J Appl Physiol 128: 838-846, 2020.
First published March 12, 2020; doi:10.1152/japplphysiol.00416.2019.

RESEARCH ARTICLE

Applied mechanical loading to mouse hindlimb acutely increases skeletal

perfusion and chronically enhanced vascular porosity

Stephanie Gohin,! Behzad Javaheri,! Mark Hopkinson,! Andrew Anthony Pitsillides,! Timothy R. Arnett,>

and Chantal Chenu!

'Department of Comparative Biomedical Sciences, Royal Veterinary College, London, United Kingdom; and >Department of

Cell and Developmental Biology, University College London, London, United Kingdom

Submitted 19 June 2019; accepted in final form 6 March 2020

Gohin S, Javaheri B, Hopkinson M, Pitsillides AA, Arnett TR,
Chenu C. Applied mechanical loading to mouse hindlimb acutely
increases skeletal perfusion and chronically enhanced vascular poros-
ity. J Appl Physiol 128: 838—-846, 2020. First published March 12,
2020; doi:10.1152/japplphysiol.00416.2019.—Blood supply is essen-
tial for osteogenesis, yet its relationship to load-related increases in
bone mass is poorly defined. Herein, we aim to investigate the link
between load-induced osteogenesis and the blood supply (bone per-
fusion and vascular porosity) using an established osteogenic nonin-
vasive model of axial loading. Accordingly, 12 N mechanical loads
were applied to the right tibiae of six male C57BL6 mice at 10-12 wk
of age, 3 times/wk for 2 wk. Skeletal perfusion was measured acutely
(postloading) and chronically in loaded and contralateral, nonloaded
hindlimbs by laser-Doppler imaging. Vascular and lacunar porosity of
the cortical bone and tibia load-related changes in trabecular and
cortical bone was measured by nanoCT and micro-CT, respectively.
We found that the mean skeletal perfusion (loaded: nonloaded limb
ratio) increased by 56% immediately following the first loading
episode (vs. baseline, P < 0.01), and a similar increase was observed
after all loading episodes, demonstrating that these acute responses
were conserved for 2 wk of loading. Loading failed, however, to
engender any significant chronic changes in mean perfusion between
the beginning and the end of the experiment. In contrast, 2 wk of
loading engendered an increased vascular canal number in the tibial
cortical compartment (midshaft) and, as expected, also increased
trabecular and cortical bone volumes and modified tibial architecture
in the loaded limb. Our results indicate that each episode of loading
both generates acute enhancement in skeletal blood perfusion and also
stimulates chronic vascular architectural changes in the bone cortices,
which coincide with load-induced increases in bone mass.

NEW & NOTEWORTHY This study investigated modifications to
the blood supply (bone perfusion and intracortical vascular canals) in
mechanoadaptive responses in C57BL6 mice. Each episode of me-
chanical loading acutely increases skeletal perfusion. Two weeks of
mechanical loading increased bone mass and cortical vascular canal
number, while there was no chronic increase in hindlimb perfusion.
Our findings suggest that the blood supply may participate in the
processes that govern load-induced bone formation.

bone architecture; mechanical loading; skeletal perfusion; vasodila-
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INTRODUCTION

Mechanical loading increases bone mass and strength in
vivo (12, 25). In contrast, spaceflight, bed rest, hindlimb
unloading, and nerve injury are all associated with a reduction
in bone loading, leading to decreased bone mineral density
(BMD) and strength (1, 11, 52). Exercise and mechanical
loading of bone exert a huge influence on bone cell activity by
regulating bone interstitial fluid flow, intramedullary pressure,
and changes in vasodilation and constriction of blood vessels
(35). In addition, blood vessels and bone cells have many ways
to communicate, including the production of angiogenic fac-
tors, such as vascular endothelial growth factor (VEGF) by
osteoblasts (20). However, although bone formation is known
to be dependent on both bone blood flow (37) and angiogenesis
(6), the links between bone mechanoadaptation and the vascu-
lar supply modifications in bone are not completely elucidated.

Repetitive mechanical loading is one of the most robust
initiators of osteogenesis, and the effect on bone is evident
after only 2 wk of applied loading. Various loading models in
rodents have been described and validated previously (12, 30,
50). Using our tibial loading model, we have previously re-
ported that load magnitude greater than 9 N, (3 times/week for
2 wk) enhances cortical and trabecular bone volume (12).
Moreover, other studies have shown that the majority of
adaptive response in the cortical compartment is at the proxi-
mal region, suggesting that the magnitude of mechanoadaptive
responses might differ along the length of bone and is spatially
coordinated (12, 42, 53).

