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Abstract

Adaptation of the bones of older subjects to disuse is largely unknown and bone
recovery following disuse in older subjects has not been studied. Up to half of all people
over the age of 50 suffer from osteoporosis or low bone mass and older patients are
more vulnerable to extended hospitalizations. With advancing age, bone experiences
an age-related decline through trabecular bone loss, cortical thinning, and decreased
osteocyte density. Decreased osteocyte density could contribute to the impaired
adaptation of older bones to increased loading. This could affect an older subject’s
ability to recover from disuse-induced bone loss. In this research we sought to quantify
bone adaptation of young and old rats and mice in response to mechanical unloading
via tail suspension and subsequent reloading. In addition, we aimed to compare the
bone adaptation of old mice to a transgenic mouse model of low osteocyte density to
determine the effect of osteocyte density on bone adaptation in response to mechanical
unloading and reloading. We found that young rats lost trabecular bone quickly during
unloading but recovered after only a short period of reloading. Meanwhile, old rats did
not lose bone during unloading but did lose trabecular bone during early reloading that
did not recover with continued reloading. In mice, we found that young, old, and
transgenic mice all lost trabecular bone during unloading but young mice recovered
more bone during reloading than old or transgenic mice. Old mice also lost cortical bone
during unloading and reloading while transgenic mice lost no cortical bone. These
results illustrate a difference in bone adaptation between different ages of mice and rats
and further research into this difference may provide valuable insights for protecting the

skeletal health of the elderly.



Chapter 1: Background
1.1 Significance: Skeletal fragility in elderly patients

Skeletal fragility in elderly patients is a consistent health concern due to age-
related decreases in bone structure and strength. Osteoporosis is a metabolic bone
condition involving an imbalance between rates of bone resorption and bone formation
leading to reduced bone mineral density (BMD) with a greatly increased fracture risk in
elderly peoplel. It is estimated that approximately half of all adults over the age of 50 have
a significant risk of fracture due to osteoporosis and low bone density?. Many health
conditions that disproportionately affect elderly patients have negative effects on the
strength of the skeletal system and can lead to secondary osteoporosis, either as a result
of an underlying condition (such as in chronic kidney and liver disease) or as a result of
treatment for the condition as seen in radiation treatment for various forms of cancers.
Bone loss also occurs during periods of low mechanical loading (disuse) as bone is highly
responsive to changes in the mechanical environment. Older people make up a
disproportionately high percentage of hospitalizations, and their hospitalizations are
significantly longer on average than that of a younger person*®. Periods of disuse
associated with hospitalization in the elderly can therefore threaten an already weakening
skeletal system. However, there is a lack of information on the ability of bone of older
subjects to adapt to disuse and subsequent recovery. Due to increasing skeletal fragility
with age, it is important to understand whether mechanisms that compromise bone health

such as extended periods of disuse differentially affect older subjects.



1.2 Bone turnover

Bone turnover occurs by two major processes; bone modeling, in which bone is
resorbed or formed independently and changes the overall size and/or shape of the bone,
and bone remodeling in which bone resorption and formation occur sequentially to
remove older bone tissue and form new bone tissue in the same location without changing
the overall size and/or shape of the bone®. Normal physiological loading of bone over time
will result in microdamage to the bone tissue in the form of microcracks that occur with
repetitive loading’. Bone remodeling is critical for bone to heal from accrued

microdamage and for bone to adapt to a change in loading environment.

Bone remodeling involves the coordinated actions of osteoclasts, osteoblasts, and
osteocytes. The bone remodeling cycle begins with the activation of osteoclasts.
Osteoclasts are multinucleated cells that attach and seal themselves to bone surfaces
and resorb bone by releasing enzymes and acid in the sealed area®. Osteoclasts and
their precursors are derived from the hematopoietic stem cells (HSC) in bone marrow?®?,
In bone remodeling, circulating mononuclear preosteoclasts migrate to the targeted bone
surface through blood vessels and coalesce into multinucleated osteoclasts where they
begin to resorb bone. After bone resorption, pre-osteoblasts migrate to the resorption
bays and differentiate into mature osteoblasts during the reversal phase from bone
resorption to bone formation®. Osteoblasts and their precursors are derived from the
mesenchymal stem cells of bone marrow®. Osteoblasts begin to form bone by laying
down unmineralized bone matrix called osteoid, which will mineralize over time to form

mature bone tissue. During the process of laying down new bone, some osteoblasts will
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become trapped in the osteoid and will become osteocytes, embedded in the newly
mineralizing tissue®°. Osteocytes are considered the major force sensing cells in bone.
Force is sensed through fluid flow within their extensive canalicular networks. Osteocytes
produce signaling molecules that regulate osteoclast and osteoblast activity*®-12, Once
bone formation has completed and the new bone has mineralized, the current cycle bone
remodeling is complete and the tissue enters a state of quiescence until a new bone

remodeling cycle is induced®.

Cancellous Bone Remodeling Unit
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Cortical Bone Remodeling Unit

Figure 1.1: Bone turnover. lllustration of BMU in trabecular and cortical bone remodeling.
Bone remodeling involves coordinated actions of osteoclasts (OC) resorbing bone and
osteoblasts (OB) laying down new osteoid (OS). lllustration adapted from Gasser and
Kneissel 201713.

During remodeling, osteoclast and osteoblast activity occur simultaneously in
super-structures called bone multicellular units (BMUs)®2 (Fig. 1.1). In dense compact

bone such as cortical bone, these BMUs forms in a cylindrical structure called an osteon



that tunnels through cortical bone with several osteoclasts resorbing bone at the front and
osteoblasts laying down osteoid at the rear. In trabecular bone, individual trabeculae are
often thinner than a BMU and thus the BMU will resorb and reform a scalloped shape on
the surface of trabecula®®. The duration a bone remodeling cycle differs based on the
subject. In adult humans, one full bone remodeling cycle lasts around 200 days, with bone
resorption lasting 30-40 days, bone formation lasting around 150 days®'415, The duration
of bone remodeling can be affected by different bone conditions or treatments. Conditions
such as hyperparathyroidism can greatly decrease the cycle duration while the duration
the bone remodeling cycle can be greatly increased by the use of bisphosphonates4. In
rodents, the duration of the bone remodeling cycle is significantly shorter, lasting on

average 14 days in an adult mouse'®'” and around 36 days in an adult rat'8°,

1.3 Bone mechanotransduction

Bone tissue is very biologically active and is constantly replacing itself. Bone
structure is highly optimized to maximize strength of bone under expected loads while
minimizing the weight of the overall bone structure®. Scientists have described this
phenomenon in a variety of ways, including Wolff's Law and Frost’s bone mechanostat

model.

Wolff's law describes how a theoretical ideal bone structure would adapt in
response the mechanical loads it experiences?°. The main principles of Wolff's law are

that bone will optimize strength with respect to weight, that trabeculae within cancellous



bone will organize themselves with principal stress directions and that bone structure self-

regulates by cells responding to mechanical loads®2*.

Frost's mechanostat theory of bone attempts to explain the nature of how bone
adapts to mechanical stimuli® (Fig. 1.2). As bone experiences a mechanical load, it
deforms slightly as a result, causing a mechanical strain. Frost’s theory postulates that
there is an equilibrium range of maximum strain magnitude experienced by bone in which
no net gain or loss of bone will occur. For net bone gain or loss to occur, strains on the
bone must fall outside this equilibrium range. Higher strains will result in a positive bone
adaptation, accumulating bone. Lower strains will result in a negative bone adaptation,
losing bone??>23. In lower strain environments, Frost proposes that remodeling will
increase and modeling will decrease while in higher strain environments he proposes that
modeling will increase and remodeling will decrease?*. These theories together describe
bone’s response to high and low strain environments by accumulating or losing bone,
respectively, to adapt to its current loading environment and to optimize the internal

microstructure to maximize bone’s strength to weight ratio.
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Figure 1.2: Bone adaptation via modeling and remodeling with respect to strain
magnitude. Across the top, strain on the bone indicates the adaptation window of the
bone. From left to right the regions are: the very low strain disuse window (DW) in which
bone is lost, the normal adapted window (AW) in which little adaptation occurs, the
mildly overworked window (MOW) where bone will accumulate and the pathological
overwork window (POW) in which injury or fracture (X) is a high probability. The vertical
axis indicated a positive (above the axis) or negative (below the axis) adaptive response
in bone. Figure taken from Frost, 1960%“.

Wolff's law and Frost’s mechanostat theory describe the manner by which bone
adapts to mechanical loads. One mechanism by which bone senses these loads is the
osteocytes distributed throughout the bone matrix and the lacunar-canalicular network
that runs throughout the bone and connects them?>26, Osteocytes lie within lacunae within
the bone matrix and are connected to other osteocytes by osteocyte processes within the
branching fluid-filled canalicular network. There is evidence that when the bone
experiences a mechanical load, a fluid flow in the canalicular network of the bone is
induced which osteocytes are able to sense?’~?°. Thus, osteocytes can sense the
mechanical load and, through the release of different signaling molecules, can affect the
rate of bone resorption and bone formation by regulating of the activity of osteoclasts and

osteoblasts19:12,



1.4 Regulation of bone turnover

The different cells involved in bone formation and resorption are regulated through
a variety of signals including activity of other bone cells. Osteoclast activity is stimulated
by inflammatory cytokines and other signaling molecules. Receptor activator of NF-kappa
B ligand (RANKL) is the primary regulator of osteoclast activity®. RANKL is produced
largely by osteocytes and osteoblasts and helps to stimulate the differentiation of new
osteoclasts from hematopoietic stem cells (HSCs) in the bone marrow while suppressing
apoptosis of osteoclasts®. Osteocytes are often the origin of osteoclast activation and are
a major bone resorption regulator through their release of RANKL or through osteocyte
apoptosis which can also signal osteoclast activation®°. Other signaling molecules such
as macrophage colony stimulating factor (M-CSF) and vascular endothelial growth factor
(VEGF) and inflammatory cytokines such as interleukin 6 (IL-6) and tumor necrosis factor
alpha (TNF-a) can also stimulate osteoclast activity®®. Inhibitors of osteoclast activity
include estrogens which reduce osteoclastogenesis and osteoprotegrin (OPG) which acts

as a decoy receptor blocking the activity of RANKL2?®.

Osteoblast activity is stimulated by a number of growth factors including bone
morphogenetic proteins (BMPs), insulin-like growth factors (IGFs), transforming growth
factor beta (TGF-B), and fibroblast growth factor (FGF) among others. The release of
these growth factors from the bone matrix may be enhanced by osteolysis during
osteoclast activity. In addition, Wnt signaling promotes osteoblast formation and activity.
Whnt signaling is inhibited by sclerostin (SOST) which is produced by osteocytes®!2.

Parathyroid hormone (PTH) is a regulator of calcium homeostasis and stimulates
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osteoblast activity and differentiation®. However, although it does not directly act upon
osteoclasts, PTH also can increase osteoclast activity by increasing RANKL production

from osteoblasts3!.

1.5 Disuse in bone

Bedrest and spaceflight studies are the two most common methods to examine
the effect of mechanical unloading on humans. Studies of skeletal changes in astronauts
due to spaceflight are limited in number and involve small sample sizes. Subjects in these
studies are more frequently male, and due to spaceflight requirements, subjects are
generally relatively young, physically fit, and overall healthy3?-35, Dual energy X-ray
absorptiometry measurements on astronauts following extended durations in space
reveal losses in BMD of 0.9 — 1.06% per month in the spine and 1.0 — 1.6% per month in
the hip and femoral neck®233. Losses in BMD following spaceflight are mirrored in
decreased mechanical properties simulated through finite element analysis®. In bed rest
studies, trabecular bone is similarly lost after a length of time unloading. Women in a 60
day bed rest study lost 3-4% of trabecular BMD in the femur and tibia®’ and men in a 17
week bed rest study lost 1.4% of total body BMD and 2-4% of BMD in specific sites such

as the femoral neck and tibia38.

In animal studies, disuse is studied in a variety of methods including tall
suspension and spaceflight studies. Spaceflight studies in rodents have found that the

bones of mice and rats undergo severe disuse-induced bone loss, mostly in trabecular



bone though cortical bone is affected as well, at a much faster rate than has been seen
in humans3®-43, Mice after a 30 day spaceflight experience 30-60% trabecular bone loss
in their tibias and femurs#4%, Meanwhile, rats who underwent a 14 day spaceflight

experienced a 30% decrease in trabecular bone volume fraction in the spine“®.
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Figure 1.3: Tail suspension in rats. Tail suspension illustration (left) adapted from
Marzuca-Nassr et al. 20174’. Early image of tail suspension in rats by Wronski et al.
198748,

Unloading via tail suspension was first developed by NASA as an alternate method
for examining the effects of simulated microgravity without the need for spaceflight and is
one of the major methods to examine mechanical unloading on bone (Fig. 1.3). In this
model first established by Morey-Holten, animals are suspended by their tails such that

the animals can move about freely in their cage and access food and water but cannot



load their hindlimbs?#°. This model in mice and rats consistently induces bone loss in the
hindlimbs similar to that which would be seen in other mechanical unloading methods.
Young rats who undergo tail suspension experience decreases of 20-50% of trabecular
bone volume in the distal femur and proximal tibia after 14 days of tail suspension°52,
Cortical bone decreases of 5-10% have been reported in tail suspended rats who are
suspended for periods of 28 days or longer®?%3, Tail suspension studies in mice
demonstrate trabecular bone volume losses of 20-30% after 14 days of unloading in the
distal femur and proximal tibia>*>> and losses rise to 30-50% of trabecular bone volume
in the distal femur and proximal tibia after 28 days of unloading®®%’. Cortical bone loss in
tail suspended mice is smaller in magnitude but studies have found a 4-6% decrease in
cortical thickness after 14 days of tail suspension®® and a 6-10% decrease in cortical
thickness after 28 days of tail suspension®. Bone loss in mice in response to tail
suspension can be dependent on the genetic mouse strain used, with magnitude of bone
loss in response to tail suspension differing between the bones of several genetic strains
of mice®*585° The C57BI/6J strain of mice and the BALB/c strain of mice are two of the
most commonly used mouse strains in tail suspension studies examining bone adaptation
due to the large bone loss that these mouse strains consistently exhibit during tail

suspension>%-61,

1.6 Role of osteocytes in disuse-induced bone loss

The mechanisms of disuse-induced bone loss are not fully understood, though a
few possible mechanisms have been proposed and investigated. As osteocytes are a

regulator of bone resorption through activation of osteoclasts by RANKL, it has been
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proposed that osteocytes play a significant role in disuse-induced bone loss. In
investigating the role of osteocytes during unloading, a tail suspension study in mice
found that during tail suspension, osteocyte apoptosis significantly increased within three
days of unloading. In addition, increased osteocyte apoptosis occurred prior to
measurable decreases in bone volume®C. Additional studies confirmed an increase in

osteocyte apoptosis during unloading®%-65,

In studies examining fatigue-based loading in bone, osteocyte apoptosis increased
the release of pro-osteoclastic signaling molecules from surrounding non-apoptotic
osteocytes which would initiate remodeling of the bone surrounding the apoptotic
osteocytes®263,  Attempts to determine if osteocyte apoptosis is necessary to disuse-
induced bone loss and have found mixed results. In one study by Cabahug-Zuckerman
et al., inhibiting osteocyte apoptosis through injections of the pan-capsase inhibitor
guinolyl-valyl-O-methylaspartyl-methyl-ketone (QVD) during tail suspension in mice
blocked bone resorption®. In this study, QVD injections reduce osteocyte apoptosis
during tail suspension to the same level as ambulatory control mice. However, in another
study by Plotkin et al., inhibiting osteocyte apoptosis through injections of the
bisphosphonate alendronate and the bisphosphonate analog 1G9402 during tail
suspension prevented RANKL release from other osteocytes but bone loss still occurred
during tail suspension indicating that RANKL from osteocytes may not be the only signal
inducing bone loss in disuse®. In this study, they find that alendronate does also inhibit
osteoclastic bone resorption while the bisphosphonate analog 1G9402 does not. Both

treatments reduced osteocyte apoptosis during tail suspension to control levels of normal

11



ambulatory control mice®. As these two studies use different methods for inhibiting
osteocyte apoptosis, it is possible that the different responses observed are in part due
to methodology. As there is no clear consensus from previous studies, the specific
impacts of osteocytes and osteocyte apoptosis during disuse is not yet clear and will

require more research to determine.

