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Abstract

Bone has the incredible ability to constantly adapt to its mechanical loading
environment, adding new bone when loading is increased and removing bone in response to
disuse and unloading. This study investigated the microstructure of bone under different
loading conditions in two cases: 1) in response to controlled in vivo tibial loading of mice with
a rare segmental progeroid disorder, gerodermia osteodysplastica (GO) caused by loss-of-
function mutations in the GORAB gene. GO is associated with early onset osteoporosis and
bone fragility; and 2) in response to housing conditions (conventional cages and high
complexity aviaries) in commercial egg laying hens, who are known to develop disuse

osteoporosis and keel bone fractures.

For Aim 1, our group previously observed that the long bones of Gorab conditional
knockout mice (Gorab™!) have a reduced mechanoresponse and a disrupted osteocyte
lacunocanalicular network (OLCN) compared to littermates. Therefore, this study aimed to
determine if the reduced mechanoresponse was primarily due to the loss of Gorab or a
consequence of the developmentally altered OCLN. We compared the mechanoresponse in
an inducible knockout mouse model of Gorab (Gorab™? iKO) with Gorab™. In vivo cyclic
compressive loading was applied to the left tibia of 12-week-old iCre+ Gorab f/f female mice
after the injection of tamoxifen (n=7, tamox) or vehicle (n=7, vehicle). The left tibiae
underwent two weeks of loading (+1200ue at midshaft determined by strain gauging, 216
cycles/day at 4 Hz, right tibiae non-loaded control). In vivo uCT of the tibia was performed (8
um voxel size) at day 0, 5, 10, and 15. A volume of interest was selected as 5% of the tibial
length at the midshaft of the tibia. Cortical bone data was analyzed at day 0 and day 15 using

a repeated measure ANOVA and included cortical area (Ct.Ar), total area (Tt.Ar), cortical
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thickness (Ct.Th) and principal moments of inertia (Imax, Imin). Measures reported as a
change from baseline (day 15 — 0) demonstrated that loading led to increased Ct.Ar, Tt.Ar,
Ct.Th, Imin and Imax in the loaded limbs of both the tamox and vehicle group. No significant
interaction was measured, indicating that there was no difference in the cortical bone
formation response to loading between the tamox and vehicle group. However, gPCR results

revealed a Gorab knockout level of only 10% in femurs on the tamoxifen-treated group.

For Aim 2, a previous study showed that Lohmann Select Leghorn (LSL)-Lite pullets
reared in specific high-complexity aviaries (HCA) had greater tibial bone density and strength
than conventional cage (CC) reared pullets (Casey-Trott et al. 2017). Yet, although these
aviaries allow for increased opportunity for physical activity during rearing, it is still unclear
whether rearing in HCA influences keel bone microstructure. Therefore, this study aimed to
determine whether hens with keel bone fractures have deleterious alterations to the keel
bone microstructure, compared to those with intact keels. Furthermore, we aim to investigate
if different rearing systems influence keel bone microstructure. Two flocks of Lohmann
Selected Leghorn Lite (white) and Lohmann Brown Lite (brown) pullets were reared in CC
and HCA until 17-weeks-of-age, after which, they were moved to furnished cages to begin
the laying period. At 30-weeks-of-age birds from each genetic strain and housing system
were randomly selected by palpation for keel bone fractures, radiographed and grouped as
fractured (n =7) and non-fractured (n = 7) keel bones. Keel bones were excised, uCT-imaged
(15 um voxel size), and cortical and trabecular (trabecular number Tb.N, trabecular thickness
Tb.Th, trabecular spacing Tbh.Sp) microstructural parameters were assessed as in Aim 1.
Fractured keel bones had greater Tb.Sp (42%) compared to non-fractured keel bones in both
genetic strains and housing systems, although no significant differences were observed
between the cortical parameters. Surprisingly, both cortical and trabecular microstructural
outcomes were superior in CC compared to HCA across genetic strain and fracture status.
Tt.Ar, Ma.Ar and Imin were greater in brown birds that in white birds, while Ct.Ar/Tt.Ar was

lower in brown birds than in white birds.

In summary, my results showed that tamoxifen-treated mice with an intact OLCN
respond to mechanical loading similarly to vehicle-treated mice. However, since gPCR results
revealed that the Gorab gene was not successfully knocked out by tamoxifen treatment in

these iKO mice, further studies are warranted. Therefore, a pilot study was started to test
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different doses of tamoxifen treatment before the study can be repeated. Further my results
showed surprisingly that both fractured and non-fractured keel bones have greater
microstructural characteristics after CC-rearing compared to HCA-rearing. It may be evident
that increased opportunity for exercise in high complexity aviary rearing do not have the same
positive effect on keel bone characteristics as it has been shown to have on the radius,
humerus and tibiotarsus of laying hens. Future studies examining whole bone geometry and
material properties of the keel bones are needed to better understand the etiology of keel