Bone’s adaptive response to loading is dependent on resident
bone cells and nutrient supply via the vascular network (35).
Previous studies have examined the role of the vascular supply
in bone metabolism and reported that a decrease of blood
supply to the bone is associated with a reduction of endothe-
lium properties through the principal nutrient artery (PNA), of
bone material properties and bone loss during aging (5, 36).
Hypoxia has a direct effect on osteoclast (increase in bone
resorption) and osteoblast functions (abolition of bone forma-
tion) in vitro (3, 51). In addition, cardiovascular disorders (e.g.,
hypertension) are correlated with a reduction in BMD in
women (49) and antihypertensive drugs, such as thiazides, can
prevent osteoporotic fractures (4). Moreover, intermittent para-
thyroid hormone (iPTH) treatment in mice is correlated with an
enhanced bone blood flow and bone formation (17) and with
increases in blood vessel number and volume (38).
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Changes in vascularization in response to loading have been
poorly studied. One study that focused on intramedullary
vessels only showed that 5 wk of treadmill exercise increased
vessel number along with enhanced bone formation rate and
decreased resorption in secondary spongiosa of the tibia (54).
Others have shown that the bone vascularity is enhanced at
specific sites of bone formation in response to damaging
fatigue loading of the rat ulna (27). Physical exercise in
humans and animals affects angiogenesis in vitro and in silico
models (16, 26). The links between osteoblasts and endothelial
cells after mechanical loading have been extensively studied in
these models. For example, the response of MC3T3-E1 osteo-
blast-like cells to mechanical stimulation induced by an orbital
shaker system involves the release proangiogenic factors that
are sufficient to increase endothelial cell proliferation, migra-
tion and sprouting (26). Moreover, the major angiogenic factor,
VEGEF, is released from osteoblasts in response to load-induced
mechanical stimulation (43). Previous work has also shown
that skeletal blood flow in the rat hindlimb measured by
radiolabeled microspheres is increased during exercise (41)
and following fatigue loading (31). No effect of acute exercise
on bone blood flow in dogs during graded treadmill exercise
was, however, demonstrated (32). Furthermore, an increase in
bone endothelial function in the femoral PNA has been asso-
ciated with enhanced trabecular bone volume after endurance
treadmill training in rats (13). The transport of vascular tracers
via the extravascular fluid flow through the bone in tibial
middiaphysis was enhanced by one episode of mechanical
loading using a four-point bending device (24). These data
emphasize that close links between endothelial and bone cell
responses to exercise exist but that their specific relationships
in vivo in response to a controlled loading stimulus have not
yet been fully elucidated.

The effects of exercise on the vascular supply network and
osteogenesis depend on loading conditions, such as stress types
and strain magnitudes (45). In some studies, using different
types of loading allows the dissociation between lamellar or
woven bone formation. It was demonstrated that woven bone
formation following stress fracture is associated with an in-
crease in blood flow rate measured by positron emission
tomography for 14 days after the damaging forelimb loading
episode, but there were no changes in the vascular network
after lamellar bone formation (45). In contrast, hindlimb un-
loading by tail suspension has been associated with decreased
bone blood perfusion measured by radiolabeled microspheres
and bone loss (10).

Most of these studies have used the injections of radiola-
beled microspheres to measure the bone blood flow (2). How-
ever, this technique is invasive because of the administration of
labeled microspheres into the circulation by arterial catheter-
ization or cardiac injection and requires the destruction of the
bone (46). Laser-Doppler imaging (LDI), in contrast, is not
invasive and monitors temporal variations and dynamic re-
sponses of color code map of blood flow (39), offering the
possibility to follow the dynamic response of bone blood flow
after each loading episode.

The aim of this study was to use an in vivo model of
mechanical loading of the tibia to investigate the dynamic
changes in skeletal perfusion after each episode of mechanical
loading and to assess the ensuing changes in cortical vascular
porosity that are engendered by a 2 wk-long osteogenic/
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antiresorptive mechanical loading protocol in male C57BL6
mice. We hypothesized that acute changes in bone blood
supply and chronic bone vascular microarchitecture will cor-
relate with mechanoadaptive bone mass changes. We make the
novel observation that loading leads to enhancement of bone
perfusion during the acute period, as well as chronic modifi-
cations in the cortical bone vascular network, consistent with
the new vascular structures.

MATERIALS AND METHODS

Study design. Six male C57BL/6 mice (10—12 wk of age) were
obtained from Charles River Laboratories (UK) and maintained under
controlled temperature (21°C) and lighting with 12:12-h light-dark
cycle. They received a standard mouse diet and water ad libitum. The
body weight of all mice was measured every week.