1.7 Bone recovery during reloading following disuse

While the effect of disuse on bone has been well documented, there are far fewer
studies that have tracked the recovery of bone following a period of disuse. A return to
normal mechanical loading in bone, or reloading, results in bone slowly returning to its
pre-unloaded condition. The specific length of time of full recovery of bone is unclear and
depends on what parameters are tracked in recovery. One previous study estimates that
recovery can take twice the period of unloading to fully recover bone structure losses
during disuse®2. Other studies demonstrate that some effects of disuse such as reduction
of osteoblast number and decreased BMD at multiple skeletal sites, including the femoral
neck and lumbar spine, persist and require longer than twice the unloading period to

recover38-50.66,

Some spaceflight and bed rest studies have monitored study participants after the
disuse period to monitor recovery and in these studies, effects of disuse are still present
after twice the unloaded period. In a spaceflight study that monitored astronauts for 1

year following 4-6 month spaceflight bouts, femoral bone mass mostly recovered within
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1 year, though BMD and estimated bone strength remained 15-20% lower than pre-
spaceflight calculations®®. In a bed rest study that monitored bone recovery 6 months after
a 17 week bed rest, recovery of BMD was present in all areas measured including femoral
neck, lumbar spine and tibia, though BMD at all of these locations was still 1-5% lower

than pre-bed rest values®.

In rat tail suspension studies, trabecular bone parameters that decreased during
unloading tended to return to control levels after a recovery period that had double the
duration of the unloading period>%67.68, However, the convention of a recovery period that
is twice the unloading period may only allow for recovery of structural parameters in rats,
as another study found that volumetric BMD in the proximal tibias of rats that were tail
suspended for 28 days did not recover to baseline levels until 84 days of recovery, three
times as long as the unloading period®. Regardless of potential lingering effects, an
unloaded animal that has been allowed a recovery time of twice the unloading time is not
more susceptible to additional disuse-induced bone loss in young animals. In a previous
study, when unloaded young animals were allowed a recovery time of twice the unloading
time, a second identical duration of unloading did not result in more bone loss than during
the first bout of unloading®2. Adding moderate exercise during the recovery time in rats
did allow for slightly more rapid bone recovery, but this did not protect against bone loss

during a second unloading period®’.
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Bone adaptation during early reloading is also not well characterized and the
timeline during which unloading-induced bone loss stops and bone recovery begins
during reloading is unknown. In a spaceflight study in mice, after a 30 day spaceflight, the
weight-bearing ankle bones experienced further bone loss of 8-10% after 8 days of
reambulation in normal gravity*!. Another study found that the tibia, femur and spine of
mice who had taken a 30 day spaceflight had not begun to recover bone that had been
lost by 8 days after return to earth*¢. Further studies are needed to establish whether
bone loss during early reloading is the expected result. It may be the case that early
periods of increased loading following a period of mechanical unloading may be a

vulnerable time for bone in which fracture risk may be increased due to bone loss.

1.8 Aging and bone

Humans achieve peak bone mass in their 20s or 30s, after which bone mass stays
relatively stable for a couple of decades which begins to decrease with advancing
age®’07l Women experience a rapid decrease in bone mass for a period following
menopause, and then experience a slower consistent decrease thereafter®’273,
Meanwhile, men experience a consistent decrease in bone mass of similar magnitude as
that of women as they age without being susceptible to the rapid bone loss associated
with menopause® 2. This age-related loss in bone mass is associated with characteristic
changes in bone structure. Cortical porosity in long bones increases with age’*, and
trabecular thickness and trabecular number decrease in trabecular bone’>-’8, Trabecular
bone loss with age occurs at most sites of trabecular bone, in the vertebral bodies of the

spine’”"® and in the metaphyses and epiphyses of the long bones”™:76.7°, Long bones also
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experience cortical thinning due to bone resorption on the endosteal surface. To
counteract the decreased mechanical strength that comes with cortical thinning, new
bone is formed on the periosteal surface, resulting in an overall increase in the outer

diameter of the bone due to periosteal expansion®.

Within the bone tissue, age results in many changes to the bone mineral and
collagen matrix. In the collagen matrix, collagen stability within bone decreases with
age®!, enzymatic collagen crosslinks within bone decrease while non-enzymatic collagen
crosslinks increase®. In addition, the mineral-to-matrix ratio of bone increases with age,
which increases the crystallinity of the bone®283, This can cause the bone tissue to become
stiffer, but more brittle. While many of these changes reflect a decrease in bone mass
with age, many also reflect a decrease in bone quality®3. Bone quality is an overarching
term encompassing all factors outside of bone quantity that affect bone mechanical
properties, including the bone’s geometry and microstructure, porosity, accrued damage,

mineralization, mineral and collagen properties.

Aging also affects osteoclasts, osteoblasts and osteocytes, which directly affects
the mechanisms of bone turnover’. Studies in humans that isolated bone marrow cells
from participants of a variety of ages found that osteoclastogenesis increases with
age’®. Increased osteoclastogenesis contributes to the imbalance between bone
resorption and bone formation in older subjects that contributes to steady bone loss with

age and the development of osteoporosis. The vast majority (60-90%) of osteoblasts that
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form bone during bone remodeling undergo apoptosis at the termination of bone
remodeling®® and this rate of osteoblast apoptosis may increase age®?®’. In addition,
several studies have reported that osteoblast differentiation from osteoblast precursors is
diminished with age®”:®8, which may contribute to decreased bone formation in older
subjects®®. It is well documented that osteocyte density in bone also diminishes with
age®°2 and osteocyte apoptosis increases with age®, leaving empty lacunae that may
become hypermineralized in rodents’*% but not in humans. A reduction in osteocyte
density can impair the bone’s ability to properly sense mechanical loads, reducing bone
remodeling in response to microdamage, and leading to the accumulation of

microdamage®®.

Aging also causes additional changes in systems that can impact bone turnover.
It is well documented that elderly patients experience a higher basal inflammatory
environment that could contribute to changes in bone formation and resorption®-%8, In
addition, circulating inflammatory biomarkers are higher in older subjects than younger
subjects at a basal level®®®. It is also suggested that macrophages might be less
responsive to the same inflammatory signal in older subjects'®®. The cytokines produced
and released by macrophages can have major effects on the activation and activity of
osteoclasts. Thus, changes in these factors with age could affect bone turnover in older

subjects.
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1.9 Disuse in aged bone

Though bone adaptation in adult subjects in response to disuse is well
documented3?37:4550.52 "yery little research has examined the response of bones of aged
subjects. Previous studies have examined young or adult subjects; participants in human
bed rest studies are typically 25-40 years old3233, astronauts in spaceflight studies have
an average age of 40-45 years 0ld®6:101.102 and animal studies typically use skeletally
mature animals, 12-16 weeks old in mice and 4-6 months old in rats®>°3. Human bed rest
studies are typically considered to be a higher risk for older subjects and are not

performed on older subjects.

Studies that have examined disuse in older animals are limited but indicate that
there may be key differences in the magnitude and timeline of bone adaptation to disuse
in older animals. A tail suspension study using young and old rats found that old rats did
not experience any decrease in trabecular bone parameters, but did experience
increased cortical bone porosity following two weeks of unloading whereas young rats
experienced a significant decrease in trabecular bone parameters but did not experience
any cortical bone changes'®®. However, a second study examining only old rats found
that two weeks of tail suspension resulted in lower trabecular bone parameters in the
femur and tibia compared to old rats that had been allowed normal ambulation®*. The
lack of studies examining bone adaptation to disuse in older animals makes it difficult to
fully understand the differences between the skeletal response in old subjects compared

to young subjects. Importantly, none of these previous studies examined a recovery
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period following disuse in aged subjects, and thus any age-related differences in the

skeletal response to reloading is completely unknown.

1.10 Summary and knowledge gap

The adaptation of bone in response to disuse is well established in young subjects.
However, the adaptation of bone during unloading in older subjects is less well
characterized and requires more research. Disuse-induced bone loss during a period of
immobility such as an injury or hospitalization is a pressing health concern in older
patients. While there is some evidence that bone loss during disuse might be impaired in
older subjects'®, there are too few studies examining old subjects to fully characterize
the difference in bone adaptation response. In addition, recovery of bone following disuse
has not been studied in old subjects. Even in young subjects, recovery from unloading-
induced bone loss happens on a much longer timeline than the bone loss itself, and it is
possible that there is a period of continued bone loss during early reloading prior to
reversal to a bone formation phase. If there is a significant period of bone loss even after
the start of reloading in young subjects, this period could potentially be even longer in
older subjects, as it is established that bone adaptation to increased loading is impaired

in old subjects.

In this research, we aimed to characterize bone adaptation of old and young
subjects in response to mechanical unloading and subsequent reloading. We used a tall

suspension model in rats and mice as the mechanical unloading stimulus. In mice we
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compared this bone adaptation in young and old mice to a transgenic mouse model with
decreased osteocyte density to attempt to describe the effect of osteocyte density on
bone adaptation in response to unloading and subsequent reloading. This research will
expand our understanding of age-related changes in bone adaptation and may provide

valuable insights into treatments to protect skeletal health in the elderly.
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Chapter 2: Age-Dependent Recovery of Bone During Reloading Following a Period of
Hindlimb Unloading in Rats

Hailey C. Cunningham, Daniel W.D. West, Leslie M. Baehr, Franklin D. Tarke, Keith
Baar, Sue C. Bodine, Blaine A. Christiansen

2.1 Abstract

Background: Bone structure and strength are rapidly lost during conditions of
decreased mechanical loading, and aged bones have a diminished ability to adapt to
increased mechanical loading. This is a concern for older patients that experience periods
of limited mobility or bed rest, but the acute effects of disuse on the bones of aged patients
have not been thoroughly described. Previous animal studies have primarily examined
the effect of mechanical unloading on young animals. Those that have studied aged
animals have exclusively focused on bone loss during unloading and not bone recovery
during subsequent reloading. In this study, we investigated the effect of decreased
mechanical loading and subsequent reloading on bone using a hindlimb unloading model

in Adult (9-month-old) and Aged (28-month-old) male rats.

Methods: Animals from both age groups were subjected to 14 days of hindlimb
unloading followed by up to 7 days of reloading. Additional Aged rats were subjected to
7 days of forced treadmill exercise during reloading or a total of 28 days of reloading.
Trabecular and cortical bone structure of the femur were quantified using ex vivo micro-
computed tomography (UCT), and mechanical properties were quantified with mechanical

testing.
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Results: We found that Adult rats had substantially decreased trabecular bone
volume fraction (BV/TV) following unloading (- 27%) while Aged animals did not exhibit
significant bone loss following unloading. However, Aged animals had lower trabecular
BV/TV after 3 days of reloading (- 20% compared to baseline), while trabecular BV/TV of
Adult rats was not different from baseline values after 3 days of reloading. Trabecular
BV/TV of Aged animals remained lower than control animals even with exercise during 7

days of reloading and after 28 days of reloading.

Conclusions: These data suggest that aged bone is less responsive to both
increased and decreased mechanical loading, and that acute periods of disuse may leave
older subjects with a long-term deficit in trabecular bone mass. These findings indicate
the need for therapeutic strategies to improve the skeletal health of elderly patients during

periods of disuse.

2.2 Background

Bone undergoes a significant and rapid decay in structure and strength in the
absence of mechanical loading*®72195, |In addition, bones of aged humans and animals
have a diminished ability to adapt to the mechanical loading environment:197 making
exercise or increased mechanical loading less effective at building bone mass. This is
particularly important, as older patients commonly experience periods of limited mobility
or skeletal unloading during periods of sickness or following an injury or surgery, and the

ability to regain bone mass following a period of unloading may be compromised.
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The effect of mechanical unloading on bone has been extensively studied in both
humans and animal models. In humans, a prolonged period of unloading decreases bone
volume and bone density as illustrated through bed rest and spaceflight studies0%:105.108,
For example, women who participated in 60 day bed rest had decreases of 3-4% in bone
mineral density in the trabecular bone of the femur and tibia®’. Similarly, astronauts who
spent prolonged time in space experienced a 1-2% trabecular bone mineral density loss
in the hip and spine per month in space!®?. Similarly, early models of unloading in mice
and rats, including spaceflight studies and tail suspension, found that trabecular and
cortical bone volume are rapidly lost during periods of disuse34°0:52103.105 | gsses of 20-
50% of trabecular bone volume in the proximal tibia have been reported after two weeks
of hindlimb unloading in adult rats®®5%, In addition, longer bouts of unloading of 28 days
have resulted in small (~5%) decreases in cortical bone mineral density>253. While the
effect of mechanical unloading on bone has been thoroughly investigated, there have
been relatively few studies examining the structural recovery of bone during reloading,
and the factors that affect this recovery. Previous studies indicate that full recovery of
bone mineral density requires a reloading period of twice the unloading period®>1%°, In
addition, it has been observed in rats that while bone volume returns to control levels

during reloading, the bones still have fewer osteoblasts and a lower bone formation rate®°.

The effect of mechanical unloading on aged bone is not well established in either
humans or animal models. Human spaceflight studies most often involve healthy young
males!®1%8 and there are few bed rest studies using older patients, most of which have

investigated the effect on muscle rather than bone!'%1! |n animal models, few studies
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have investigated the role of age in bone adaptation to unloading, and the effect of age
on the reloading response has not been investigated!®®. Most prior rodent studies have
either used young developing animals (5-7 weeks old in the case of rat studies)50:105.112
or young adult animals (4-6 months old in the case of rat studies)®>°3113, It has been
suggested that bone of aged rats does not respond at all to short bouts of unloading!%?
however there has been no examination of aged animals during reloading to examine
any delayed effects of unloading. It is therefore unknown to what degree aged bone
exhibits an adaptive response to mechanical unloading, and to what extent aged bone is

able to recover from unload-induced bone loss during reloading.

In the current study, we used hindlimb unloading and subsequent reloading of
skeletally mature Adult and Aged rats to examine the effect of age on bone loss during
mechanical unloading and bone recovery during mechanical reloading. Rats underwent
hindlimb unloading for 14 days; this unloading duration has been shown to cause a
significant loss of trabecular bone in Adult animals®%:52, and this unloading period was
previously used to examine bone loss in Aged rats'®. Cortical and trabecular bone
structure was assessed using micro-computed tomography. Three-point bending and
trabecular bone compression mechanical testing were used to assess changes in
structural and mechanical properties. We hypothesized that Adult rats would exhibit
considerable bone loss during unloading, while Aged rats would exhibit less or no
significant bone loss as was observed in a past study®3. We further hypothesized that
Adult rats would fully recover bone during reloading, while any bone loss observed

following unloading in Aged rats would not be fully recovered during the reloading period.
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The results of this study could inform interventions such as exercise or mechanical
loading for bone fragility in older subjects, particularly in the context of periods of

mechanical disuse.

