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Abstract: Osteoporosis is a major disease in aged women, increasing the risk for fractures accompanied by changes in the
microarchitecture. The aim of this study was to investigate the three-dimensional (3D) histomorphology of femur diaphysis
in the animal model for postmenopausal osteoporosis. The cortical bone of femur diaphysis of the rat was serially sectioned at
a thickness of 5 um and evaluated age-associated changes of the intracortical (osteonal) canal networks three-dimensionally.
Cortical microstructures of 10-month old rats were not affected by ovariectomy. Intracortical canal networks were radial
toward endosteal aspect and frequently interconnected across the neighboring canals with short arciform and irregular canals
reminiscent for resorption spaces in ovarectomized 16-month old rats, contrary to intact canals in 16-month old control
rat. Increased proportion of the periosteal circumference lamella and deformed endosteal regions with rare cortical canals
hampered reconstructive histomorphology in ovarectomized rats of 26 month age. We have shown that 3D reconstruction
of rat femur of the aged model over 16-month old is suitable methods that evaluate and microstructural change of the

intracortical canals and cortical bone porosity by estrogen depletion.
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Introduction

Osteoporosis is a major disease of aging, characterized
by low bone mass and microstructural deterioration of bone
that lead to increased susceptibility to fractures [1]. Osteopo-
rosis has complex pathogenesis and multifactorial etiology
and the main risk factors are represented by the menopausal
hormonal changes [2-4].
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Although osteoporosis-related fracture risk is clinically
assessed by a decrease of overall bone mineral density, the
mechanical properties of bone are determined not only by
bone mass but also by bone quality. An important parameter
of bone quality is the ability of the material to withstand
microdamage which is greatly affected by bone microarchi-
tecture [5-9]. Many studies have focused on trabecular bone
alterations in pathologic conditions owing to their earlier re-
sponse of bone loss than cortical bone in animal models and
human [10-17]. However, cortical bone globally represents
80% of the skeleton bone mass and therefore contributes in-
dispensably to mechanical bone strength [18].

The cylindrical structural units that comprise most cor-
tical bone are osteons lie parallel with each other in lone
bones. Adjacent osteons may encroach on one another dur-
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ing successive periods of bone remodeling [19]. Deterioration
of bone microarchitectures such as cortical porosity and
disorganization of osteonal canals could influence to main-
tenance of bone homeostasis and mechanical properties of
appendicular bones [1, 20-22].

This study aimed to compare fine details of bone mi-
crostructural morphology of the cortical bone between the
osteoporosis and control (CON) groups using three-dimen-
sional (3D) reconstruction. A histomorphology following
the osteonal canal networks across the lifespan of the ani-
mal model may facilitate understanding of the etiology and
pathophysiology of osteoporosis in postmenopausal women.

Materials and Methods

Subjects
The study was carried out on the femurs of eighteen fe-

male Sprague-Dawley rats. At the age of 9 weeks weighing
approximately 190 g, animals were divided into two groups:
CON and ovariectomized (OVX) (Fig. 1A). OVX rats were
anesthetized with a mixture of ketamine (90 mg/kg) and
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xylazine (10 mg/kg) by intraperitoneal route. Ovariectomy
was preceded by two dorsolateral incisions. CON and OVX
rats maintained in a controlled environment with a room
temperature of 22°C+4°C, a relative humidity of 55%+20%,
and a 12-hour light and dark cycle in the animal facility of
the Medical School of Konkuk University.

Animals at 8, 10, 16, and 26-month old were sacrificed
spatially to clarify the morphologic dynamics of the femoral
cortex under influence of ovariectomy. Animals care proto-
col was reviewed by the Institutional Animal Care and Use
Committee at Konkuk University (IACUC-KU09054).

Histological evaluation

Excised femurs were dissected from soft tissues and decal-
cified in 5%-formalin. The femurs were cut with a blade in a
plane perpendicular to the longitudinal axis of the diaphysis.
The specimens were trimmed to 5 mm? sized pieces to make
them easier to handle and to facilitate the acquisition of im-
ages during fixation. The anterolateral region of the mid-
diaphyseal parts was decalcified and embedded in a block of
paraffin (Fig. 1B). Serial sections were cut in the plane per-

Fig. 1. Specimens subjected to histomorphologic evaluation. (A) Significant weight gain of OVX group compared to the CON rat. (B) Scheme of

the preparation of rat femur. The section planes for anterolateral aspect of a femur (dotted box) and the references for mid-diaphysis (lined box).

A, anterior; CON, control; L, lateral; M, medial; me, marrow cavity; OVX, ovariectomized; P, posterior.