After 1 wk of acclimation, the right tibiae of each mouse was
loaded using a servo-hydraulic material testing machine (model
HCI10, Dartec, UK), three times a week for 2 wk at 12 N under general
anesthesia, as described below. Blood perfusion in both loaded and
contralateral, left (control) hindlimbs was monitored weekly, before
(baseline) and immediately after mechanical loading using laser-
Doppler imaging (LDI) under general anesthesia, as explained below.

At the end of the study, mice were euthanized by cervical dislo-
cation; right and left tibia were dissected, fixed in 4% formaldehyde
(Alfa Aesar, Ward Hill, MA) for 24 h, and stored in 70% ethanol for
microcomputed tomography (micro-CT) imaging. Following mi-
cro-CT scanning, all tibiae were dehydrated in acetone for 48 h and
embedded in methyl methacrylate (MMA; Sigma, UK) at low tem-
perature for nanoCT scan. All procedures performed in this study
conform to the principles and guidelines established by the Animals
Scientific Procedures Act and comply with UK Home Office regula-
tions.

In vivo tibial axial loading. Mice were anesthetized with isoflurane
gas (4%) balanced by oxygen approximatively for 10 min. Mechanical
loading was applied to the right tibia, as described previously (12).
Briefly, axial compressive loads were applied with a maximum peak
of 12 N for 0.05 s, with a rise and fall time each of 0.025 s using a
servo-hydraulic material testing machine. Right tibiae were loaded
three times a week for 2 wk (40 cycles/day). The contralateral leg (left
tibia) was, therefore, used as a control.

Measurement of hind limb perfusion using laser-Doppler imaging.
Laser-Doppler imaging (MoorLDI2 Imager, Moor Instruments, UK)
was used to monitor skeletal perfusion in both loaded and nonloaded
hindlimbs. To avoid skin irritation, hair on both thighs of mice was
shaved with a depilatory cream 2 days before measuring blood
perfusion.

During the experiment, mice were anesthetized with isoflurane gas
(2%) balanced by oxygen for approximatively 33-35 min. Body
temperature was maintained constant using a heated pad. Bone per-
fusion was recorded 10 min before the mechanical loading episode
(baseline) and immediately after for 30 min (acute effect) under
general anesthesia. Recordings were performed after each loading
session (six sessions in 2 wk). To assess the chronic changes in bone
perfusion after 2 wk of loading, blood perfusion measurements were
performed 3 days before the first loading episode (day 0) and 3 days
after the last loading (day 17) under general anesthesia.

The LDI flow meter measures the distribution of blood perfusion (a
combination of velocity and concentration of red blood cells) in
arbitrary units for a selected region of interest (4.7 cm X 3 c¢cm) with
a special resolution of 100 pwm/pixel.

The selected region of interest covers tissues from the thigh to the
foot to include the tibial artery and vein. The estimated maximum
depth of detectable vessels (in soft connective tissues) was 2—3 mm
(laser wavelength = 830 nm). The LDI displays a color-coded heat
map, where the maximum blood perfusion is indicated in red, and the
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less perfused region is indicated in dark blue. Skeletal blood perfusion
is expressed as the ratio of perfusion in the loading hind limb versus
the nonloaded. We have chosen to illustrate our results by showing
blood perfusion ratio between loaded versus nonloaded leg to com-
pensate for the variations among mice, the influence of the sedation,
and the changes due to the position of hindlimbs between the loading
machine and the LDI during the experiment.

Assessment of bone architecture in tibiae after bone mechanical
loading using micro-CT analysis. Right (loaded) and left tibiae (non-
loaded) dissected from male C57BL/6 mice were scanned using a
high-resolution micro-CT scanner (Skyscan-1172/F Bruker, Kontich,
Belgium), achieved at 50 kV, 200 pA, 0.5 mm aluminium filter, and
960-ms integration time. The isotropic voxel size was fixed at 5 pm,
the rotation step at 0.6°. Images of the whole tibia were reconstructed
using NRecon version 1.6.10.2 (Bruker). Cortical and trabecular
compartments were segmented manually and analyzed with CTAn
version 1.16.8.0+ (Bruker), as described previously (33). Briefly, the
trabecular bone corresponding to 5% of total tibial length starting
from 2.5% below secondary spongiosa was analyzed. The standard
morphometric parameters evaluated within trabecular compartment
were bone volume fraction (BV/TV, computed as the ratio of bone
volume, BV, over tissue volume, TV), trabecular thickness (Tb.Th),
trabecular separation (Tb.Sp), trabecular number (Tb.N), trabecular
pattern factor (Tb.Pf), and structure model index (SMI). The cortical
analysis was performed at two locations, 50% of the total tibia length
and at the tibiofibular junction in 100 tomograms for both locations.
The cortical bone parameters evaluated were tissue area (Tt.Ar), tissue
perimeter (Tt.Pm), bone area (Ct.Ar), average cross-sectional cortical
thickness (Ct.Th) and mean polar moment of inertia (pMMI). The
minimum threshold values for the micro-CT analysis were 60 for
trabecular bone and 100 for cortical bone.