2.3 Methods

2.3.1 Animals

This study used a total of 63 Fisher 344 x Brown-Norway (FBN-F1) male rats from
the National Institute of Aging (NIA) Aged Rodent Colony (Charles River Laboratories,
Wilmington, MA). Rats were either 9 months old (“Adult”, n=23), or 28 months old
(“Aged”, n =40). All rats were housed individually. Rats were cared for in accordance with
the guidelines set by the National Institutes of Health (NIH) on the care and use of
laboratory animals. All procedures were approved by the Institutional Animal Care and

Use Committee at UC Dauvis.

2.3.2 Experimental groups and study design

Eleven experimental groups (n =5-6 rats per group) were used to determine the
magnitude of bone loss during hindlimb unloading and bone recovery during reloading
(Fig. 2.1). Baseline animals (5 Adult and 6 Aged) were euthanized prior to unloading to
determine bone structure before intervention. The remaining rats underwent 14 days of
hindlimb unloading via tail suspension. Post-unloading, one group of animals (6 Adult and

5 Aged) was euthanized immediately. Remaining rats were removed from hindlimb
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suspension and allowed to return to normal cage activity for 3 days (6 Adult and 6 Aged)
or 7 days (6 Adult and 6 Aged). Additional groups of Aged rats examined the effect of
activity level during reloading, and the effect of longer-term reloading. A group of Aged
rats (n = 6) underwent 14 days of hindlimb unloading followed by 7 days of reloading with
daily treadmill walking (an average of 13.8 m/day) to account for a significant decrease in
activity observed in this age group during the first 5 days of reloading. Rats were set to
walk on the treadmill at a quick walk (73 m/min) until they had covered the decrease in
distance between the rats before and after unloading. Another group of Aged rats (n=5)
underwent 14 days of hindlimb unloading followed by 28 days of normal cage activity. To
account for age-related decrease in bone, an additional group of Aged rats (n = 6) that
were not subjected to hindlimb unloading were used as an age-match control to the 28

days reloaded group.

Day 0 Day 14 Day 17 Day 21 Day 42
Baseline 14 days 3 days 7 days
Adult P unloaded |—| reloaded |—| reloaded
(n=6) (n=6) (n=6)
) 14 days 3 days 7 days 28 days
Aged B?s:(g?e —————| unloaded |=—| reloaded reloaded reloaded
(n=5) (n=6) (n=6) (n=5)
Exercised 42d age-
(n=6) match con
(n=86)

Figure 2.1: Experimental design. Adult (9-month-old) and Aged (28-month-old) rats (n =
63) were used for this study. Baseline rats were euthanized at day 0. Remaining groups
underwent 14 days of hindlimb unloading, with a group of rats euthanized immediately
following hindlimb unloading. All remaining rats were returned to normal cage activity.
Rats from both age groups were euthanized after 3 or 7 days of reloading. An additional
group of Aged rats were euthanized after 7 days of reloading with timed treadmill walking
for the first 5 days of reloading. Two additional groups of Aged rats were euthanized after
28 days of reloading or at an equivalent age for age-match control (not subjected to
hindlimb unloading).
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2.3.3 Hindlimb unloading via tail suspension

Rats were subjected to hindlimb unloading via tail suspension as originally
described by Morey-Holten*®. Briefly, the skin of the tail was cleaned using an alcohol
pad, dried, and then sprayed with a light coating of tincture of benzoin. A tail-wide strip of
Skin-Trac was then looped around a metal bar and applied to two sides of the tail. The
tail was wrapped with Medi-Rip LF self-adherence bandage and then the animal was
suspended by attaching the metal bar to a swivel hook above the suspension cage. The
height of the hook was adjusted so that only the front limbs were able to touch the bottom
of the cage. The rats were able to freely rotate in all directions within their cage and had
free access to food and water. Body weights of the rats were taken prior to suspension
and monitored throughout the unloading period. Following unloading or reloading, the rats
were euthanized and their hindlimbs collected and stored in 70% ethanol prior to analysis.
Previous studies have shown that storing bones in ethanol has little effect on the

mechanical properties of the bone if properly rehydrated before testing4115,

2.3.4 Cage activity

Prior to unloading and during reloading, cage activity of Adult and Aged rats was
measured using the Home Cage Photobeam Activity System (San Diego Instruments).
Each rat was housed individually, and activity was tracked throughout the 12-h dark cycle
and for the first hour of the light cycle. Data was analyzed using the Photobeam Activity

System software.

26



2.3.5 Micro-computed tomography analysis of trabecular and cortical bone

Femurs were scanned with micro-computed tomography (UCT 35, Bruttisellen,
Switzerland) to analyze morphological changes in trabecular and cortical bone during
unloading and reloading. Bones were scanned with x-ray tube potential 55 kVp, intensity
114 mA, integration time 900 ms, 15 ym isotropic nominal voxel size. Trabecular bone
analysis was performed at the distal femoral metaphysis over a region of 200 slices (3
mm), starting immediately adjacent to the distal femoral growth plate. Trabecular bone
volume fraction (BV/TV), trabecular number (Tb.N), trabecular thickness (Tbh.Th),
trabecular separation (Tb.Sp), and other structural parameters were calculated using the
manufacturer’s 3D analysis software. Cortical bone was analyzed with 200 slice (3 mm)
volumes of interest, centered at 25, 50, and 75% of the length of the diaphysis. Bone area
(B.Ar), total cross-sectional area (T.Ar), cortical thickness (C.Th), maximum and minimum
moments of inertia (Imax and Imin), and other structural parameters were calculated using

the manufacturer’s 3D analysis software.

2.3.6 Three-point bending mechanical testing

Following pCT imaging, femurs were mechanically tested in three-point bending
using a materials testing system (ELF 3200, TA Instruments, New Castle, Delaware) to
determine cortical bone structural and mechanical properties. Femurs were immersed in
phosphate-buffered saline for at least 10 min prior to testing to rehydrate the bone tissue
in an isotonic solution. The midpoint of each femur was measured and marked, and each

sample was placed in the 3-point bending setup such that the midpoint of the bone was
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directly under the loading platen. The two lower platens were 13 mm apart, and bones
were tested with the caudal aspect of the bone in tension. A single monotonic load to
fracture was applied at a slow (quasi-static) loading rate of 1 N/sec. Force and
displacement data were recorded at 100 Hz. From the resulting force-displacement data,
the yield point was visually identified as the point at which the linear portion of the curve
ended. Bending stiffness (K), yield force (Fy) and ultimate force (Fut) were determined
from this data. Bone geometry determined from the pyCT scan was used to calculate

bending modulus (E), yield stress, and ultimate stress.

2.3.7 Metaphysis trabecular bone compression

After testing with 3-point bending, trabecular bone of distal femurs was
mechanically tested in compression as described by Hogan et al.118. Distal femurs were
potted in bone cement in a small petri dish to hold the bones stationary. Approximate
location of the growth plate (determined from the uCT images) was marked on the outer
surface of the femur. A 3 mm thick slice of the femoral metaphysis was then cut from the
region adjacent to the growth plate, including both cortical and trabecular bone.
Compression testing was performed with a materials testing machine (ELF 3200, TA
Instruments, New Castle, DE). Samples were rehydrated in phosphate-buffered saline for
at least 10 min prior to mechanical testing. The bone slice was loaded between two
circular platens with diameter of 3 mm such that the platens were only in contact with the
trabecular bone and not the cortical bone. Following a preload of 1-2 N, a monotonic
(quasi-static) load was applied to the slice at a rate of 0.005 mm/sec. Compression

continued to a target displacement of 0.2 mm. Force and displacement data was recorded
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at a rate of 100 Hz for the duration of the test. From this data, yield and ultimate force,
yield and ultimate displacement and stiffness were obtained. Effective stress and effective

modulus were obtained by normalizing by the surface area of the platens.

2.3.8 Statistical analysis

Differences in body weight and cage activity before and after unloading in Adult
and Aged animals were analyzed by paired Student’s t-test. The majority of statistical
analyses were performed using 2-way analysis of variance (ANOVA) stratified by age and
experimental group for main effect, with post-hoc analysis using Tukey’s test. Statistical
significance was defined as p <0.05. The additional Aged rat group (7 days reloaded with
treadmill walking) was analyzed for significance against the Aged baseline group and
Aged 7 days reloaded group with a 1-way ANOVA stratified by experimental group with
statistical significance defined as p <0.05. The additional Aged rat groups of 28
days reloaded and 28 days age-matched control were analyzed for significance against
the baseline group with a 1-way ANOVA stratified by experimental group with statistical
significance defined as p <0.05. For the trabecular bone compression test, a linear
correlation between trabecular BV/TV and the effective elastic modulus and the

correlation coefficient for the correlation was obtained.
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2.4 Results
2.4.1 Animals

Over 14 days of unloading both age groups of rats experienced a significant
decrease in body weight. Adult rats lost 12.2% of their body weight on average and Aged
rats lost an average of 14.6% of their body weight'l’. Cage activity measurements
indicated a significant decrease in distance traveled of an average of 13.8 m/day in the
first 5 days of reloading compared to baseline levels in Aged rats!!’; Adult rats exhibited

no statistically significant decrease in activity during reloading.

2.4.2 Micro-computed tomography analysis of trabecular bone

At baseline, bones from Aged rats had significantly less trabecular bone volume
fraction than those from Adult rats (0.169 vs. 0.247 BV/TV). Bones from Aged rats also
had significantly lower Th.N and higher Tbh.Sp than Adult rats at baseline (Fig. 2.2).
Trabecular thickness at baseline was not different between the two groups. After 14 days
of hindlimb unloading, significant differences from baseline were observed in Adult rats
but not Aged rats. Bones from Adult rats had 26.6% lower BV/TV (p =0.0493) after 14
days of unloading compared to baseline. In addition, we observed trends toward
decreased Th.N and increased Tb.Sp at this time point, although these were not

statistically significant.
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Figure 2.2: Distal femoral metaphysis trabecular uCT results. Representative regions of
interest of trabecular bone for Adult (left) and Aged (right) femurs at baseline. Adult rats
exhibited greater BV/TV, Th.N, and lower Th.Sp than Aged rats. 14 days of hindlimb
unloading resulted in significant loss of trabecular bone in Adult rats, but no significant
decrease in Aged rats. By day 3 of reloading, Adult rats had recovered trabecular bone
volume, while Aged rats exhibited loss of bone. Data are presented as means and
standard deviations. Brackets indicate significant differences between groups (p < 0.05).
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After 3 days of reloading, trabecular bone parameters of Adult rats were not
different from baseline values. In contrast, Aged bones had 19.7% lower BV/TV than
baseline values (0.136 vs. 0.169), and 12.0% lower Tb.Th (p = 0.0096) at this time point.
After 7 days of reloading, trabecular bone parameters of Adult bones were not different
from baseline values, while trabecular thickness in Aged rats remained significantly lower

than baseline values.
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Figure 2.3: Metaphyseal trabecular bone structure of (top) 7 days reloaded and 7 days
reloaded with exercise and (bottom) 28 days reloaded Aged and 42 day age matched
Control rats. 7 days of treadmill walking during reloading did not significantly increase
trabecular bone parameters relative to the 7 days reloaded group. Reloading for 28 days
did not restore trabecular thickness back to control levels. Data are presented as means
and standard deviations. Brackets indicate significant differences between groups (p <
0.05).
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Aged rats subjected to 14 days of unloading followed by 28 days of reloading, had
15.1% lower Tb.Th than baseline (p=0.0068), and 8.2% lower Tb.Th than the age-
matched control group, though this difference was not statistically significant (Fig. 2.3).
Trabecular BV/TV was not significantly different from baseline values after 28 days of

reloading.

Seven days of treadmill walking during reloading in Aged rats did not significantly increase
trabecular bone parameters compared to the 7 days reloaded group. BV/TV was 6.8%
higher and Th.Th was 5.9% higher in the exercised group than in the 7 days reloaded

group, but these increases were not statistically significant.

2.4.3 Micro-computed tomography analysis of cortical bone

Significant differences in cortical bone structure were observed between Adult and
Aged rats, however few differences were observed within either age group due to
unloading or reloading. Aged rats had significantly lower cortical thickness and
significantly higher bone area and total area than Adult rats (Fig. 2.4). Imax and Imin Were
also significantly higher in Aged rats than Adult rats. These observations were consistent

across all three regions analyzed within the femoral diaphysis.
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Figure 2.4: Mid-femoral diaphysis cortical uCT results. Representative samples of
regions of interest in Adult (left) and Aged (right) femurs. Aged rats had lower average
cortical thickness than Adult rats, but greater bone area and total cross-sectional area.
Neither age group exhibited changes in cortical structure due to hindlimb unloading or
reloading. Brackets indicate significant differences between groups within Adult or Aged
rats (p < 0.05).

2.4.4 Three-point bending mechanical testing

3-point bending yielded similar results to the uyCT analysis of cortical bone, with
Aged bones generally exhibiting greater structural properties and lower material
properties than Adult bones (Fig. 2.5), but no significant differences within either age
group due to hindlimb unloading or reloading. Stiffness and ultimate force were 34.7%
higher (p <0.0001) and 11.5% higher (p<0.001) in Aged rats than the Adult rats at
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baseline, respectively. Yield stress was 39.1% lower (p <0.0001) in Aged rats compared
to Adult rats, while ultimate stress similarly was 28.8% lower (p <0.0001) in Aged rats.

Elastic modulus was 25.1% lower (p <0.0001) in Aged rats than Adult rats.
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Figure 2.5: Three-Point bending results. Bones from Aged rats exhibited greater stiffness
and ultimate force, but lower bending modulus and ultimate stress compared to bones
from Adult rats. Data are presented as means and standard deviations. No significant
differences were observed as a result of hindlimb unloading or reloading.