Fig. 2. A histological section of 10-month old control rat. (A) Osteons (black arrows) were concentrated in the mid-cortical area (H&E, x200).

(B) Magnification of osteon with lacuna (red arrows) (H&E, x100). Periosteal circumference lamella (black arrows). ¢, mid-cortical area; e,

endothelial aspect; o, osteon; p, periosteal aspect.
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pendicular to the long axis of the bone at a thickness of 5 um
and stained with Hematoxylin and Eosin (Fig. 2).

Three-dimensional reconstruction

All of the stained cross sections were photographed using
a 2,048x1,536-pixel digital CCD camera (DP70; Olympus,
Tokyo, Japan). The intracortical (osteonal) canals of the
femur were segmented manually and reconstructed at 50-
um intervals by ‘Reconstruct’ software (this software can be
downloaded from http://synapseweb.clm.utexas.edu/soft-
ware-0; accessed April 1, 2019).
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Results

Cortical bone of diaphysis of rat femur composed of the
endosteal circumference lamella toward the marrow cav-
ity, a mid-cortical area abundant with vascular canals, and
the periosteal circumference lamella under the periosteum
(Fig. 2A). There was no obvious histological difference be-
tween CON and OVX groups under 16 month of age (8 and
10-month age; data not shown). Intracortical (osteonal) canal
networks of rat cortical bone could be described as the os-
teon deficient in complete concentric structures, but accom-

c P

Superior view

Fig. 3. Changes of cortical microstructures in 16 months’ rats. (A) Cross section of the rat femur stained with hematoxylin and eosin. Compared
to a CON rat, oval osteons toward endosteal aspect and coarse compact cancellous bone with unorganized tissues (yellow asterisks) are evident
inan OVX rat (H&E, x200). (B) Lateral views of the 3-dimensional structure of the cortical canal networks. Cortical canals are pre-dominantly
separated and longitudinal in the entire area in a CON rat. In an OVX rat, radial canals adjacent to the endosteal region were convoluted
and closely connected cach other or disconnected (yellow arrows), while that of the periosteal region was straight. (C) Superior views of the
3-dimensional structure. The canal openings faced the marrow cavity much more than the periosteum. Osteonal canals with dichotomous
branching oriented obliquely toward the endosteal aspect. All images have the same magnification. CON, control; e, endothelial aspect; OVX,
ovariectomized; p, periosteal aspect.
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panied abundant lacunae (Fig. 2B).

In a CON rat at 16 months’ age, the periosteal circumfer-
ence lamella increased the thickness and resorption cavities
appeared at the medial mid-cortical areas. However, intact
endosteal surface and round or oval vascular canals retained.
In an OVX rat at 16 months’ age, oblique osteons toward
the marrow cavity and the periosteal bone disposition with
coarse unorganized tissues were evident (Fig. 3A).

All tubular structures both pre-existing osteonal canals
and polycyclic pits unknown were subjected to 3D recon-
struction procedures. In a CON rat at 16 months’ age, osteo-
nal canals with bifurcation patterns were generally oriented
along the longitudinal axis of the diaphysis and separated
independently. In an OVX rat at 16 months’ age, radially
oriented canals toward the endosteal aspect occupied endos-
teal aspect of the mid-cortex area with local irregularities in
canal orientations (Fig. 3B). Osteonal canals on the endosteal
side were wider and convoluted, more intricately intercon-
nected resulted in increased cortical porosity in the endos-
teal cortex (Fig. 3C).

A thickness of the cortical bone was reduced in both CON
and the OVX group at 26 months’ age. In an OVX rat, the
cortical bone exhibited an irregular morphology that oblit-
erated the osteonal canal morphology and had an enlarged
resorption space in the endosteal surface. A cortical thinning
by the endosteal erosion, trabecularization of the endosteal
aspect of the cortical volumes, and a thickened periosteal
circumference lamella preclude 3D reconstruction (Fig. 4).

CON
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Discussion

Osteoporosis is one of the most common disorders in
postmenopausal women, increasing the risk for bone frac-
tures accompanied by changes in the microarchitecture [2].
The nature of microdamage accumulations under fatigue
loading and its location in the bone matrix plays a role in
determining the age-related fragility of cortical bone [6].
Particular emphasis is placed on the role of estrogen in the
signaling pathway related to the biological remodeling pro-
cess through resorption/regeneration contributing to bone
strength [3, 16, 23-25]. Therefore, the OVX rat is a widely
used preclinical model approved by the Food and Drug Ad-
ministration that emulates the important clinical feature of
the postmenopausal human skeleton [12, 14, 15]. The bone
loss in postmenopausal women and OVX rats are associ-
ated with elevated bone turnover and continuous change to
cortical microstructures in long bones by the excavation and
refilling of cavities during the lifetime [26-28].