Assessment of bone vascular and lacunar canals using nanocom-
puted tomography. Two regions of tibia were selected for porosity
analysis; the tibia midshaft, where adaptive responses were previously
reported (12) and the tibiofibular junction, at which no mechanoad-
aptive responses have been observed (12). These two regions were
scanned using Skyscan 1172, with a modified protocol (21): 0.6-pm
voxel size, 200 wA, 50 kV, and 5,000-ms exposure time with
0.25-mm aluminium filter (99.999% purity, Goodfellow, Huntington,
UK) and 360° at a rotation step of 0.25°. Two-frame averaging was
used to remove the signal-to-noise ratio. The scan time for each tibia
was ~4 h, and thus, thermal shift correction was employed to recon-
struct 300 slices (NRecon 1.6.9; Brucker, Kontich, Belgium). Vascu-
lar canals and lacunar pores were discriminated by their size and
connectivity, as described previously (29). On the basis of previous
studies using confocal and nano-CT (8, 9, 21, 28, 29, 47), pores
smaller than 13 wm? and larger than 1,500 wm? were considered to be
noise and vascular porosity, respectively. Morphometric indices for
lacunar and vascular canals were determined by measuring the three-
dimensional (3D) parameters of each discrete object within the vol-
ume of interest after segmentation. These indices for vascular canals
included average vascular canal number (N.Ca), vascular canals
number per total cortical bone volume (N.Ca/Ct.BV), total vascular
canals volume (Ca.Tot.V), and vascular canals volume per total
cortical bone volume (Ca.V/Ct.BV). For the lacunar canals, average
lacunae number (N.Lc), lacunae number per total cortical bone vol-
ume (N.Lc/Ct.BV), lacunae volume (Lc.V), and lacunae volume per
total cortical bone volume (Lc.V/Ct.BV) were measured.

Statistical analyses. Sample sizes were determined according to our
previous studies (21, 22). Results are reported as the means * SD.
Results for the chronic effect of mean perfusion ratio data at DO and
D17, the bone parameters and cortical porosity (left and right sides)
were compared by paired r-test. Kinetic mean perfusion ratio data
were analyzed by one-way ANOVA, followed by Kruskal-Wallis post
hoc test. Statistical analyses were performed using Prism v.7 software
(GraphPad, San Diego, CA). The statistical significance threshold was
taken as P < 0.05.
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RESULTS

Applied mechanical loading to tibia induces acute but not
chronic increases in hindlimb perfusion. Acute and chronic
changes in bone perfusion in both hindlimbs were measured
using LDI in mice that exhibited no changes in mean body wt
during the 2-wk-long experiment (DO =24.1 *1.7 g;
D17 =245 £ 1.6 g, means = SD; n = 0).

Figure 1 shows the mean perfusion ratio between right
(loaded) and left (control) hindlimbs from times before (base-
line = 10 min) and after the loading period (recorded for 30
min) for each of the six loading episodes. Before the first
loading, the mean perfusion ratio between loaded and non-
loaded hindlimbs for the baseline period was 0.977 = 0.018
a.u., demonstrating that the perfusion in both legs was almost
similar. It is evident that the first episode of mechanical loading
produced rapid and significant increases in the mean perfusion
ratio from 0.977 £ 0.018 to a maximum value of 1.522 *
0.245 recorded soon just after the loading episode, representing
an increase in perfusion of 56% compared with the baseline
(P < 0.01 vs. baseline; Fig. 1A). The second, third, fourth, fifth
and sixth episodes of mechanical loading all increased the
mean perfusion ratio with elevations of 51%, 48%, 50%, 64%
and 50% compared with the baseline, respectively (Fig. 1,
B-F). The mean perfusion ratio returned to baseline within 10
min after each episode of loading (Fig. 1).

Our results demonstrate that the loaded hindlimbs were
transiently more perfused after the loading episode than the
nonloaded limbs. This increase in perfusion ratio occurred
repeatedly and persisted throughout each loading episode.