2.4.5 Trabecular bone compression

Trabecular bone compression yielded trends similar to results of the trabecular
bone uCT analysis. However, only age-related differences achieved statistical
significance (Fig. 2.6). Trabecular bone from Adult rats exhibited significantly higher
stiffness (+82.5%), effective modulus (+82.5%), and effective yield stress (+ 146.5%)
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than those from Aged rats. In the 14 days unloaded Adult rats, we observed trends
towards lower stiffness, effective modulus, and effective yield stress compared to
baseline values. However, these differences were not statistically significant due to the
high variance in the experimental groups. The correlation between BV/TV and effective
modulus yielded a correlation coefficient of 0.758, indicating a high correlation between

these variables that was statistically significant (p <0.0001) (Fig. 2.6).
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Figure 2.6: Trabecular bone compression results. Bones from Adult rats exhibited
significantly greater stiffness, effective modulus, and effective yield stress than bones
from Aged rats. However, there were no significant differences observed as a result of
hindlimb unloading or reloading. Data in column graphs are presented as means and
standard deviations. Effective modulus showed a strong correlation to BV/TV.
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2.5 Discussion

This study investigated differences in bone adaptation to hindlimb unloading and
subsequent reloading in Adult and Aged rats. We originally hypothesized that Adult rats
would lose more bone compared to Aged animals, and that Aged rats would lose little
bone with unloading or even have no apparent bone loss. We also hypothesized that if
Aged animals did exhibit bone loss during the unloading period, they would have
diminished recovery of bone during reloading. Consistent with this hypothesis, we found
that Adult rats showed a marked decrease in trabecular bone volume in response to
hindlimb unloading, while Aged rats showed no adaptive response in bone during disuse.
However, contrary to what has been postulated in previous studies, this does not mean
that the Aged rats were necessarily unaffected by unloading. Aged rats did not lose a
significant amount of bone volume during the unloading period but did have lower BV/TV
and Th. Th. than baseline after 3 days and Tb. Th. remained lower at 7 days of reloading.
These data suggest that there may be a delay in the adaptation of Aged bone to disuse.
Consistent with our initial hypothesis, trabecular bone of Adult rats was not different from
baseline levels after 3 days and 7 days of reloading, while bones from Aged rats exhibited
some deficits in trabecular microstructure even up to 28 days of reloading. These results
may suggest that the Aged bones are overall less able to adapt to both unloading and
reloading, and that the adaptive response may be temporally delayed. These results may
also be a reflection of age-related changes in bone turnover rates and/or bone cellularity,

which could lead to different responses to the same periods of unloading and reloading.
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The magnitude of trabecular bone loss we observed in Adult rats during hindlimb
unloading was similar to previous studies®?°2, Decreases in bone formation biomarkers
and increases in bone resorption biomarkers have been observed in bed rest
studies®19 while in adult rats, bone formation in the hindlimbs has been shown to slow
and ultimately cease after one week of tail suspension!?°. In addition, unloading leads to
decreased vascularization in the bone, which could impair remodeling and slow recovery
during reloading*?. These are all possible mechanisms for trabecular bone loss observed
during unloading in this study, though further studies are needed to confirm these

mechanisms.

Few studies have examined the effect of tail suspension on aged animals, and
those that have focused solely on unloading with no examination of bone recovery during
reloading. One such study found that aged rats are less responsive to unloading and do
not lose a significant amount of bone during 14 days of unloading®3. This is consistent
with our observations in this study, in which there was no significant loss of trabecular
bone volume during unloading of Aged rats, though a non-significant trend toward bone
loss was observed. However, this previous study suggested that aged bone may not
respond at all to decreased mechanical stimulation®; our current data somewhat
contradict these conclusions. While it is true that Aged bones showed no significant
decreases in trabecular bone microstructure following the unloading period of our study
(14 days), we observed a significant decrease from baseline values in trabecular BV/TV

after 3 days of reloading and significant decreases in Tb.Th after 3 and 7 days of
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reloading. This implies that rather than aged bones being unresponsive to disuse, they

may instead experience a delayed reaction to unloading.

It is possible that the gradual loss of trabecular bone in Aged rats could be partially
due to normal age-related decreases in bone mass or diminished activity by Aged rats
during the reloading period. To address these potential factors, we included a control
group of Aged rats that were age-matched for the 28 days reloaded group, and a group
that was subjected to 7 days of treadmill walking during reloading to restore normal
activity levels. We discovered that forcing Aged rats to resume a moderate activity level
did appear to lessen some of the bone loss at 7 days of reloading but did not account for
the entire magnitude of bone loss. This implies that a return to a moderate exercise level
following periods of disuse may be beneficial in mitigating bone’s delayed reaction to

unloading.

In Aged rats there was evidence that some bone recovery eventually occurs during
reloading. The 28 days reloaded group had no significant differences in BV/TV from
baseline. However, Th.Th. was still lower than baseline after 28 days of reloading in Aged
rats. This decrease may be in part due to natural loss of bone due to aging but cannot
fully be explained by this since the age-matched control group had trabecular bone
parameters that were not significantly different from either the baseline or the 28 days
reloading. These data suggest that even after a long reloading period, Aged rats may still

have residual deficits in trabecular bone microstructure.
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A previous study by Shirazi-Fard et al. showed that over a long period of reloading
(28 days or more) in young adult rats, trabecular bone mineral content eventually returns
to baseline levels, with recovery requiring twice the unloading time1®. This is in contrast
to what we observed in our study, wherein Adult rats exhibited recovery of trabecular
bone volume in a much shorter time frame (3—7 days). It is unclear why these different
outcomes were observed. Rats in our study were hindlimb unloaded for 14 days, while
the study by Shirazi-Fard used 28 days of hindlimb unloading. This longer period of
unloading may have caused biological changes that made it more difficult for trabecular
bone to recover during reloading. For example, it has been observed that while bone
volume may return to control levels, reloaded bones still have fewer osteoblasts and a
lower bone formation rate than control bones®, indicating that there are important long-
term biological effects of unloading. Our current study did not examine changes in cellular
activity in these bones, therefore we cannot determine if osteoblast number or activity
were altered. Importantly, our study used a cross-sectional study design, so longitudinal
changes are inferred using different groups of rats, rather than tracking the same group
of rats over time. In contrast, the study by Shirazi-Fard!® used both longitudinal
assessment of bone structure and cross-sectional bone imaging and mechanical testing.
It is difficult to say how accurately the inferred longitudinal changes in our study represent

the true magnitudes and timeline of adaptive bone changes.

In this study, we observed that cortical and trabecular bone adapted very differently
to changes in the mechanical loading environment. Differences in trabecular bone

microstructure were easily detected in Adult rats immediately following unloading and at
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early time points during reloading, while Aged rats exhibited differences in trabecular
microstructure between baseline at later time points. In contrast, cortical bone did not
exhibit any adaptation to changes in loading at any time points. This is consistent with
previous studies that have found that hindlimb unloading in rats and mice has an effect
on cortical bone only for unloading bouts of longer than 14 days®3. Considering the lack
of cortical bone adaptation determined by uCT, it was not surprising that three-point
bending showed no changes in mechanical properties as a function of unloading and
reloading. In trabecular bone mechanical testing, we anticipated a similar trend to the
changes in trabecular bone structural parameters from the pCT analysis. The high
variances in the test resulted in no significant differences between experimental groups,
however we were able to demonstrate that the mechanical properties of the trabecular

bone were highly correlated to the structural properties found in uCT analysis.

Though we observed no changes in cortical bone in response to changes in
loading, we observed significant age-related differences in structural and material
properties between Adult and Aged rats. The structural differences we observed, such as
lower Ct.Th and larger Imin, and Imax in Aged rat bones, are consistent with previous studies
in which bones from older animals had larger diameters but thinner cortical shells?2.123,
During aging, bone resorption increases on the endocortical surface of bone resulting in
cortical thinning’#124, In response to this resorption, bone formation increases on the
periosteal surface of the bone, increasing the bone’s cross-sectional area, in an attempt

to preserve some of the bone’s mechanical properties®. We also observed that stiffness
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was higher in Aged animals while modulus and ultimate stress were lower; these data are

also consistent with previous studies'?3125,

The findings of this study have significant implications for aged patients. During
sickness, or following an injury or surgery, older patients may spend a prolonged period
in bed rest or with limited movement. Such a period of disuse could result in a loss of
bone mass, which has previously been confirmed in human studies®/118, Our data
suggests that there may be a delay in the skeletal response to a decrease in mechanical
loading, and bone loss may continue even during reloading. Clinically, this delay would
be concerning as elderly patients who are remobilizing after bed rest may be more
vulnerable to subsequent fracture. Our findings may motivate a rethinking of how elderly
patients are treated during bed rest or limited mobility and may imply that simply a return
to normal activity levels following a period of disuse may not be enough to fully regain

skeletal health.

While this study makes strong conclusions about differences between aged and
adult bone in response to unloading and reloading, there are a number of limitations that
must be addressed. First, this was a cross-sectional study, and did not examine the same
animals at baseline, following unloading, and during reloading. Therefore, longitudinal
changes due to unloading and reloading must be inferred based on cross-sectional data
from different experimental groups. Second, there were no age-matched controls for
either Aged or Adult bones at time periods other than 28d reloaded. Third, we did not
directly analyze bone formation or bone resorption rates, or other measures of cellular

activity in these rats. Even with this limitation, we were able to determine significant
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differences in trabecular bone as a function of unloading and reloading, and differences
in both cortical bone and trabecular bone as a function of age. Fourth, the group sizes
(5-6 animals per group) were small. As a result of the small group sizes, several
biologically meaningful measures did not yield statistically significant results. However,
even with limited sample size, we were able to demonstrate differences between how
aged and adult bones respond during the unloading-reloading timeline, given the cross-
sectional nature of the data. Finally, this study did not examine other factors that could
contribute to bone remodeling during unloading and reloading such as changes in food
and water consumption, changes in gait, or effects of muscle atrophy on loads applied to

the bones by muscles, or microdamage subsequent to reloading.

2.6 Conclusions

This study is one of few studies to examine the effect of age on bone adaptation
to mechanical unloading, and the first to examine bone adaptation during subsequent
reloading in different age groups. We demonstrate that bones from Aged animals have a
delayed and diminished adaptive response to mechanical unloading, and an impaired
capacity to recover bone during reloading. The delayed response of Aged bone could
have meaningful consequences with respect to fracture risk and skeletal health of elderly
patients and should be considered for therapies aimed at preserving bone health during

periods of disuse and subsequent remobilization.
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Chapter 3: Differential Bone Adaptation to Mechanical Unloading and Reloading
in Young, Old and BCL-2 Transgenic Mice

Hailey C. Cunningham, Deepa K. Murugesh, Allison W. Hsia, Benjamin Osipov, Alice
Wong, Gabriela G. Loots, Blaine A. Christiansen

3.1 Abstract

Mechanical unloading causes rapid loss of bone structure and strength that will
gradually recover after resuming normal loading. However, it is not well established how
this adaptation to unloading and reloading changes with age. Clinically, Elderly patients
more prone to musculoskeletal injury and longer periods of bedrest, therefore it is
important to understand how periods of disuse will affect overall skeletal health of aged
subjects, including overall bone mass, bone mineral density and fracture risk. Bone also
undergoes age-related declines in structure and function which include decreased
trabecular bone mass, cortical thinning and decrease in osteocyte density, which may
impair mechanoresponsiveness of the bone. In this study, we examined bone adaptation
in response to unloading via tail suspension and subsequent reloading in mice.
Specifically, we examined the differences in bone adaptation between young (3-month-
old) and old (18-month-old) mice in addition to a transgenic mouse model of diminished
osteocyte density (BCL-2 transgenic mice). Mice underwent 14 days of hindlimb
unloading followed by up to 14 days of reloading. We analyzed trabecular and cortical
bone structure in the femur, mechanical properties of the cortical diaphysis of the femur,
osteocyte density and apoptosis in cortical bone and serum levels of inflammatory
cytokines. We found that young mice lost small amounts of cortical bone and large

amounts of trabecular bone during unloading and early reloading, with near total recovery
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of trabecular bone at later time points during reloading. Old mice lost moderate amounts
of cortical bone and large amounts of trabecular bone during unloading but had minimal
recovery of trabecular bone during reloading and no recovery of cortical bone. In BCL-2
transgenic mice, no cortical bone loss was observed during unloading or reloading, but
significant trabecular bone loss occurred during unloading and early reloading, with little
to no recovery during the reloading period. No significant differences in circulating
inflammatory cytokine levels were observed due to unloading and reloading. These
results present a possible period of vulnerability in skeletal health in older subjects
following a period of disuse that requires further investigation to better protect skeletal

health in elderly patients.

3.2 Introduction

Bone loses strength and structure with age®7288 and old bone is less
mechanoresponsive to both increased and decreased loading!°31%, However, there is
still only a limited understanding of specific age-related differences in bone’s response to
disuse and the mechanisms behind these differences. Elderly patients make up a
disproportionate amount of hospitalizations, and their length of stay for hospitalizations is
longer on average than younger adults*®. As a result, the reduced activity from a
hospitalization could have long-term consequences on the musculoskeletal health of an
elderly patient who is hospitalized for an extended amount of time. A more complete
understanding of how bone adapts to decreased use with age is therefore critical to

protecting the skeletal health of elderly patients.

46



The effect of disuse on bone in young adult subjects has been well established. In
humans, bedrest and spaceflight studies have indicated a gradual loss of bone mineral
density (BMD) during periods of reduced loading. In bedrest studies, adult women
exhibited a 3-4% decrease in trabecular BMD in the femur and tibia during a 60-day
bedrest®’. Though the scope of subjects is far narrower, spaceflight studies have
indicated similar levels of trabecular bone resorption, estimated 1-2% loss of trabecular
bone BMD in the hip per month in microgravity321°, In tail suspension studies in mice,
25-40% of trabecular bone volume fraction in the femur and tibia is lost over a 14-day

period of unloading®468.126,

Far fewer studies have examined the bone recovery that occurs during reloading
following a period of unloading. Previous studies establish that bone recovery during
reloading take far than the duration of unloading, up to twice as long as the unloading
period®®°2, Some studies indicate that even after full recovery of bone quantity measures,
the effects on bone quality measures such as BMD, osteoblast humber and bone
formation rate may take even longer to recover36.50.66.109 However, all of these reloading
studies were done in adolescent or young adult populations3”67:101 Therefore, these
results may not necessarily translate to older subjects, as changes in bone with age could

affect bone adaptation during unloading and subsequent reloading.

Bone loses structure and strength with age. Osteoporosis is a low bone mass

phenotype most commonly present in older subjects due to a long-term imbalance of
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bone formation and resorption resulting in a steady decline in bone mass!2. Fracture risk
in older patients, particularly in patients with osteoporosis or osteopenia, is far higher than
for younger patients?73. With increasing age, bone becomes more brittle and prone to
fracture. Trabecular bone in older patients is lost at an average rate of 3-4% per year and
cortical thickness is known to decrease with age as well1?’. Osteocyte density in older
humans is anywhere from 30-40% lower than it is in younger patients in their 20s and

30s%9%,

The bones of older subjects are also less able to respond to changing loading
environments. In humans, exercise in older patients results in smaller increases in bone
mass than in younger patients'?®. Similarly, in animal models increased compression of
cortical bone resulted in far less additional bone formation in older animals than in
younger animalst®, However, far fewer studies have examined the effect of disuse on
the bones of older people or animals. Previous studies in rats, including our own previous
study, showed that the bones of older animals do not lose as much bone during unloading
as younger animals®312° |n addition, in our previous study we observed that old rats
continued to lose bone during reloading, which could imply that the adaptation response

to decreased mechanical loading was delayed in the old rats.

As mentioned above, osteocyte density decreases in older subjects. Osteocytes
are the major resident cells in bone tissue that sense changes in mechanical loading,

therefore a decrease in osteocyte density (as in older subjects) could affect the bone
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tissue’s ability to adapt to decreasing and increasing loads®%1%°. Genetic mouse models
can be used to investigate the effect of the age-related decrease in osteocyte density
without other confounding factors associated with aging. One such genetic model is the
BCL-2 transgenic mouse established and described by Moriishi et al.'3. In this
transgenic mouse, human B-cell lymphoma 2 (BCL-2) is overexpressed in osteoblasts
and osteocytes under the control of the Collal(2.3kb) promoter. Osteoblasts in this
mouse model have suppressed cell adhesion, spreading, and mobility*3'. When these
osteoblasts are embedded in the bone matrix and become osteocytes, they have fewer,
shorter cell processes, and as a result the osteocytes have a disrupted canalicular
network and are unable to obtain proper nutrition and eliminate waste, leading to cell
death. By 10 weeks of age in this mouse, approximately 50% of osteocytes are dead and
by 16 weeks of age 75% of osteocytes have died®>31, Due to an overexpression of BCL-
2 in osteoblasts, this mouse model has been characterized to have a high bone mass
phenotype, in the long bones, but not the axial skeleton at 4-weeks-old*3! and at 4-

months-old®>.