A better understanding of the relation between cortical
bone microstructures and bone strength might be relevant
for evaluating the fracture risk of osteoporotic patients, par-
ticularly in the appendicular skeleton to allow efficient lo-
comotion of the body [18, 29]. Kim et al. [30], demonstrated
the actual osteonal canal network using 3D reconstruction
in adult rats. The present study evaluated the intracortical
canal networks of anterolateral femur of entire volume, sub-
jected to aged groups by the same methods. 16 month old
rats showed remarkable changes in the histological and 3D
cortical matrix by ovariectomy. A 3D images of 16-month
old OVX rats suggested by the present study showed osteo-

e = J0oum :
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Fig. 4. An age-related cortical bone loss coupled with the expansion of the medullary cavity and thickened periosteal circumference lamella

in rats of 26-month old (H&E, x200). Reduced volume of mid-cortical area in a CON rat (green arrows). Disorganized mid-cortical area and

irregular endosteal surface with resorption cavities (red arrows), trabeculae (black arrows), and thickened periosteal circumference lamella

(asterisk) in an OVX rat. CON, control; OVX, ovariectomized.
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porosis progresses which are defined as the overall thickness
of cortical bone decreases and highly interconnected and
disorganized cortical canals in the endosteal aspect (Fig. 3B,
C). The regional difference of intracortical canal orientations
of the femur may have been a result of the regional variation
in strain mode loaded to bone [22, 31, 32].

Osteon aligns themselves parallel to the loading direction
corresponds to habitual principal stress direction aimed at
improving bone’s ability to endure the loading [33]. Several
studies proposed that the prevailing oblique orientation of
the secondary osteon correlate with bending to the medial
side and to an external rotation torsional loading causes
more circumferential canals, whereas compression and ten-
sion resulted in more longitudinal canals [21, 34-36]. Corti-
cal mass at the long bone of rats are known to continues
expansion until about 10-12 month old, and a decrease in
bone strength was not apparent in femoral mid-diaphysis
until 15-month old post ovariectomy [12]. The orientation
of the cortical canal network in a bone is the consequence of
a complex interaction between the growth rate of that bone
and the functional loading environment [37].

In the present study, the periosteal bone formation in aged
OVX rats showed thickened periosteal circumference lamella
with endosteal erosion (Figs. 4, 5). In the cortical bone, the
aging causes the endocortical resorption leading to cortical
thinning and marrow cavity expansion, and accumulation
of the periosteal lamella deficient in lacuna [3, 7]. This his-
tomorphology corresponds with previous reports that bone
loss in aging occurs at endosteal surfaces adjacent to the

pcl

Age

Shin-Hyo Lee, et al

marrow cavity contrasted to extended periosteal region re-
sistant to remodeling [5, 24, 38]. Osteoporotic cortical bones
might be vulnerable to absorb sudden torsional loading from
the relative vulnerability of the medial cortical region.

The limitations of the present study are that the labora-
tory rodents have been considered to suitability as models for
the cortical bone turnover process because of a lack of Ha-
versian remodeling activity [5]. Although Haversian systems
in rodents have been known to be incomplete owing to the
morphology of interstitial lamella [39-44], elderly rats over
16 months of age developed the resorption cavity and irregu-
lar osteonal canals with vascular endothelium in the femoral
cortex in the present study. In the mature established vas-
culature, the endothelium plays a pivotal role in the mainte-
nance of homeostasis of the surrounding tissue providing the
communicative network to neighbouring tissues to respond
to requirements as needed [45]. Therefore, we suggested that
the elderly OVX model over 16 months’ age could be suitable
methods to evaluate the cortical porosity via the morpho-
logic dynamics of intracortical canals.

Our results based on the histomorphology of an appen-
dicular bone could improve the knowledge of the basis for
the study of the aging and involution of the cortical bone in
osteoporosis and other diseases characterized by bone loss.
Comprehensive analysis of the large population of elderly
OVX rats would be necessary to evaluate microstructural
variation at intraspecific levels, the mechanobiological re-
sponse of the cortical canal networks, and the effect of estro-
gen deficiency in osteoporosis models.

Fig. 5. Scheme of cross sections of femur diaphysis with aging and estrogen depletion. Decreased volume of the cortical bone (yellow) and the

thickened periosteal circumference lamella (grccn) with aging resulted in the expansion of the marrow cavity and reduced dimension of the

cortical stroma. Endosteal erosion of mid-cortical area hardened with the ovariectomy and menopause. ¢, mid-cortical area; mc, marrow cavity;

pC], pcriostcal circumﬂ‘rcncc Iamclla.
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