Our data also demonstrate that the accumulated effect of 2
wk of mechanical loading did not, however, affect the mean
perfusion ratio, since our results show no statistical difference
between baseline on day 0 (1.005 = 0.045) and day 17
(1.028 = 0.103; Fig. 2, A and B). These data indicate that
applied mechanical loading induces acute, but not chronic,
increases in hindlimb perfusion 3 days after the last episode of
loading in male C57BL/6 mice.

Mechanical loading increases trabecular and cortical bone
parameters. Micro-CT was used to examine the effect of 2 wk
of loading on trabecular bone mass and architecture. As ex-
pected, the right loaded tibia had higher trabecular bone mass,
indicated by significantly greater trabecular volume percent
(BV/TV: +17%; P < 0.05) and trabecular thickness (Tb.Th:
+6%; P < 0.05) compared with the left nonloaded tibia (Table
1). The trabecular number also tended to be higher in right
loaded compared with the left nonloaded tibia, although this
did not reach levels of statistical significance (P = 0.067;
+11%; Table 1). Trabecular separation, trabecular bone pat-
tern factor (which measures bone connectivity), and SMI were,
in contrast, not modified by 2 wk of loading (Table 1).

The effects of loading on cortical bone mass and architecture
were measured at 50% of the total length of tibia and at the
tibiofibular junction. At 50% of total length of tibia, the right
loaded tibia showed greater cortical area (+6%; P < 0.05,
Table 1) and average thickness (+4.5%; P < 0.05, Table 1),
but no changes in tissue area, tissue perimeter, or mean polar
moment of inertia (pMMI) compared with the nonloaded limb
(Table 1). However, at the tibiofibular junction, loading did not
modify cortical area, tissue area, average thickness, tissue
perimeter, or pMMI in the right loaded tibia compared with the
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Fig. 1. Mechanical loading increases bone perfusion acutely after each loading episode. Blood perfusion in the loaded and nonloaded legs was evaluated as the

ratio of the mean perfusion of the loaded leg to that of the nonloaded one. The mean perfusion ratio was measured after each loading (n = 6 mice). Load 1 (A),
Load 2 (B), Load 3 (C), Load 4 (D), Load 5 (E), and Load 6 (F). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 vs. baseline. Gray area denotes

mechanical loading applied in the right leg for ~10 min.

left nonloaded ones (Table 1). Thus, loading induces a net
osteogenic effect at 50% of the tibia length but had no signif-
icant effect at the tibiofibular junction.

Load-related cortical bone mass increases at the tibia mid-
shaft are linked to greater vascular but not lacunar porosities.
We measured the effects of 2 wk of loading on cortical porosity
at both the tibiofibular junction and at 50% of the tibia length
using nano-CT. Two weeks of mechanical loading generated
raised vascular canals number (+94%; P < 0.05, Fig. 3E) and
greater number when normalized against bone mass (+82%; P <
0.05, Fig. 3, A, B, and E) at the tibia midshaft; the total canal

A
Loaded leg

Non-loaded leg

volume was not modified (Fig. 3A, B, and F). The number and
volume of lacunar pores were also not significantly different in the
loaded, compared with the nonloaded, tibiae (Fig. 3A, B, G, and
H). At the tibiofibular junction, however, neither vascular porosity
nor lacunar porosity was different in the loaded versus nonloaded
limbs tibia in response to loading (Fig. 3, C—H).

DISCUSSION

In this present study, we investigated the role of vascular
supply to bone in which osteogenesis had been induced by
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Fig. 2. Lack of effect of chronic mechanical loading on bone perfusion. A: representative laser-Doppler image of the mouse hind limb perfusion before 2 wk of
mechanical loading (D0). The color-coded heat map shows the maximum (red) and the minimum (blue) levels of perfusion expressed in arbitrary units representing the
total blood perfusion. White delimited area is the area used to calculate the mean perfusion ratio (total area: 2 cm?). B: ratio of the mean perfusion in loaded leg to that
of the nonloaded one was measured 3 days before the first loading (D0) and 3 days after the last loading (D17) (n = 6 mice). P > 0.05 vs. DO.
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Table 1. Micro-CT analysis of trabecular and cortical bone at 50% of total length of tibia and tibiofibular junction

Bone Parameters

Left Nonloaded Tibia

Right Loaded Tibia

Trabecular Bone Parameters

BV/TV, % 16.27 = 2.49 19.03 = 2.66*
Tb.Th, mm 0.053 = 0.005 0.057 = 0.005*
Tb.N, 1/mm 3.05 £0.33 337 =0.51
Tb.Sp, mm 0.17 = 0.02 0.15 = 0.04
Tb.Pf, 1/mm 2421 =2.02 28.30 = 17.55
SMI 2.13 £0.16 249 = 1.10