In this study, we investigated the differences in bone adaptation to unloading and
subsequent reloading between young and old mice. In addition, using young BCL-2
transgenic mice, we were able to compare bone adaptation in this model of osteocyte
dysfunction to that of young wild-type mice. We hypothesized that old mice would have a
decreased and delayed overall response to changes in the mechanical loading
environment when compared with young mice due to diminished osteocyte signaling. In

addition, we hypothesized that BCL-2 transgenic mice would have also have a decreased
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bone adaptation response to unloading and reloading compared to young wild-type mice
similar to expected response of old mice. These findings would establish key differences
in bone adaptation with age and osteocyte density that may have far-reaching
implications for the treatment of elderly patients to maintain skeletal health during and

after periods of disuse.

3.3 Methods
3.3.1 Animals

This study used a total of 93 C57BI-6J male mice purchased from the Jackson
Laboratory (Sacramento, CA) and 33 male BCL-2 transgenic mice bred at Lawrence
Livermore National Laboratory (Livermore, CA) for a total of 126 animals. All mice in this
study belonged to one of three experimental groups: Young WT mice (n=47) were 3-
month-old C57BI-6J mice, Old WT mice (n=46) were 18-month-old C57BI-6J mice and
Young BCL-2 Tg mice (n=34) were 3-month-old BCL-2 transgenic mice. In this study, we
exclusively used male mice, as we wanted to evaluate trabecular bone changes in the
distal femoral metaphysis, and male mice retain considerably more trabecular bone in
their hindlimbs as they age compared to female mice’. Mice were cared for in
accordance with the guidelines set by the National Institutes of Health (NIH) on the care
and use of laboratory animals. All procedures were approved by the Institutional Animal

Care and Use Committee at UC Dauvis.
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3.3.2 Experimental groups and study design

Mice were allowed to acclimate for 1-2 weeks in the vivarium prior to the start of
the study. A subgroup of mice from each experimental group was euthanized at day 0 to
establish baseline bone properties. All remaining mice underwent a period of tail
suspension for up to 14 days as described below. One subgroup of mice from each
experimental group was sacrificed after 2 days of tail suspension while remaining mice
underwent 14 days of tail suspension. Another subgroup of mice was euthanized
immediately after the unloading period without resuming normal cage activity. Remaining
mice were allowed to resume normal cage activity (reloading) for either 2 or 14 days after
the unloading period. Subgroups of Young WT and Old WT mice included 8-10 mice per
time point. Subgroups of Young BCL-2 Tg mice included 6-8 mice per time point due to
limited availability of animals. Experimental groups, terminal time points and group sizes

are presented in Table 3.1.

At each terminal time point, mice were euthanized by exsanguination via cardiac
puncture under anesthesia followed by cervical dislocation. Whole blood was collected
during cardiac puncture for use in serum ELISA analysis described below and hindlimb
bones were collected and stored in the methods described below for micro-computed

tomography analysis or histology.
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Table 3.1: Experimental groups, terminal time points for subgroups, and subgroup sizes

i i 2 days of | 14 days of | 2daysof | 14 days of
Experimental Baseline loadi loadi load oy
Group (Day 0) unloading | unloading | reloading | reloading
(Day2) | (Day14) | (Day16) | (Day 28)
Young WT B ~ ~ ~ 3
(3 months old) n=9 n=10 n=8 n=10 n=10
Old WT _ ~ ~ B 3
(18 months old) n=8 n=10 n=10 n=10 n=8
Young BCL-2 Tg _ ~ ~ - B
(3 months old) n=6 n=8 n=7 n=6 n=7

3.3.3 Hindlimb unloading via tail suspension

Mice were subjected to hindlimb unloading via tail suspension as first described by
Morey-Holten*®. Mice were anesthetized through inhalation of 2.5% isoflurane. While
anesthetized, the tail was sterilized with an alcohol wipe and a thin strip of skin-safe
medical tape was wrapped around the base of the tail to minimize irritation. A U-shaped
piece of wire was threaded through a swivel on an acrylic loop and was then attached to
the wrapped base of the tail via cyanoacrylate. Once the wire hook was securely attached
to the length of the tail, the hook and tail were wrapped with one thicker piece of skin-safe
medical tape to reduce skin irritation and prevent mice from biting at the tail fixture. Mice
were individually housed in custom-made cages with a rod across the top of the cage.
The acrylic loop at the top of the hook assembly was placed on the rod at the top of the
cage. This assembly allowed the mice to move around their cage and access food and
water through their front limbs, but their hind limbs were unable to touch the floor of the

cage (approximately 30-degree head-down angle).
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3.3.4 Histology: TUNEL staining

Histology was used to qualify differences in osteocyte density and osteocyte
apoptosis between the baseline mice of each experimental group (Young WT, Old WT
and Young BCL?2). Following euthanasia, right tibias were fixed in a 4% paraformaldehyde
(PFA) solution for 5-7 days and then stored in 70% ethanol until decalcification. Tibias
were decalcified with 0.5 M Ethylenediaminetetraacetic acid (EDTA) until decalcified as
determined via Xray. Decalcified tibias (n=2 per subgroup, n=6 total) were processed for
paraffin embedding and 6um longitudinal sections were cut of the mid diaphysis to
proximal end of the tibia. Sections were stained for Terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) using the Apoptag® system (Millipore Sigma, Temecula,
CA). For each stained section, three areas of cortical bone were imaged at 20x
magnification and analyzed for live and apoptotic osteocytes. Live osteocytes were
stained blue while TUNEL positive apoptotic osteocytes were stained brown. Sections
were analyzed for relative differences in osteocyte number, osteocyte apoptosis, and

empty lacunae normalized to the surface area of the section analyzed.

3.3.5 Micro-computed tomography analysis of trabecular and cortical bone

Following euthanasia, left femurs were collected and preserved in 70% ethanol,
then scanned via micro-computed tomography (SCANCo pCT 35, Bruttisellen,
Switzerland) at X-ray tube potential 55 kVp, intensity 114 mA, integration time 900 ms, 6

Mm isotropic nominal voxel size. Trabecular bone analysis was performed at the distal
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metaphysis and distal epiphysis of the femur. Cortical bone analysis was performed at

the mid diaphysis.

The epiphyseal region of interest began immediately proximal to the distal
subchondral bone plate and included all trabecular bone between the subchondral bone
plate and the distal growth plate. Because this section was fully enclosed by the growth
plate, the size of region of interest for the epiphysis varied from sample to sample in the
range of 70-110 slices or 0.42-0.66 mm in length. The metaphysis was defined as the
trabecular bone within 200 slices (1.2mm) of the region immediately proximal to the distal
growth plate. Trabecular bone parameters were calculated in both regions with the
manufacturer’'s 3D analysis software and included: trabecular bone volume fraction
(BVITV), trabecular number (Tb.N), trabecular thickness (Tb.Th), and trabecular

separation (Tb.Sp).

The region of interest for the cortical bone analysis was the mid diaphysis, defined
as a 200 slice (1.2 mm) region centered on 50% of the femur’s total length. Bone area
(B.Ar), total cross-sectional area (T.Ar), bone area fraction (B.Ar/T.Ar), cortical thickness
(Ct.Th), and other parameters were calculated using the manufacturer's 3D analysis
software. Additional parameters needed to calculate material properties from three-point
bending mechanical testing data were obtained from pCT analysis, including the minimum

moment of inertia (Imin) and the distance to the neutral axis (c).

54



3.3.6 Three-point bending mechanical testing

After uCT scanning, left femurs were mechanically tested in three-point bending to
determine structural and material properties. Prior to testing, femurs were rehydrated by
submerging them in a solution of phosphate buffeted saline for at least 10 minutes.
Rehydrated femurs were then loaded into the mechanical testing machine (ELF 3200, TA
Instruments, New Castle, DE) in a three-point bending setup such that the midpoint of the
bone was directly beneath the top loading platen. The two lower platens were separated
by 8 mm. To prevent motion or rotation of the bone during the test, the top actuator was
lowered onto the sample to a preload of no more than 5N. Samples were tested with the
posterior aspect of the bone loaded in tension. Femurs were loaded to failure by a single
monotonic load at a rate of 0.01 mm/sec. Force and displacement data were recorded at
50 Hz. Using the output force-displacement data, the linear region was isolated, and the
yield point was identified as the point at which the force-displacement curve became non-
linear. Stiffness of the linear region (K), yield force (Fy), and ultimate force (Fur) were
determined from the force-displacement curve. Minimum moment of inertia (Imin) and the
distance to the neutral axis (c) were used to calculate elastic modulus (E), yield stress,

and ultimate stress using beam theory equations®®2.

3.3.7 Serum cytokine analysis

Blood samples were collected at the time of euthanasia from cardiac puncture.
Blood was stored in uncoated Eppendorf tubes and allowed to clot at room temperature

for 1 hour. The blood was then spun at 1000g for 10 minutes at 4°C and the serum was
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pipetted off. Serum samples were stored at -80°C until analyzed. Enzyme-linked
immunosorbent assay (ELISA) was used to measure circulating levels of three
inflammatory cytokines, Interleukin 6 (IL-6), Interleukin 1 beta (IL-1) and tumor necrosis
factor alpha (TNFa), in the isolated serum using a kit (Meso Scale Discovery, Rockville,

MD) according to the manufacturer’s instructions.

3.3.8 Statistical analysis

Statistical analysis on uCT, mechanical testing and ELISA results was performed
via 2-way ANOVA stratified by experimental group and time point with statistical
significance defined as p < 0.05. Main effect differences between experimental groups
were obtained through the ANOVA. Old WT and Young BCL-2 Tg mice differ both in age
and genotype, thus no direct statistical comparisons were made between these two
groups. Instead, both of those experimental groups were compared only to Young WT

mice.

To determine differences between subgroups (time points) within each
experimental group, post-hoc planned contrasts were performed. To adjust for the
multiple comparisons from planned contrasts, the cutoff p-value for statistical significance
was adjusted with a Bonferroni correction. The p-value (originally set at p < 0.05) was
divided by the total number of contrasts which was 30. This is because 10 contrasts were

performed in each mouse experimental group to obtain all comparisons within a group
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and there were three experimental group. Thus, statistical significance in each planned

contrast was defined as p < 0.00167.

3.4 Results

3.4.1 Histology: TUNEL staining

Histological assessment of baseline samples showed that Old WT mice (Fig. 3.1b)
had lower osteocyte density and more extensive osteocyte apoptosis than Young WT
mice (Fig. 3.1a). Lacunar density in Young BCL-2 Tg mice (Fig. 3.1c) was greater than
that of either Young or Old WT mice. As can be seen in the images, osteocyte density is
noticeably lower in the Old WT sample than the other two. In addition, there were empty
lacunae present in samples from both Old WT mice and Young BCL-2 Tg mice, but no

empty lacunae were visible in the TUNEL stained sections from Young WT mice.
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Figure 3.1: TUNEL Staining of cortical bone in representative baseline samples of (a)
Young WT, (b) Old WT and (c) Young BCL-2 Tg mice. In the images, live osteocytes are
stained blue, apoptotic osteocyte are stained brown and the outline of empty lacunae are

also present in the Old WT and Young BCL2-Tg samples
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The average number of live osteocytes, dead osteocyte and empty lacunae were
recorded for each section and these averages were normalized across the area of bone
analyzed in the sections (Fig. 3.2). Though it is a limited sample size representing two
mice per experimental group, the total number of live or dead osteocytes in Old WT mice
was lower than either Young WT or Young BCL2 Tg mice. Young WT and Young BCL-2
Tg samples had a similar average number of live or dead osteocytes. However, more
apoptotic osteocytes were present in Young BCL-2 Tg mice than in Young WT mice, so

the percentage of live osteocytes was decreased.
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Figure 3.2: Normalized number of live and dead osteocytes and empty lacunae. The
average number of live and dead osteocyte and empty lacunae were normalized to the
bone area of the section analyzed for Young WT, Old WT and Young BCL-2 Tg baseline
samples.

3.4.2 Micro-Computed Tomography Analysis: Young WT Mice

Young WT mice exhibited a large magnitude of bone loss during unloading at both

trabecular sites, and a smaller magnitude of cortical bone loss. Trabecular bone loss was
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largely recovered during reloading. However, cortical bone loss persisted during the

reloading period. Full data from uCT analyses of the three bone sites are presented in

Table 3.2.

Table 3.2: Young WT uCT analysis data. Data are presented as mean * standard
deviation. A main effect difference between Young WT and OIld WT in a parameter is
denoted by (#) while a main effect difference between Young WT and Young BCL-2 Tg
in a parameter is denoted by (?). Letters underneath the data indicate differences between
subgroups of Young WT mice, subgroups that do not share a letter are statistically

different.
Experimental time points: Young WT Mice
Baseline 2d unloaded 14d unloaded 2d reloaded 14d reloaded
Epiphysis
BVITV #7 0.3254 + 0.0297 0.2984 + 0.0359 0.2376 + 0.0296 0.2167 + 0.0145 0.2877 £ 0.0128
A AB C C B
Tb.N # 6.6311 + 0.6709 6.7827 + 0.3317 6.2769 + 0.2902 6.0624 + 0.2688 6.4605 + 0.1751
(1/mm) A A AB B AB
Tb.Th #~ 0.0526 + 0.0024 0.0471 £ 0.0047 0.0406 + 0.0033 0.0373 + 0.0019 0.0480 + 0.0021
(mm) A B C C AB
Th.Sp #7 0.1536 + 0.0177 0.1477 + 0.0080 0.1591 + 0.0069 0.1626 + 0.0074 0.1545 + 0.0048
(mm) A A A A A
Metaphysis
BV/TV #7 0.1966 + 0.0292 0.1624 + 0.0414 0.1388 + 0.0106 0.1130 + 0.0146 0.1270 + 0.0122
A AB BC C BC
Tb.N #7 5.894 + 0.5836 5.865 + 0.2916 5.571 + 0.1600 5.388 £ 0.2123 5.130 + 0.1548
(1/mm) A A AB AB B
Tb.Th #7 0.0464 + 0.0042 0.0393 £+ 0.0071 0.0341 + 0.0029 0.03063 + 0.0019 0.0374 + 0.0026
(mm) A B B C BC
Tbh.Sp #7" 0.1652 + 0.0198 0.1665 + 0.0075 0.1740 + 0.0053 0.1805 + 0.0078 0.1882 + 0.0059
(mm) B AB AB AB A
Diaphysis
Ct.Th ~» 0.1908 + 0.0034 0.1784 + 0.0151 0.1791 + 0.0080 0.1745 + 0.0062 0.1698 + 0.0109
(mm) A AB AB B B
B.Ar #7 0.9509 + 0.0743 0.9049 + 0.0848 0.9414 + 0.0548 0.8789 + 0.0649 0.8992 + 0.0550
(mm?) A A A A A
T.Ar #7 1.987 +0.1926 2.100 + 0.0976 2.197 + 0.1592 2.027 £0.1324 2.232 +0.1183
(mm?) A A A A A
B.Ar./T.Ar #7 0.4801 + 0.0178 0.4307 £ 0.0324 0.4295 + 0.0200 0.4335 + 0.0136 0.4041 + 0.0284
A B B B B
Imin 0.1564 + 0.0280 0.1622 + 0.0188 0.1754 + 0.0219 0.1505 + 0.0190 0.1746 + 0.0225
(mm*) A A A A A
c # 0.6656 + 0.0368 0.6976 + 0.0228 0.7247 + 0.0314 0.6972 + 0.0355 0.7255 + 0.0301
(mm) B AB A AB A
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During unloading, Young WT mice exhibited large decreases in some epiphyseal
trabecular bone parameters. BV/TV was significantly lower (-27.0%) after 14 days of
unloading compared to baseline values (p < 0.0001) (Fig 3.3a and Fig 3.4a). Meanwhile,
Tb.Th in the epiphysis was 10.4% lower at 2 days of unloading compared to baseline (p
= 0.0011) and was another 13.7% lower at 14 days of unloading compared to 2 days of

unloading (p = 0.0007) (Fig 3.3b and Fig 3.4b).