bone fractures.
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Reésume

L'os a l'incroyable capacité de s'adapter en permanence a I’'environnement mécanique
auquel il est soumis, en ajoutant de I'os lorsque la charge est augmentée et en enlevant de
I'os en réponse a I'immobilisation et a la diminution de charge mécanique. Cette étude a
examiné la microstructure de l'os dans différentes conditions de charge dans deux cas : 1) en
réponse a une charge tibiale controlee appliquée /n vivochez des souris atteintes d'un trouble
progéroide segmentaire rare, la gerodermie osteodysplastica (GO) causée par des mutations
de perte de fonction dans le gene GORAB. La GO est associée a une ostéoporose précoce et
a une fragilité osseuse; et 2) en réponse aux conditions d'hébergement (cages
conventionnelles et voliéres complexes) chez les poules pondeuses commerciales, qui sont

connues pour développer une ostéoporose d'immobilisation et des fractures du bréchet.

Pour l'objectif 1, notre groupe a précédemment observé que les souris ou Gorab est
délété spécifiquement dans les os longs (Gorab™!) ont une mécano-réponse réduite et un
réseau canaliculaire lacunaire d'ostéocyte (OLCN) perturbé par rapport aux souris contréles.
Par conséquent, cette étude visait a déterminer si la mécano-réponse réduite était
principalement due a la perte de Gorab ou au fait d’avoir un OCLN altéré lors du
développement. Nous avons comparé la mécano-réponse dans un modéle de souris knock-
out inductible de Gorab (Gorab™! iKO) avec des souris Gorab™™. Une charge compressive
cyclique a été appliquée /n vivo sur le tibia gauche de souris femelles iCre+ Gorab f/f dgées
de 12 semaines aprés l'injection de tamoxiféne (n=7) ou de véhicule (n=7). Le tibia gauche
a subi deux semaines de charges (+1200pe au milieu du tibia, déterminé par jauge de

contrainte, 216 cycles/jour & 4 Hz, le tibia droit est utilisé comme contréle non chargé). Le
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uCT /n vivo du tibia a été réalisé (taille de voxel de 8 pm) aux jours 0, 5, 10 et 15. Un volume
d'intérét consistant a 5 % de la longueur tibiale au niveau médian a été sélectionné. Les
données sur |'os cortical ont été analysées au jour 0 et au jour 15 & l'aide d'une ANOVA a
mesures répétées et incluaient 'aire corticale (Ct.Ar), I'aire totale (Tt.Ar), I'épaisseur corticale
(Ct.Th) et les principaux moments d'inertie (Imax, Imin ). Les mesures rapportées en tant que
changement par rapport & la mesure basale (jour 15 - 0) ont démontré que la charge entrainait
une augmentation des paramétres de I'os cortical (Ct.Ar, Tt.Ar, Ct.Th, Imin, Imax) dans les
tibias gauches des Gorab™™ iKO injectés au tamoxiféne et injectés avec le véhicule. Aucune
interaction significative n'a été mesurée, indiquant qu'il n'y avait pas de différence entre le
groupe injecté au tamoxiféne et celui injecté avec le vehicule pour ce qui est de la réponse
osseuse suite aux charges mécaniques. Cependant, les résultats de la gPCR ont révélé un

niveau de knock-out de Gorab de seulement 10 % dans les fémurs.

Pour l'objectif 2, une étude précédente a montré que les poulettes Lohmann Select
Leghorn (LSL)-Lite élevées dans des voliéres spécifiques a haute complexité (HCA) avaient
une densité et une résistance osseuses tibiales supérieures a celles des poulettes élevées
en cages conventionnelles (CC) (Casey-Trott et al. Poult Sci 2017). Pourtant, bien que ces
volieres permettent plus de possibilités d'activité physique pendant I'élevage, il n'est toujours
pas clair si I'élevage en HCA influence la microstructure du bréchet. Par conséquent, cette
étude visait a déterminer si les poules avec des fractures du bréchet présentaient des
altérations délétéres de la microstructure de cet os, par rapport a celles avec des bréchets
intacts. De plus, nous voulons determiner si différents systémes d'élevage influencent la
microstructure de I'os du bréchet. Deux troupeaux de poulettes Lohmann Selected Leghorn
Lite (blanc) et Lohmann Brown Lite (brun) ont été élevés en CC et HCA jusqu'a I'age de 17
semaines, aprés quoi ils ont été transférés dans des cages enrichies pour commencer la
période de ponte. A I'age de 30 semaines, les oiseaux de chaque souche génétique et systéme
d'élevage ont été sélectionnés au hasard par palpation pour les fractures du bréchet,
radiographiés et séparés en deux groupes : bréchet fracturé (n = 7) et bréchet non fracturé
(n = 7). Les bréchets ont été disséqués, analysés par uCT (taille de voxel de 15 um), puis les
paramétres microstructuraux corticaux et trabéculaires - nombre trabéculaire (Tb.N),
épaisseur trabéculaire (Th.Th), espacement trabéculaire (Tb.Sp) - ont été évalués comme
dans l'objectif 1. Les bréchets fracturés avaient un plus grand Tb.Sp (42 %) par rapport aux