50% of Total Tibial Length

Tibiofibular Junction

Left Nonloaded Tibia

Right Loaded Tibia

Left Nonloaded Tibia Right Loaded Tibia

Cortical Bone Parameters

Tt.Ar, mm? 1.99 = 0.23 1.99 = 0.20 0.95 = 0.11 097 =0.12
Ct.Ar, mm? 0.67 = 0.06 0.71 = 0.07* 0.63 = 0.07 0.65 = 0.09
Tt.Pm, mm 7.73 =042 7.63 =0.43 6.00 = 0.37 6.04 = 0.37
Cs.Th, mm 0.188 = 0.009 0.196 = 0.009%* 0.206 £ 0.011 0.210 = 0.017
pMMI, mm* 0.19 = 0.04 0.20 = 0.04 0.13 = 0.03 0.14 = 0.04

Both tibia were dissected at the end of the experiment (D17) and analyzed by micro-CT (n = 6 mice). Values are means = SD; *P < 0.05 versus left nonloaded
tibia. Trabecular parameters: BV/TV, bone volume percent; SMI, structure model index; Tb.N, trabecular number; Tb.Pf, trabecular pattern factor; Tb.Sp,
trabecular separation; Tb.Th, trabecular thickness. Cortical parameters: Ct.Ar, bone area; Cs.Th, cross-sectional thickness; pMMI, mean polar moment of inertia;

Tt.Ar, tissue area; Tt.Pm, tissue perimeter.

controlled mechanical loading in male C57BL6 mice. We
observed an acute and transient increase of bone perfusion in
the hindlimb after each episode of loading, which was consis-
tently present after each repeated episode of loading (around
50% of the mean perfusion ratio). We also found, however,
that loading did not affect the mean chronic perfusion ratio 3
days after the last episode of loading but did significantly
increase the number of vascular canals, and not lacunar poros-
ity, only where enhancement of cortical bone mass is observed.

The new bone formation induced in models of applied
mechanical loading is well established. The loading protocol
used in our study consists of a multiday loading protocol (three
loading episodes/week for 2 wk at 12 N). The design of this
study assumes that the bone remodeling induced by mechanical
loading in the right leg (loaded leg) does not influence the
contralateral bone (nonloaded leg), as previously demonstrated
(42). As expected, loading increased trabecular and cortical
bone mass and architecture, in agreement with previous studies
(12, 42, 53).

The blood flow changes (augmenting or diminishing) result
in the neovascularization or vascular rarefaction phenomena
and/or vasodilation or vasoconstriction of arteries. At present,
the most used bone blood flow measurement techniques in
animals are the administration of labeled microspheres (gold
standard), the laser-Doppler flowmetry and positron emission
tomography (46). A positive correlation between the reference
measurement of blood flow (labeled microspheres) and blood
perfusion measured by LDI (a continuous and noninvasive
measurement of blood flow) supports the use of LDI to mea-
sure the velocity of bone blood flow (39). In our study, we used
LDI to image skeletal perfusion in the limbs without any
dissection of soft tissues to be able to repeat our measurements
over time. This is a limitation of our study as we can’t be sure
to solely quantify bone blood flow. We rather measure limb
blood flow. Although LDI has good reproducibility and repeat-
ability, several factors can cause significant variations in blood
flow detectable by LDI, such as cardiac activity, temperature,
sympathetic activity, anesthesia, and body positioning (18).
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Previous measurements of bone blood flow after exercise or
applied mechanical loading to bone were mostly performed
using labeled microspheres (31, 41, 48). Using LDI, we have
found that applied loading produced immediate transient
hindlimb perfusion within the 10-min duration of loading. Our
results are consistent with other studies using labeled micro-
spheres (31) or '8F-fluoride positron emission tomography
(PET) in rats (40) that show that a single period of cyclic
fatigue loading immediately increased ulnar blood flow. A
major advantage of our study design was the ability in using
LDI to assess the immediate skeletal perfusion after each
episode of loading longitudinally in the same cohort of mice.
Moreover, because our model consists of repeat cycles of
loading, we were also able to measure for the first time, the
effect of repeat loads on skeletal perfusion. We have demon-
strated that this transitory limb bone load-related perfusion
persisted during the entire experiment, indicating that the bone
vascular response and reactivity did not deteriorate during the
application of repeat episodes of loading.