During reloading, epiphyseal trabecular bone parameters in Young WT mice did
not recover after 2 days of reloading but largely returned to baseline values after 14 days
of reloading. After 2 days of reloading, BV/TV and Tb.Th remained lowered (-33.4% and
-8.5% respectively) than baseline values (p < 0.0001 and p = 0.0010 respectively). After
14 days of reloading, Tb.Th returned to baseline values, but BV/TV remained lowered ( -
11.6%, p = 0.0013). Though there was a significant decrease in Tb.N during early

reloading, Th.N returned to baseline values after 14 days of reloading.

At the metaphysis, bone loss was observed during unloading in some parameters
but not in others. Bone loss that occurred in unloading continued in early reloading and
most parameters did not recover during reloading. After 14 days of unloading, BV/TV and
Tbh.Th were significantly lower (-29.4% and -26.6% respectively) than baseline (p = 0.0005
and p < 0.0001 respectively) (Fig 3.3c-d and Fig 3.4c-d). Metaphyseal BV/TV and Tbh.Th

values remained lower than baseline during reloading as well.
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Most cortical bone parameters did not change over the unloading period, however
there was some bone loss observed in early reloading. While Ct.Th was not significantly
different after 14 days of unloading in Young WT mice (Fig 3.3e and Fig 3.4e), the cortical
bone area fraction, B.Ar/T.Ar, was significantly lower than baseline (-10.3%) in Young WT
mice after 2 days of unloading (p = 0.0009). After 14 days of reloading, Ct.Th in Young
WT mice was significantly lower (-11.0%) than the baseline value (p = 0.0006) and

B.Ar/T.Ar remained significantly lower than baseline through the reloading period.

3.4.3 Micro-computed Tomography Analysis: Old WT Mice

Old WT mice exhibited bone loss at both trabecular bone sites during unloading
that continued during early reloading for some trabecular bone parameters (Table 3.3).
Some trabecular bone parameters began to recover by the end of reloading, while others
did not. Old WT mice also experienced bone loss in the cortical bone during unloading
which was not recovered during reloading. Main effect differences of mouse experimental
group were present in all trabecular bone parameters at both sites between Old WT and
Young WT mice, with Old WT mice having overall lower trabecular BV/TV, Th.Th. and
Tbh.N and higher Tb.Sp. In the cortical bone, Old WT mice had overall greater B.Ar, and

T.Ar.
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Table 3.3: Old WT pCT analysis data. Data are presented as mean + standard deviation.
Significant main effect differences between Young WT and Old WT mice in a parameter
are denoted by (#) symbol. Letters underneath the data indicate differences within
subgroups of Old WT mice, subgroups that do not share a letter are statistically different.

Experimental time points: Old WT Mice

Baseline 2d unloaded 14d unloaded 2d reloaded 14d reloaded
Epiphysis
BVITV # 0.3020 + 0.0171 0.2637 + 0.0314 0.1957 + 0.0206 0.1782 + 0.0145 0.2298 + 0.0105
N NO OP P (0]
Tb.N # 5.609 + 0.2877 5.302 + 0.3663 4.862 + 0.2766 4.932 + 0.0962 5.032 £ 0.2725
(2/mm) N NO (0] (@) NO
Tb.Th # 0.0606 + 0.0036 0.0548 + 0.0043 0.0445 + 0.0039 0.0386 + 0.0022 0.0487 + 0.0021
(mm) N o P Q P
Th.Sp # 0.1818 + 0.0080 0.1913 + 0.0142 0.2039 + 0.0162 0.2027 + 0.0054 0.1973 + 0.0095
(mm) (0] NO N N NO
Metaphysis
BVITV # 0.0816 + 0.0166 0.0850 + 0.0159 0.0411 + 0.0103 0.0437 + 0.0098 0.0512 + 0.0165
N N (0] (0] NO
Th.N # 2.958 + 0.2330 2.772 £ 0.2508 2.549 + 0.2125 2.692 +0.2214 2.766 + 0.1534
(2/mm) N N N N N
Tb.Th # 0.0545 + 0.0043 0.0550 + 0.0072 0.0351 + 0.0039 0.0332 + 0.0040 0.0376 + 0.0071
(mm) N N (0] (0] (0]
Th.Sp # 0.3351 + 0.0259 0.3617 + 0.0369 0.3900 + 0.0346 0.3679 + 0.0318 0.3566 + 0.0207
(mm) (0] NO N NO NO
Diaphysis
Ct.Th 0.1955 + 0.0114 0.1894 + 0.0058 0.1731 + 0.0112 0.1650 + 0.0103 0.1616 + 0.0097
(mm) N N O O (0]
B.Ar # 0.9509 + 0.0743 0.9049 + 0.0848 0.9414 + 0.0548 0.8789 + 0.0649 0.8992 + 0.0550
(mm?) N N NO (0] (0]
TAr # 2.661 +0.1671 2.674 £0.1254 2.741 £ 0.1603 2.607 £ 0.1267 2.678 £ 0.1864
(mm?) N N N N N
B.Ar./T.Ar # 0.4134 + 0.0197 0.4017 + 0.0108 0.3648 + 0.0261 0.3567 + 0.0188 0.3551 + 0.0116
N N (0] (0] (0]
Imin 0.2557 + 0.0320 0.2551 + 0.0188 0.2467 + 0.0258 0.2176 + 0.0283 0.2229 + 0.0247
(mm*) N N N N N
c # 0.8050 + 0.0259 0.7933 + 0.0289 0.8349 + 0.0324 0.8023 + 0.0363 0.8155 + 0.0207
(mm) N N N N N

After 14 days of unloading, bone loss was observed in all epiphyseal trabecular
bone parameters in the femurs of Old WT mice. Both BV/TV and Th.N were significantly
lower (-35.2% and -13.3% respectively) after 14 days of unloading compared to baseline

(p < 0.0001 and p < 0.0001) (Fig 3.3a). In addition, Th.Sp was 12.1% higher at 14 days
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of unloading compared to baseline (p = 0.0002). Th.Th in Old WT mice was 9.6% lower
than baseline after only 2 days of unloading (p = 0.0005) and was another 18.7% lower

at 14 days of unloading compared to 2 days of unloading (p < 0.0001) (Fig 3.3b).

Following reloading, epiphyseal trabecular bone parameters mice significantly
recovered towards baseline values but remained significantly lower than baseline. After
14 days of reloading, BV/TV remained 23.9% lower than baseline BV/TV (p < 0.0001).
Meanwhile, during early reloading, Th.Th further decreased (-13.4%) after 2 days of
reloading than the 14 days of unloading time point (p = 0.0005). By 14 days of reloading,

Th.Th remained 19.6% lower than baseline values (p < 0.0001).

In the metaphysis, though there was much less trabecular bone in this region, there
was some trabecular bone loss during unloading. In Old WT mice, Th.Th was significantly
lower (-35.6%) at 14 days of unloading compared to baseline (p < 0.0001) and remained
lower than baseline for the full reloading period (Fig 3.3d). In addition, BV/TV in Old WT
mice was 46.4% lower at 14 days of unloading compared to baseline (p < 0.0001) (Fig

3.3¢).

Finally, in the cortical bone, bone loss occurred during unloading and early
reloading. Old WT mice had significantly lower Ct.Th (-11.5%) at 14 days of unloading
compared to baseline values (p = 0.0005) (Fig. 3.3e). After 2 days of reloading, B.Ar was
significantly lower (-15.3%) than baseline values at 2 days of reloading (p < 0.0001) (Fig
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3.3f). Meanwhile, Ct.Th in Old WT mice remained low and ended 17.3% lower than

baseline after 14 days of unloading (p < 0.0001).
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Figure 3.3: Comparison of Young WT and Old WT uCT results. Epiphyseal BV/TV (3.2a)
and Th.Th. (3.2b), Metaphyseal BV/TV (3.2c) and Tb.Th. (3.2d) and mid-diaphysis Ct.Th
and B.Ar results for Young WT and Old WT mice after 14 days of unloading followed by
14 days of reloading. Data are presented as means with standard deviations as error
bars. Letters indicate a significant difference between subgroups within a mouse
experimental group, subgroups that do not share a letter are significantly different.
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3.4.4 Micro-Computed Tomography Analysis: Young BCL-2 Tg Mice

During unloading, the bones of Young BCL-2 Tg mice exhibited some trabecular
bone loss in both the epiphysis and the metaphysis. However, unlike Young WT mice,
there was no recovery observed in trabecular bone properties during reloading. In
addition, cortical bone did not respond to either unloading or reloading. Young BCL-2 Tg
mice exhibited generally higher trabecular bone properties, such as BV/TV and Th.Th.,
than Young WT mice. Young BCL-2 Tg mice also had greater Ct.Th, B.Ar, T.Ar and

B.Ar./T.Ar.

Table 3.3: Young BCL-2 Tg uCT analysis data. Data are presented as mean + standard
deviation. Significant main effect differences between Young WT and Young BCL-2 Tg
mice in a parameter are denoted by (*) symbol. Letters underneath the data indicate
differences within subgroups of Young BCL-2 Tg mice, subgroups that do not share a
letter are statistically different.

Experimental time points: Young BCL-2 Tg Mice

Baseline 2d unloaded 14d unloaded 2d reloaded 14d reloaded
Epiphysis
BVITV 7 0.3544 + 0.0165 0.3320 + 0.0343 0.2538 + 0.0301 0.2440 + 0.0184 0.2752 + 0.0158
X X Y Y Y
Th.N 6.876 £ 0.3579 6.817 + 0.5115 5.860 + 0.3210 6.082 + 0.2285 5.842 £ 0.2031
(1/mm) X X Y \4 Y
Tb.Th ~» 0.0563 + 0.0015 0.0535 + 0.0029 0.0455 + 0.0039 0.0432 + 0.0034 0.0487 + 0.0013
(mm) X X Y Y XY
Th.Sp ~ 0.1517 +£0.0085 0.1524 + 0.0127 0.1771 + 0.0093 0.1679 + 0.0055 0.1734 + 0.0049
(mm) Y Y X XY X
Metaphysis
BV/TV ~ 0.2738 + 0.0309 0.2383 + 0.0578 0.2395 + 0.0294 0.2100 + 0.0098 0.1527 + 0.0403
X X X XY Y
Th.N n 6.969 + 0.3063 6.533 £ 0.6070 6.391 + 0.2893 6.056 + 0.6796 5.135 + 0.4410
(1/mm) X XY XY Y z
Tb.Th ~ 0.0488 + 0.0030 0.0464 + 0.0052 0.0450 + 0.0027 0.0415 + 0.0039 0.0380 + 0.0035
(mm) X X XY XY Y
Th.Sp ~ 0.1418 + 0.0066 0.1520 + 0.0161 0.1544 + 0.0083 0.1627 + 0.0188 0.1917 + 0.0203
(mm) Y Y XY XY X
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Diaphysis

Ct.Th » 0.1908 + 0.0034 0.1784 + 0.0151 0.1791 + 0.0080 0.1745 + 0.0062 0.1698 + 0.0109
(mm) X X X X X

B.Ar 2 0.9509 + 0.0743 0.9049 + 0.0848 0.9414 + 0.0548 0.8789 + 0.0649 0.8992 + 0.0550
(mm?) X X X X X

T.Ar n 1.987 + 0.1926 2.100 + 0.0976 2.197 £ 0.1592 2.027 £ 0.1324 2.232+£0.1183
(mm?) X X X X X

B.Ar./T.Ar ~ 0.4801 +0.0178 0.4307 = 0.0324 0.4295 + 0.0200 0.4335 + 0.0136 0.4041 + 0.0284
X X X X X

Imin 0.1564 + 0.0280 0.1622 + 0.0188 0.1754 + 0.0219 0.1505 + 0.0190 0.1746 + 0.0225
(mm#) X X X X X

c 0.6656 + 0.0368 0.6976 + 0.0228 0.7247 + 0.0314 0.6972 + 0.0355 0.7255 + 0.0301
(mm) Y XY XY X Y

In the epiphysis, we observed trabecular bone loss following unloading and this
loss did not recover during reloading. BV/TV was lower (-28.3%) compared to baseline
after 14 days of unloading (p < 0.0001). In addition, Tb.N and Tbh.Th (-14.8% and -19.1%
respectively) were lower after 14 days of unloading compared to baseline (p =0.0007 and
p <0.0001 respectively). Th.Sp was higher (+16.7%) after 14 days of unloading compared
to baseline (p = 0.0008). During reloading no trabecular bone parameters in the epiphysis

exhibited any recovery.

Meanwhile, in the metaphysis, no trabecular bone parameters were different from
baseline after unloading. However, bone loss was observed in during reloading in some
parameters. At the end of the study, after 14 days of unloading, both BV/TV and Th.Th
were significantly lower (-44.2% and -21.6% respectively) than baseline values (p <

0.0001 and p = 0.0005 respectively) (Fig 3.4c-d).
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Throughout the full unloading and reloading period, we observed no changes in

cortical bone properties in the Young BCL-2 Tg mice (Fig 3.4e-f).
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Figure 3.4: Comparison of Young WT and Young BCL-2 Tg UCT results. Epiphyseal
BV/TV (3.2a) and Tbh.Th. (3.2b), Metaphyseal BV/TV (3.2c) and Tbh.Th. (3.2d) and mid-
diaphysis Ct.Th (3.2e) and B.Ar (3.2f) results for Young WT and Young BCL-2 Tg mice
after 14 days of unloading followed by 14 days of reloading. Data are presented as means
with standard deviations as error bars. Letters indicate a significant difference between
subgroups within a mouse experimental group, subgroups that do not share a letter are
significantly different.
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3.4.5 Mechanical Testing

Three-point bending results largely mirrored the results from the cortical bone
structure analysis in each experimental group (Table 3.5). We observed significant
decreases in mechanical properties following unloading in the bones of Old WT and
Young WT mice. In the Young BCL-2 Tg mice in which we observed no changes in cortical
bone properties in response to any change in loading environment, we observed no

changes in bone mechanical properties in response to changes in loading environment.

We also observed main effect differences between experimental groups. All the
mechanical properties of bones of Old WT mice were lower than those of the Young WT
mice. Meanwhile, the mechanical properties bones of the Young BCL-2 Tg mice also had
main effect differences from the bones of the Young WT mice. Young BCL-2 femurs had

significantly higher stiffness, yield and ultimate force, and yield and ultimate stress.

69



Table 3.5: Three-point bending mechanical testing data. Data are presented as mean +
standard deviation. A main effect difference between Young WT and Old WT in a
parameter is denoted by (#) while a main effect difference between Young WT and Young
BCL-2 Tg in a parameter is denoted by (). Letters underneath the data indicated
differences between subgroups within a single experimental group (Young WT, Old WT
and Young BCL-2 Tqg), subgroups that do not share a letter are statistically different.

