (Fig. 4) were comparable to
measurements in rats [14,15] considering scaling due to differences in
load/strain magnitudes and ulna size.
The results of this study suggest that bone adaptation during rabbit
ulnar loading is tightly controlled and can provide an alternative
model which may be more translatable for human cortical bone
mechanobiology than rodent models. Basal periosteal MS/BS and MAR
have been measured to be ≤10% and ≤1 μm/day, respectively, at
multiple cortical bone sites within nonhuman primates [39–41], as
well as in human iliac crest biopsies [46], similar to measurements in
this study. Rabbits are also well-suited for preclinical investigations of
osteopenia and pharmaceutical interventions as rabbits experience cor-
tical bone loss after ovariectomy [29], and respond to PTH [25,26],
bisphosphonates [28,29], and cathepsin K inhibitors [29]. Thus, rabbit
models could provide an alternative for preclinical pharmaceutical
investigations that otherwise require more costly and challenging non-
human primate models [29]. Moreover, rabbit ulnar loading could be
used to investigate the effects of aging and pharmaceutical interven-
tions on the mechanical regulation of cortical bone adaptation.
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