bréchets intacts pour les deux souches génétiques et les deux systéemes d’élevage, bien
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gu'aucune différence significative n'ait été observée pour les paramétres corticaux.
Etonnamment, les résultats microstructuraux corticaux et trabéculaires étaient supérieurs
pour les poules élevées en CC par rapport a celles élevées en HCA, indépendemment de la
souche génétique et du statut de fracture. Les Tt.Ar, Ma.Ar et Imin étaient plus élevés chez
les oiseaux bruns que chez les oiseaux blancs, tandis que le ratio Ct.Ar/Tt.Ar était plus faible

chez les oiseaux bruns que chez les oiseaux blancs.

En résumé, mes résultats ont montré que les souris traitées au tamoxiféne (qui devrait
causer une deletion de Gorab), et donc ayant un OLCN intact, répondent au chargement
mécanique de la méme maniére que les souris traitées au vehicule (oU Gorab n'est pas
délété). Cependant, étant donné que les résultats de la qPCR ont révélé que le géne Gorab
n'a pas été éliminé avec succeés par le traitement au tamoxifene chez ces souris iKO, d'autres
études sont requises. Par conséquent, une étude pilote a été lancée pour tester différentes
doses de tamoxiféne avant que I'étude ne puisse étre répétée. De plus, mes résultats ont
montré de maniere surprenante que les bréchets fracturés et non fracturés ont de meilleures
caractéristiques microstructurales apres |'élevage en CC par rapport a I'élevage en HCA. Il
peut étre évident que de meilleures possibilités d’activité physique dans I'élevage en voliéres
de haute complexité n'a pas le méme effet positif sur les caractéristiques du bréchet qu'il a
été démontré qu'il avait sur le radius, I'humérus et le tibiotarse des poules pondeuses. De
futures études examinant la géométrie de I'os entier et les propriétés matérielles du bréchet

sont nécessaires pour mieux comprendre |'étiologie des fractures du bréchet.
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Chapter 1

Background and Rationale

1.1 Bone

The mechanical support and protection that bones provide, are a critically important
function of bone. Besides being load bearing, bone can also adapt their structure to the local
loading environment, i.e. repetitive loading, to avoid fractures [1]. This adaptation is possible
because of the multiscale organization of bone that allow for the transduction of mechanical

stimuli [1].

1.1.1  Bone Biology

The primary cells in bone consist of osteoclasts, osteoblasts, and osteocytes. These
bone cells are responsible for bone modeling, the formation of new bone, and bone
remodeling, the replacement of damaged bone [2]. Osteoclasts are the primary cells
responsible for bone resorption and are recruited to sites to remove damaged bone or bone

with microfractures.

Osteoblasts are the bone forming cells that originate from mesenchymal progenitors.

After these osteoblasts secrete bone matrix protein and mineralize bone, they either remain
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entrapped in bone as osteocytes, become bone lining cells, or die by apoptosis [2]. The two
major signaling pathways that regulate osteoblasts are transforming growth factor beta (TGF-
B) / bone morphogenic protein (BMP) signaling and Wnt signaling. Increased Wnt signaling
leads to increased osteoblasts which results in increased bone formation [2]. The number of

osteoblasts in bone can also be increased by decreasing the rate of their apoptosis [2].

Of these three bone cell types, the osteocyte is the most abundant, making up 90-95%
of all bone cells [3]. Osteocytes were previously viewed as inactive cells, however, this
observation changes drastically in the last 15 years, with research proving that osteocytes
play several roles in the skeleton [3]. Now, osteocytes are known as the orchestrators of bone
(re)modeling, regulating osteoblast and osteoclast activity, phosphate homeostasis and
sensing mechanical loading [3], [4], [5]. Osteocytes play a key role in controlling osteoblasts
and osteoclasts through sclerostin and osteoprotogerin regulation, as well as in bone
mechanotransduction [3], [4]. Studies propose that osteocytes apoptosis occurring at sites
of microdamage, stimulates osteoclast activity to remove dead osteocytes. Noble et al. further
showed that mechanical loading, within the physiological range, produce strain that can
decrease the levels of osteocyte apoptosis, while high levels of loading can cause damage to

the bone and leads to increased apoptosis [6].