Experimental time points

Baseline 2d unloaded 14d unloaded 2d reloaded 14d reloaded
Young WT
K #7 132.4 +13.50 105.9 + 25.82 123.8 +8.131 108.8 + 9.536 108.9 + 14.47
(N/mm) A A A A A
Fy #17 14.59 + 1.825 11.39 +3.142 12.59 + 1.303 12.26 + 2.154 11.62 + 3.242
(N) A A A A A
Fur #7° 17.68 +1.763 15.62 +2.921 17.67 £ 0.649 16.61 + 1.747 15.56 + 2.282
(N) A A A A A
E # 9.388 + 2.389 6.997 £ 1.236 7.646 +1.076 7.722 £ 0.7390 6.765 £ 1.237
(GPa) A B AB AB B
oy #° 129.3 £ 37.22 98.31 £ 20.60 105.4 +15.71 114.2 +20.43 97.48 + 28.07
(MPa) A A A A A
oy #N 155.2 +33.12 135.5 + 16.49 147.3 £10.25 154.3 +13.99 130.7 £ 22.18
(MPa) A A A A A
Old WT
K # 129.0 + 32.85 121.7 + 16.86 86.57 + 23.52 69.95+14.21 62.75+19.21
(N/mm) N N (0] (0] (0]
F # 11.28 +2.883 10.75 + 2.764 8.326 + 2.277 7.881+1.276 7.448 +1.684
(N) N N N N N
Fur # 17.33 £ 3.038 15.52 + 1.326 12.09 +1.175 10.95 + 1.069 11.42 +1.304
(N) N NO (@] (@] O
E # 5.398 + 1.259 5.116 £ 0.798 3.786 + 1.080 3.460 + 0.6800 3.044 £ 1.056
(GPa) N NO NO NO O
oy # 70.89 + 15.81 67.06 £ 17.87 57.62 + 18.39 58.49 £ 9.016 54.23 £10.52
(MPa) N N N N N
oy # 109.3 + 14.63 96.69 + 7.406 82.40 + 9.377 81.34 £ 8.169 84.27 £ 11.66
(MPa) N NO (@] (0] (@]
Young BCL-2 Tg
K » 166.9 + 32.78 176.5 + 33.90 167.4 + 23.26 170.0 + 27.62 161.0 £+ 21.25
(N/mm) X X X X X
Fy ° 19.54 + 2.079 20.72 £ 3.255 20.68 +4.212 22.72 £ 2.564 18.95 + 4.398
(N) X X X X X
Fur 26.13 + 3.474 25.80 £ 4.510 27.28 +4.230 27.51 £ 3.325 24.04 £ 4.081
(N) X X X X X
E 8.786 + 0.9070 8.411 £ 0.7292 7.622 + 0.8030 6.954 £ 1.034 8.341 £0.7139
(GPa) X X X X X
oy N 134.0 + 13.66 132.1 +13.80 128.4 + 18.40 134.7 +13.01 127.8 £+ 20.61
(MPa) X X X X X
oy N 178.4 +13.93 163.1 +10.44 170.3 +13.77 162.7 + 14.28 162.8 + 16.66
(MPa) X X X X X



In Young WT mice, there were not many changes in mechanical properties in the
femurs in response to unloading or reloading. The only difference was in the elastic
modulus which was 25.4% lower after 2 days of unloading (p < 0.0001) (Fig 3.5b and

3.6b). The modulus would remain lower than baseline after 14 days of reloading.

The unloading period affected multiple mechanical properties in the femurs of Old
WT mice. All mechanical properties that decreased during unloading would show no
recovery during the reloading period. After 14 days of unloading, femurs from Old WT
mice had a significantly lower stiffness (-32.8%) than baseline values (p = 0.0038), and
ultimate force was significantly lower (-30.2%) than baseline (p < 0.0001) (Fig 3.5a and
Fig 3.5c). During reloading, stiffness and ultimate force remained significantly lower than
baseline for the duration of the study. After 14 days of reloading, the elastic modulus was

significantly lower (-43.6%) than baseline (p < 0.0005) (Fig 3.5b).
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Figure 3.5: Comparison of Young WT and Old WT three-point bending results. Stiffness
(3.4a), elastic modulus (3.4b), ultimate force. (3.4c), and ultimate stress (3.4d) results for
Young WT and OIld WT results after 14 days of unloading followed by 14 days of
reloading. Data are presented as means with standard deviations as error bars. Letters
indicate a significant difference between subgroups within a mouse experimental group,
subgroups that do not share a letter are significantly different.

As previously described, there were no significant differences in the mechanical
properties between subgroups of Young BCL-2 Tg mice (Fig 3.6a-d). The only statistically
significant differences were the main effect differences between the two experimental

groups of Young WT and Young BCL-2 Tg mice described above.
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Figure 3.6: Comparison of Young WT and Young BCL-2 Tg three-point bending results.
Stiffness (3.4a), elastic modulus (3.4b), ultimate force. (3.4c), and ultimate stress (3.4d)
results for Young WT and Young BCL-2 Tg mice after 14 days of unloading followed by
14 days of reloading. Data are presented as means with standard deviations as error
bars. Letters indicate a significant difference between subgroups within a mouse
experimental group, subgroups that do not share a letter are significantly different.

3.4.6 Serum Cytokine Analysis

Serum cytokine measures had high variability within subgroups, and thus we
observed significant main effects between experimental groups, but no differences due
to unloading or reloading (Table 3.6). As a main effect, Young WT mice had higher IL-1[3

than Old WT mice and lower TNF-a than Old WT mice (p < 0.0001 and p < 0.0001
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respectively). In addition, Young WT mice had higher IL-13 than Young BCL-2 Tg mice

(p <0.0001) (Fig 3.7).

Table 3.6 Serum cytokine ELISA data. Serum concentrations of IL-1B, TNF-a, and IL-6.
Data are presented as mean = standard deviation. A main effect difference between
Young WT and Old WT in a cytokine is denoted by (#) while a main effect difference
between Young WT and Young BCL-2 Tg in a cytokine is denoted by (*). There were no
statistically significant differences between subgroups within any of the three mouse
experimental groups (Young WT, Old WT and Young BCL-2 Tg).

Experimental time points

Baseline 2d unloaded 14d unloaded 2d reloaded 14d reloaded
Young WT
IL-1B #A 1.234 +£0.5821 0.6720 + 0.4294 0.8900 + 0.4337 0.7324 + 0.4960 0.3556 + 0.2001
(pg/nl)
TNF a # 8.642 +2.823 5.585 +0.6173 6.358 + 0.6929 6.087 +£1.931 5.047 £ 0.6206
(pg/nl)
IL-6 65.87 + 63.98 19.70 £ 14.61 96.54 +138.5 16.90 £ 12.79 2.821 +1.043
(pg/nl)
Old WT
IL-18 # 0.7926 + 0.5574 0.5817 + 0.3207 0.6587 + 0.3238 0.4232 + 0.2363 0.2940 + 0.0942
(pg/nl)
TNFa # 12.89 + 4.534 8.533 £2.485 9.755 + 3.095 8.568 + 1.933 13.64 + 16.56
(pg/nl)
IL-6 198.3 £ 167.7 33.46 + 20.10 71.06 + 69.45 60.52 + 85.44 24.52 + 25.64
(pg/nl)

Young BCL-2 Tg

IL-18 A 0.4819 + 0.2809 0.4113 + 0.2889 0.5066 + 0.1828 0.4688 + 0.2123 0.3112 +0.1188
(pg/nl)

TNF a 8.665 + 1.651 6.598 + 0.7913 6.997 + 1.552 7.289+1.131 6.627 + 0.9809
(pg/nl)

IL-6 101.4 +110.6 22.68 +15.24 121.7 £205.5 47.96 + 34.68 5.550 + 2.549
(pg/nl)
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Figure 3.7: ELISA Results. Serum concentrations of IL-18 (3.5a), TNF-a (3.5b), and IL-6
(3.5¢) for Young WT, Old WT and Young BCL-2 Tg mice after 14 days of unloading
followed by 14 days of reloading. Data are presented as means with standard deviations
as error bars.

3.5 Discussion

In this study, our goal was to examine differences in bone adaptation in response
to unloading and reloading between three different experimental groups of mice, Young
WT, Old WT, and Young BCL-2 TG mice. We hypothesized that the bones of Young WT
mice would have a more robust response to both unloading and reloading than the bones
of Old WT mice, and that Young BCL-2 TG mice with high levels of osteocyte apoptosis
would have a response similar to that of Old WT animals. Somewhat contrary to our
hypothesis, Old WT mice had a robust bone adaptation response to unloading that was
similar in effect size to Young WT animals. There were still key differences in bone

adaptation between experimental groups, particularly in bone recovery during the
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reloading period, but these differences were often site-specific and not as consistent as

expected.

In Young WT mice, we observed significant trabecular bone loss in response to
unloading in both trabecular bone sites, but far less cortical bone adaptation over the total
time course of the study. While we observed recovery during reloading in epiphyseal
trabecular bone of Young WT mice, we observed continued bone loss in the metaphyseal
trabecular bone and cortical bone during reloading. There are a few potential causes for
this continued bone loss during the reloading period. One potential explanation is that at
the locations that we observed continued bone loss during reloading, it can take a
significant period of time after the end of mechanical unloading to reverse unloading-
induced bone resorption. Bone loss in the metaphysis during reloading occurred in early
reloading while bone loss in the cortical diaphysis occurred in late reloading. Trabecular
bone is a more dynamic tissue than cortical bone, and is far quicker to respond to
changing mechanical loading environments®®133; this could potentially explain the
difference in timing of bone loss between the two sites during reloading. Another potential
cause for bone loss during reloading could be that allowing a mouse to ambulate with its
hindlimbs after 14 days of unloading could cause minor trauma to the bone from the
sudden increase in mechanical loading. The mechanostat theory suggests that if strain
magnitude in bone is above a certain threshold, bone accrues damage rather than just
adapting with a net increase in bone mass?%24. It is possible that due to unloading-induced
bone loss compromising the structure of the bone, for a short period during early

reloading, the strain magnitudes in newly reloaded bones may be high enough to accrue
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some amount of damage, and this might be the initiating event for the bone loss that we
observe in early reloading. In future work, it would be valuable to examine bone
microdamage in newly reloaded bone samples through histology to determine if there is
increased microdamage and how the amount of microdamage compares to microdamage

in bone samples from subjects who underwent normal ambulation.

In cortical bone, the time delay between the change of mechanical loading and the
bone adaptation response was even longer in Young WT mice than in the trabecular
bone. Though the effect size was much smaller than in trabecular bone, our results
suggest that, in Young WT mice, adaptation to mechanical unloading was not detectable
until 14 days after tail suspension ended. Mechanical testing indicated similar trends in
structural and material properties to the cortical bone properties. We observed a lower
effect of unloading and reloading on cortical bone properties that we analyzed, but any

changes we observed were still present after 14 days of reloading.

A previous study reported very little bone adaptation in old animals during a period
of unloading'®3. In our previous study in rats, we observed no significant decreases in
trabecular bone during 14 days of unloading, and we observed no significant decreases
in cortical bone in response to unloading or reloading!?°. In the current study, we observed
that at baseline, Old WT mice had lower osteocyte density and increased osteocyte
apoptosis in the cortical bone than Young WT mice. With a lower osteocyte density and

higher osteocyte apoptosis, we expected drastically lower bone adaptation in response
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to any change in the mechanical loading environment, both unloading and reloading.
Contrary to this hypothesis, Old WT mice experienced consistent bone loss in the distal
epiphysis and the mid diaphysis of the femur following the unloading period and mild

recovery of trabecular bone during the reloading period.

Trabecular bone loss in the epiphysis of Old WT mice was a similar magnitude as
in Young WT mice. At the metaphysis, bone loss was less consistent across trabecular
bone parameters. However, we found that there is very little trabecular bone remaining in
mice at this age which agrees with previous studies examining bone in 18-month-old
mice’®. Thus, with so little trabecular bone present, even small changes in individual
trabeculae can greatly increase the variation of the subgroup, potentially making it more
difficult to detect significant differences. Trabecular bone is maintained in the epiphysis
with age, so at that location, trabecular bone loss was more consistent across subgroups.
It is difficult to compare our results to previous studies as previous studies examining
unloading in old animals have used rats and have generally not reported epiphyseal bone
results. Nonetheless, we did observe that Old WT mice did respond differently than Young
WT mice to reloading in the trabecular bone. While both ages of mice experienced some
continued bone loss during early reloading, Old WT mice did not have the same
magnitude of trabecular bone recovery after 14 days of reloading. Our hypothesis that
Old WT mice would have diminished or no adaptation to both unloading and reloading
proved to be not accurate, though we observed mildly diminished adaptation to reloading

in trabecular bone Old WT mice.
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In cortical bone, bone adaptation to unloading was quicker in Old WT mice than in
Young WT mice. After the unloading period in Old WT mice, there was significant thinning
of the cortical bone at the mid-diaphysis. Furthermore, there was a significant loss of
cortical bone area after 2 days of reloading in Old WT mice which suggests a delayed
effect of unloading on bone adaptation, even once unloading has ended. Mechanical
testing of cortical bone revealed that unloading and reloading had the greatest effect on
mechanical properties of bones from Old WT mice. Mechanical properties decreased
significantly during the unloading period and some continued to decrease in reloading
without significant recovery by 14 days of reloading. Significant decreases in multiple
mechanical properties indicate that the strength of the bone was significantly
compromised in Old WT mice following unloading and remained compromised for a long

period after normal loading had resumed.

We used BCL-2 Tg mice in this study as a model of osteocyte dysfunction. At
baseline, we observed that osteocyte density in cortical bone of Young BCL-2 Tg mice
was comparable to Young WT mice (including both live and dead osteocytes), and
osteocyte apoptosis was much higher in Young BCL-2 Tg mice. Since osteocytes are
responsible for sensing and responding to mechanical loads in bone, high osteocyte
apoptosis would suggest that Young BCL-2 Tg mice would have diminished bone
adaptation in response to changing mechanical loading environments. A previous study
showed that tail suspension in this BCL-2 Tg mouse model resulted in no significant
trabecular bone loss in the metaphysis in response to unloading when the mice were 16

weeks old at the start of unloading®®. In our study of 12-week-old BCL-2 TG mice, we also
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observed no significant loss of trabecular bone in the metaphysis during the unloading
period. However, we observed bone loss in the epiphysis in response to unloading and

in the metaphysis during early reloading.

Osteocyte density in the Young BCL-2 Tg mice was similar to that of Young WT
mice, but bone adaptation to unloading and reloading was still affected. We previously
observed that Old WT mice, who had both decreased osteocyte density and increased
osteocyte apoptosis also had a difference in bone adaptation compared to Young WT
mice. Since bone adaptation in Young BCL-2 Tg mice was affected, this suggests that an
increase in osteocyte apoptosis alone is enough to impair bone’s ability to respond to
changes in mechanical loading environments. Previous studies have found that osteocyte
apoptosis precedes disuse-induced bone loss®%%? and is localized to areas of
microdamage in response to increased loading'3*135, While osteocyte apoptosis during
reloading has not been directly measured, another study has modeled bone recovery
during reloading using osteocyte viability based on the expected mechanical loading
range that allows for osteocyte survival'3. In Young BCL-2 Tg mice, a lower number of
alive osteocytes means that there are fewer osteocytes that can undergo apoptosis in
response to either unloading or reloading which could impair bone adaptation. Further
examination of the magnitude of osteocyte apoptosis in Young BCL-2 Tg mice during

unloading and in all mice during reloading would be necessary to validate this theory.
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Bone was lost in the epiphysis of the Young BCL-2 Tg mice at around the same
magnitude as Young WT during unloading, but we observed no trabecular bone recovery
during reloading. In the metaphysis, Young BCL-2 Tg mice lost bone in early reloading
and this bone loss was not recovered after 14 days of reloading. Delayed trabecular bone
loss in the metaphysis in response to disuse in Young BCL-2 Tg mice compared to the
timing of trabecular bone loss in Young WT mice implies that trabecular bone at this site
may be slower to adapt to a decreased mechanical loading environment in Young BCL-
2 Tg mice than Young WT mice. The full time-course of bone recovery during reloading
in Young BCL-2 Tg mice was not able to be determined due to the limited time scope of
our study. However, the loss of trabecular bone structure during the early reloading period
observed in uCT analysis suggests a delay between return to normal loading and the start

of bone recovery.