Previous studies have shown differences in the effects of a
single period of cycling fatigue loading on bone blood flow
depending on load magnitude and frequency. A single period
of cyclic compressive fatigue loading using haversine wave-
form with a very high maximum peak load between 17.3 and
21.4 N for 22,000 cycles increased the bone blood flow for 3
wk, which peaked during the first week postloading (40). In
contrast, a similar protocol of fatigue loading (maximum peak
load at 16 N, 1,000 cycles) is responsible for an increase in
blood flow, persistent only for 5 days (31). In both previous
studies, a single and unique bout of fatigue loading was applied
with very high force (from 16 N to 21 N) and with a very high
number of cycles (from 1,000 cycles to 22,000 cycles). How-
ever, in our model of loading, we only observed a vascular
transitory effect, as the skeletal perfusion returned to nor-
mal, contralateral limb levels within 10 min. This difference
might be due to lower load magnitude (12 N) and the
number of cycles compared with the aforementioned studies
and suggests that the vascular response may depend on the
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Fig. 3. Mechanical loading increases vascular porosities at the tibia midshaft but not at the tibiofibular junction. Vascular and lacunar porosities were measured
at the tibia midshaft and at the tibiofibular junction using nano-computed tomography after 2 wk of mechanical loading. Four representative pictures illustrating
vascular canal porosity in red and lacunar porosity in yellow segmented from 300 consecutive images taken /) at 50% of total length of tibia in left nonloaded
tibia (A) and right loaded tibia (B) and 2) at the tibiofibular junction in left nonloaded tibia (C) and right loaded tibia (D). Bar charts representing average vascular
canals number (N.Ca) and vascular canals number per total cortical bone volume (N.Ca/Ct.BV) (E), total canal volume (Ca.Tot.V) and vascular canals volume
per total cortical bone volume (Ca.V/Ct.BV) (F), average lacunae number (N.Lc) and lacunae number per total cortical bone volume (N.Lc/Ct.BV) (G), and total
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(H). Values are expressed as means = SD. *P < 0.05 vs. left nonloaded tibia. (n = 4 mice).

loading protocol. The distinction between our model and the
fatigue models used previously may inform our understand-
ing of vascular responses in the context of near-physiolog-
ical loads, applied in our model, compared with those allied
to pathophysiological responses to load-induced fatigue. It
is tempting to speculate, therefore, that the vascular re-
sponses involved in the fatigue models are more associated
with chronic inflammatory responses requiring a longer,
more persistent vascular response.

Exercise has been associated with either increases or no
changes in bone blood flow (13, 32, 48). It was previously
shown that a program of exercise training generates significant
improvements in femoral bone properties in old rats via an
increase in nitric oxide-mediated vasodilation (13) and im-
proves regional bone and bone marrow blood flow during
exercise (41). Treadmill exercise is, however, very different

pl Physiol « doi:10.1152/jap]i>

from our in vivo axial loading of bone, as it involves changes
in muscle mass, heartbeat rate, blood pressure, and hormone
levels. Our model for applying axial loads is more suitable for
identifying the modulation of bone adaptation to loading inde-
pendently of other systemic factors. Our data support the
hypothesis that mechanical loading rapidly increases hind-limb
perfusion, suggesting direct actions of loading on vascular
perfusion that may be mediated by nitric oxide. This is also
consistent with our previous work, which has established that
bone osteocytes exhibit rapid increases in nitric oxide produc-
tion in response to mechanical strain (34). This hypothesis
needs, however, to be confirmed by future in vivo experiment
with the use of nitric oxide synthase (NOS) antagonists or NOS
knockout mice.

Hindlimb baseline blood perfusion levels were not modified
by any number (up to six) of loading episodes, indicating that
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there were no measurable chronic changes in hindlimb baseline
blood perfusion after repetitive loading.

Interestingly, before the fifth day of loading, the mean
perfusion ratio baseline was below 1, indicating that the base-
line blood perfusion of the loaded limb was slightly less than
the nonloaded one. It has previously been shown that low- to
moderate-intensity treadmill exercise in dogs induces vasocon-
striction of bone vessels, while at the same time vasodilation of
skeletal muscle vessels (19), suggesting that bones participate
in a redistribution of cardiac output during exercise. In our
study, the modest decrease in baseline blood perfusion evident
before the fifth load suggests that bones have also taken part in
a redistribution of newly emerged cardiac output or blood
perfusion during loading. Furthermore, the increase in
hindlimb perfusion after the fifth episode of loading tended
to stay higher than the baseline values, suggesting that the
loaded legs may retain the perfusion longer, although this was
not significant. A previous study also suggested that the per-
sistence of blood flow elevation for 5 days is potentially
correlated with the emerging adaptive responses to loading
(31). Furthermore, blood flow elevation is also associated with
adaptive bone remodeling in ovariectomised rats (14). Thus,
the baseline blood perfusion changes or a new distribution of
blood perfusion may appear concomitantly with the adaptive
response to loads (new bone formation) in our study.