Cortical bone parameters in Young BCL-2 Tg mice did not respond at all to either
unloading or reloading, and there were no differences observed in mechanical properties.
Osteocyte death in the cortical bone in this transgenic mouse model has been observed
to be around 50% at 10 weeks of age and 75% at 16 weeks of age®>'31. Though we only
analyzed a limited number of samples, we observed osteocyte apoptosis at around 60%
in 12-week-old BCL-2 Tg mice. Mechanoresponsiveness, particularly in the diaphysis of
long bones, is thought to be heavily mediated by osteocytes?6 and thus a lower
osteocyte density and dysfunctional canalicular network in the Young BCL-2 Tg mice

could explain the lack of cortical bone response to unloading and reloading in these mice.
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As described earlier, the BCL-2 Tg mouse line that we used in this study was
developed by the Komori lab in 2011 and in this transgenic mouse, human BCL-2 is
overexpressed in osteoblasts and osteocytes under the control of the Collal(2.3kb)
promoter*3l, However, this mouse line is not the first of its kind, a similar mouse line was
developed by the Gronowicz lab in 2005 which also expresses human BCL-2 in
osteoblasts and osteocytes under the control of the Collal(2.3kb) promoter*3’. Tail
suspension studies were not performed on the Gronowicz BCL-2 Tg mouse line so any

differences in bone adaptation to disuse are not characterized.

Both mouse lines were extensively characterized but it is difficult to directly
compare the Kormori and Gronowicz lines as the characterization methods differed
slightly and examined different time points though there are some overlapping time points.
In the Gronowicz line, osteoblast and osteocyte apoptosis were measured at 8 weeks
while in the Kormori line, osteoblast apoptosis was measured at 2 and 6 weeks while
osteocyte apoptosis was measured at 2, 4, 6 and 10 weeks. Osteoblast apoptosis was
measured at different ages and was moderately higher in the Gronowicz BCL-2 Tg
mouse, around 5-7% to the Komori BCL-2 Tg mouse’s 2-4%. What differs significantly is
osteocyte apoptosis between the two mice lines. At 8 weeks old, the Gronowicz mouse
line had only about a 5% rate of osteocyte apoptosis®’ while between 6 and 10 weeks in
the Kormori line, osteocyte apoptosis increases from around 20% to around 50%13, In
addition, the Gronowicz BCL-2 Tg mouse exhibits a high trabecular bone mass phenotype
measured through histomorphometry at both 2 and 6 months of age!3” while the Komori

BCL-2 Tg mouse exhibits a high bone mass phenotype at 4 weeks and 4 months of age
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measured through uCT>®. Though the Gronowicz BCL-2 Tg mouse has not been studied
in tail suspension, without high osteocyte apoptosis, it is unlikely to have the same bone
response to unloading and reloading that we observed in the Komori Young BCL-2 Tg

mice.

The Komori BCL-2 transgenic mouse exhibits osteocyte dysfunction through a
large increase in osteocyte apoptosis. Another transgenic mouse model modifies
osteocyte function through targeted ablation. In this model established by Tatsumi et al.,
transgenic mice express the diptheria toxin receptor (DT-R) under the control of the dentin
matrix protein 1(DMP-1)138, DMP-1 is highly expressed in osteocytes but not in
osteoblasts, thus, in response to an injection of diptheria toxin, around 50-70% of
osteocytes undergo apoptosis or become necrotic. As the osteocyte ablation is an
inducible effect, this mouse has no abnormal bone phenotype prior to the injection of DT.
When this transgenic mouse underwent osteocyte ablation prior to 7 days of tail
suspension, they did not experience unloading-induced bone loss. However, when
osteocytes were instead ablated immediately following 7 days of tail suspension, mice
experienced bone recovery during a reloading period3. What is unclear about this
mouse model is the nature by which the osteocytes are ablated. If the osteocytes undergo
apoptosis, then if this process occurs immediately prior to tail suspension, one would
expect there to be bone loss due to a large amount of osteocyte apoptosis which many
studies suggest may trigger unloading induced bone loss®%.6264, However, this does not
occur suggesting that the circumstances of osteocyte apoptosis are important in

determining the resulting bone adaptation response.
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By comparison, in the Young BCL-2 Tg mice, a model with osteocytes that
continuously undergo apoptosis, we observed no bone adaptation in cortical bone during
unloading or reloading but we observed bone loss in response to unloading in trabecular
bone. Differences in bone adaptation in response to unloading and reloading in these
two mouse models might relate to the timing of osteocyte apoptosis in both models with
the DT-inducible mouse experiencing one large wave of osteocyte apoptosis or death
while the Kormori BCL-2 Tg experiences a continuous rate of osteocyte apoptosis. This
could support the premise that it is not simply osteocyte apoptosis that regulates bone
adaptation to disuse but the circumstances, including loading environment and outside

cause of apoptosis, that regulate the response.

The magnitude and location of bone loss during unloading that we observed in
Young WT mice is consistent with previous studies that examined slightly older mice (16-
17 weeks old) over a similar unloading period in mice®*%®, In addition, though fewer
studies have examined bone adaptation during reloading, these studies indicated that
bone recovery in young animals takes longer than our 14-day reloading period®%°2, and
thus it is reasonable that we did not observe complete recovery in our study. However,
our results indicated a different pattern of bone adaptation than has previously been

observed for tail suspension with old animals.

There are few studies that have examined the effect of disuse on the bones of old

animals specifically, and these previous studies used ~28-month-old rats as a model,
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whereas our study used 18-month-old mice. The old rats in these previous studies were
older compared to their total life span than the old mice used in the current study, and this
may explain some of the differences in bone adaptation that we observed in Old WT mice
in this study versus previous studies in rats. Another factor that could contribute to the
differences in adaptation effect size and timing could be the differences in basal metabolic
rate between mice and rats. Mice have a significantly higher metabolic rate than rats
do!3%140 ' which could mean that the same 14 day period of mechanical unloading could
have a much larger effect on the more metabolically active mouse than the rat. Further
research into age-related differences in bone adaptation in response to mechanical
unloading and reloading is needed to clarify how and when bone adaptation changes with

relative bone age.

Contrary to our initial hypotheses, all three experimental groups of mice lost bone
during unloading, and all three experienced at least some continued loss of bone during
early reloading. Young WT mice appeared to experience near complete bone recovery
during reloading than Old WT mice, which experienced minimal recovery, and Young
BCL-2 Tg mice, which effectively exhibited no recovery. High variance in serum levels of
inflammatory cytokines within subgroups made it difficult to detect meaningful differences
in serum cytokine levels over the course of unloading and reloading. In Old WT mice,
TNF-a levels in serum were higher overall than Young WT and Young BCL-2 TG mice.
Circulating inflammatory cytokine levels are higher in older subjects®. This has been
implicated as a possible contributing mechanism to the imbalance of bone formation and

bone resorption that contributes to osteoporotic bone in older subjects®. This difference
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in circulating inflammatory cytokines could contribute to rapid bone loss in response to
unloading seen in Old WT mice and could also contribute to diminished recovery of bone
with reloading. However, further analyses examining inflammation in the potentially
affected bone tissue, would be necessary to confirm this link. Potential analyses could
include measuring local inflammatory cytokines in the surrounding tissue through ELISA,
guantification of local expression of inflammatory cytokines through quantitative
polymerase chain reaction or measuring changes in bone resorption through histology.
Furthermore, the circulating cytokine levels that we measured do not indicate any
significant differences between Young WT mice and Young BCL-2 Tg mice and therefore
do not explain the differences in bone adaptation between these two experimental groups

of mice.

There are several limitations to this study that affect our conclusions. This study is
cross-sectional with multiple terminal time points; there are no analyses that captured the
changes over the course of the unloading and reloading for any individual animal. In
addition, prior to tail suspension, mice were group housed. After the unloading period,
mice remained single housed during reloading, and may not have had the same level of
activity as they had prior to the tail suspension due to the single housing. In addition, this
study is limited in the conclusions it can draw mechanistically. Our analysis presents a
thorough examination of structural and mechanical changes in response to loading and
unloading, but mechanistically we only examined TUNEL staining of baseline samples
and serum levels of three inflammatory cytokines throughout the study. Thus, while we

have observed complex differences in site-specific bone adaptation between the three
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experimental groups, we cannot currently determine what biological mechanisms caused

these changes.

3.6 Conclusions

Despite some limitations, this study builds on previous work done by our lab
examining age-related differences in bone adaptation in response to mechanical
unloading and subsequent reloading. In this study, Old mice experienced significant
trabecular and cortical bone loss in response to unloading. However, we observed a
significant delay in bone recovery and additional bone loss in early reloading which further
indicates that there is a window of skeletal vulnerability in older subjects following a period
of disuse. Using a transgenic model of osteocyte dysfunction, we observed that in these
mice, bone loss occurs only in trabecular bone and does not recover during the short time
period that we examined. Impaired bone adaptation, particularly in cortical bone suggests
that osteocyte apoptosis or osteocyte dysfunction has a significant effect on bone’s
response to changing mechanical loading environments. This research motivates further
investigations into specific differences in bone adaptation based on age and other factors
to better preserve the skeletal health of elderly patients following significant periods of

bedrest or disuse.
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Chapter 4: Conclusions and Future Directions

Maintaining skeletal health is an important health concern for elderly patients.
However, the specific risk posed by periods of disuse and subsequent recovery to
skeletal health in older subjects has received relatively little investigation. In this
research, we demonstrated that bone adaptation in old animals to mechanical unloading

and subsequent reloading is different to that of young animals.

In the first study, we observed that old rats (equivalent to a 70-80 year old
human) did not lose bone during mechanical unloading but did lose significant
trabecular bone during the subsequent reloading period. This trabecular bone loss was
not recovered and did not even begin to recover after 28 days of reloading. The
unloading response in old rats is consistent with what has been observed in a previous
study'%® however, the continued loss during reloading has not been seen before. This
research potentially implies that, in old subjects, the time needed to reverse bone
resorption due to disuse and begin bone formation is extended and leaves the subject in

a vulnerable state of skeletal health.

In the second study, we observed that old mice (equivalent to a 50-60 year old
human) lost amounts of cortical and trabecular bone during unloading. In addition,
further bone loss during early reloading was observed and old mice experienced
significantly less bone recovery during the study timeline than young mice. While the

bone adaptation of the Old mice differed from the Young mice, the results in this study
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were different than what has been observed in old rats. In past studies, bones of old
rats did not lose bone during a 14 day bout of tail suspension!® while in our study, we
observed bone loss during a return to normal loading!?®. Some of the differences might
be due to the different relative ages of the two old animals which illustrates the need for

research into how bone adaptation changes at several points in aging.

In the second study we also observed the effect of unloading and reloading on
bone adaptation in Young BCL-2 Tg mice who display increased osteocyte apoptosis.
Young BCL-2 mice exhibited no cortical bone adaptation to either unloading or
reloading and displayed minimal recovery in trabecular bone parameters during
reloading. Increased osteocyte apoptosis could have affected the bone’s ability to sense

and respond to changing mechanical loading environments®10,

However, though we did not directly compare them, Young BCL-2 Tg mice and
Old WT mice did not have the same bone adaptation response to unloading and
reloading even though both had high osteocyte apoptosis. Old WT mice also had a
diminished osteocyte density but still had a robust bone adaptation response to
unloading. Osteocyte apoptosis is heavily associated with the initial bone loss during
unloading®%%4 and it is possible that with fewer live osteocyte to undergo apoptosis in
Young BCL-2 Tg and Old WT mice, it may impair bone adaptation. However, this does
not explain why the response was different between the two. Osteocyte apoptosis has

also been observed in response to increased loading of bone at sites of microdamage
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caused by the increased loading*3413% which is a response would likely occur in
osteocytes during reloading which has been modeled*®® but has not been directly
measured in previous studies. Again, if more osteocytes have already undergone
apoptosis, there would be fewer remaining to undergo apoptosis in response to
reloading and if this signal is necessary to trigger bone remodeling, then bone
remodeling would be impaired. There also may be other factors beyond osteocyte
density and osteocyte apoptosis that regulate bone’s response to changing mechanical
loading environment. Further investigation into osteocyte apoptosis during unloading
and reloading would be required to fully understand why these bone adaptation

response in Young BCL-2 Tg mice and Old WT mice differed.

In our tail suspension study in mice, we observed that trabecular bone continued
to decrease during early reloading. This further validates the concept observed in
spaceflight studies wherein it takes several days of normal mechanical loading before

the bone resorption due to disuse is reversed, even in young subjects*144,

The major limitations of this research are in the cross-sectional study design and
the lack of mechanistic analysis. Both studies are cross-sectional and thus bone
adaptation in a single subject cannot be captured and bone loss and recovery are
implied between groups. It would be valuable to capture bone adaptation across

individual animals to validate what has been seen in our cross-sectional studies.
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The second major weakness of this research is the lack of mechanistic analyses
which limits the conclusions that can be drawn. In the first study, we did not have any
mechanistic analyses. In the second study, mechanistic analyses were limited. We
measured circulating inflammatory cytokines in the serum of the mice, and we observed
differences in osteocyte density and osteocyte apoptosis at baseline using TUNEL
staining. The analysis of circulating inflammatory cytokines did not uncover any
differences in response to unloading or reloading and the TUNEL staining allowed us to
see differences between mouse experimental groups at baseline but did not examine
adaptation during the study. Future work on this project will involve an expansion of
mechanistic analyses so that we can analyze differences in bone adaptation beyond
structural changes observed. Future analyses will include an expansion of TUNEL
staining analysis to examine changes in osteocyte apoptosis during unloading and
reloading within each experimental group of mice, and gPCR to examine changes in
local gene expression affecting inflammation, bone resorption and bone formation

during unloading and reloading.

Another potential effect of bone adaptation to disuse that we did not examine in
these studies was cortical porosity. Cortical porosity increase in bones with age®123. In
addition, some spaceflight studies have found an increase in cortical porosity in
response to mechanical unloading®. Increasing cortical porosity has a negative effect
on the mechanical strength of the bone and quantifying cortical porosity changes with

disuse would be valuable to further understand potential windows of skeletal
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vulnerability during which elderly patients may be more vulnerable to musculoskeletal

injury.

Overall, this research demonstrates that there are differences in bone adaptation
in response to mechanical unloading and subsequent reloading as a function of age.
This research adds to the limited number of studies examining bone adaptation in aged
subjects. It further highlights potential skeletal vulnerabilities in not only old patients but
young as well. This research has the potential to motivate further research into bone
adaptation in older subjects to further understand potential vulnerabilities to skeletal

health in elderly patients.
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