Chronic exercise is strongly associated with beneficial car-
diovascular events and angiogenesis. In this study, we also
quantified the cortical vascular network and compared it across
two bone regions either lacking (tibiofibular junction) or show-
ing load-related increases in bone mass (midshaft) by nanoCT
scanning, to produce true 3D representations of vascular and
lacunar porosities (7). We show that loading increases the
number of vascular canals but not the lacunar porosities in the
region where osteogenic responses are detected. The increase
in vascular pores seems to predominate in the anterior portion
of the tibial cortex and spread both endocortically and in the
subperiosteal surface. Our cross-sectional study does not, how-
ever, allow for the identification of newly formed vessels from
the preloading status.

Previous work also showed that 2 wk of treadmill training
are sufficient in the rat to enhance vessel number in the tibial
secondary spongiosa (54). They also demonstrate that 10 days
of treadmill training increased VEGF expression in cancellous
bone and periosteum. In addition, the bone vascular adaptation
induced by 5 wk of training was blocked by anti-VEGF
treatment, confirming the important role of angiogenesis in
exercise-induced bone gain (54). Furthermore, 2 wk of physi-
cal exercise increased bone angiogenesis in tibial secondary
spongiosa (vessels number and VEGF expression) coupled
with increased cancellous bone formation in running rats (54).
Increased osteogenesis induced by fatigue loading was also
coupled with increased ulnar vascularity in rats (27). In this
paper, the authors demonstrated that the significant enhance-
ment in angiogenesis in the periosteum of loaded ulnae was
occurring before the significant increase in bone mass, sug-
gesting that the increase in bone vascularity preceded the
increase in bone size (13, 35). Furthermore, bone fatigue
loading increased ulnar vascularity only in a specific osteo-
genic region, similar to our study. The fact that we only
observed an increased vascular porosity in the osteogenic
region suggests a strong and direct link between the magnitude
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of the osteogenic response to loading and the number of bone
vascular canals. The transient increase in bone perfusion and
the observed increase in vascular canals are positively corre-
lated, with the increases in trabecular and cortical bone volume
observed in response to loading. Several studies in the litera-
ture, indeed, support this hypothesis of a link between bone
formation and blood supply (27, 36, 54).

Bones also contain lacuna-canalicular porosity with inter-
connected fluid-filled pores. The mechanical stimuli induced
by the applied loading are detected by osteocytes (23). It is
well known that the osteocytes are coupled via the lacunae in
the cortical compartment. In our study, two weeks of mechan-
ical loading did not significantly change the lacunar porosity.
The lacunar porosity has a lower permeability compared the
vascular porosity, and the magnitude of pressure experienced
by osteocytes in vivo may reach up to 5 MPa (15). We cannot
exclude that the force applied by the loading system in our
study is not sufficient to reach the activation of the lacunar
porosity. We do not propose either that the vascular effects are
independent of osteocytes mechanotransduction. Mechanoad-
aptive responses in bone are mediated by osteocytes, and while
their numbers are not increased, their responses to mechanical
stimuli direct osteoblasts to form bones and prevent osteoclast
resorption. The culminating effect of this master regulation is
new bone formation; increased vasculature is, thus, an inherent
component of new bone formation.

In this study, we only measured bone mass/architecture and
vascular porosities after 2 wk of loading, but the increase in
bone perfusion was visible immediately after the loading epi-
sode, as previously shown (46). After stress fracture, the early
changes in blood flow occur before angiogenesis that begins at
day 3 during woven bone formation (44). We propose, as
previously suggested (13, 34, 35), that the immediate and
conserved vasodilation induced by mechanical loading occurs
before new vascular structures and osteogenesis, indicating
that the increased blood perfusion with the transport of oxygen,
nutrients, circulating factors, such as prostaglandins, nitric
oxide, and VEGF, and cells initiated the increased cortical
vascular porosity and then bone formation.

Conclusion. We report that applied mechanical loading in-
duces bone vascular adaptation, involving acute increases in
skeletal perfusion and more long-term elevations in vascular
porosity, which are regionally linked to load-related modifica-
tion in bone mass and architecture. This emphasizes a potential
vascular involvement in the osteogenic response induced by
2wk of mechanical loading and that increases in bone blood
supply might be a therapeutic target for osteoporosis treatment.
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