1.1.2 Bone Structure

The bone structure can be organized into macro-, micro-, and nanostructure. The
macrostructure includes dense cortical bone, porous trabecular bone and creates four
skeletal envelopes: 1) periosteal, 2) intracortical, 3) endocortical and 4) cancellous upon
which bone cells can act [1]. The shaft or diaphysis of long bones primarily consists of
compact cortical bone that provides both support and protection. At the end of long bones, in
the metaphysis, trabecular bone also provides support but, most importantly, it redirects

stresses to the stronger cortical shell [1].

The microstructure consists of collagen and mineral matrix, organized for specific
functional need. During pathologic situations, normal skeletal development and when bones

experience higher than normal mechanical loads, woven bone are rapidly formed that
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primarily acts as a repair tissue [1]. While woven bone is highly disorganized, primary bone is
arranged in a lamellar pattern and consists of primary lamellar bone, plexiform bone and
primary osteons [1]. Primary lamellar bone is formed on the periosteal and the endosteal,
while plexiform bone is mostly only found in animals, not humans [1]. Whereas primary bone
is the formation of new bone, secondary bone is the repair and replacement of previously

deposited damaged bone.

The nanoscale organization of bone includes collagen fibers and non-collagen
extracellular matrix proteins (NCPs) [1]. Research has shown that these collagen fibers are
oriented with respect to the stress in the bone, longitudinally in bones under tension, and
transversely in bones under compression [1]. The nanostructure also consists of organic and
mineral components that make up bone microstructures and provide bone resilience, ductility,
and stiffness. These minerals are deposited in the gaps between the collagen fibrils during
primary and secondary mineralization. Initially, mineral deposition within the collagen
framework increases rapidly and reaches 70% of mineralization within three weeks, whereas
secondary mineralization is a much slower and continuous process over months or years.
These minerals are released through bone remodeling and distributed via the extensive
osteocyte lacunae and canalicular channels [1]. Although NCPs only make up 2% of bone,
they play a vital role in regulating and directing the maintenance and construction of the
extracellular matrix. They also control mineralization and regulate the size and formation of

collagen fibers [1].

1.1.3  Bone Biology and Structure in Mice

Among animals commonly used for biological research, the laboratory mouse (Mus
musculus) is the most highly utilized animal to advance our knowledge of human physiology
[7]. Due to the short gestation period of mice and physiological similarity to humans, scientist
can investigate in vivo situations of bone cells to address fundamental questions regarding
bone formation, remodeling, and function. Since we used C57BL/6 mice in our study, we will

focus on the similarities and differences between C57BL/6 mice and human bone biology.
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The average life span is 866 days for female C57BL/6 mice and 901 days for male
C57BL/6 mice [8], which is a relatively long life span, making these mice ideal models for
age-related bone loss studies. These mice reach sexual maturity at six to eight weeks of age.
While human bone acquisition and longitudinal bone growth cease with the onset of puberty,
it continues in mice after sexual maturity, with peak bone mass achieved at four to six months
of age [9]. Thisis evidentin the growth plate of long bones, where, in humans, the metaphysis
and epiphysis fuses and the growth plate vanish, while in mice, the growth plate does not
fuse or disappear [10]. Although the growth plate was still present and peak bone mass was
achieved at 6 months of age, C57BL/6 mice showed no change in femoral length between 6
to 12 months of age [11]. Furthermore, while human cortical bone has blood vessels and
osteons, murine cortical bone lacks osteons [12]. Therefore, mice bones rarely undergo
secondary, also called intracortical, remodeling [13], but instead experiences surface
remodeling. While trabecular bone turnover in the iliac crest of humans is about 0.1% per day
[14], mice femurs showed a bone turnover rate of 0.7% per day [15]. At these rates, mice
complete a cycle of bone remodeling every two weeks [15] and humans every six to nine
months [16], which is in accordance with the higher metabolic rate of small animals.
Similarities in bone loss have also been reported, with C57BL/6 mice and humans showing
cancellous bone loss beginning in early adulthood [11], [17], [18]. At three months of age,
femoral cancellous bone started to decline and almost completely vanished by 8 to 12 months
of age in both mice sexes. Interestingly, both human and mice age-related bone loss are
associated with reduced trabecular number and connectivity, while humans also show a

reduction in trabecular thickness [11], [18], [19].

1.1.4  Bone Biology and Structure in Chickens

The poultry industry has been a major global industry, known for breeding chickens
for their meat and eggs. The modern laying hen, descendant from the red jungle fowl, is
genetically selected for efficient egg production [20]. Besides genetic strain, various factors
play a role in the welfare of these laying hens, therefore extensive research in the poultry
industry is needed. Soon after the introduction of battery cages (Couch, 1955), caged layer

fatigue or paralysis, associated with weakened skeleton and osteoporosis, was identified as
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a major welfare concern. Poor skeletal health in these chickens were first observed in the
1930s, which led to non-cage systems becoming more common [21]. Later, high laying
performance and the development of modern laying strains lead to commercial laying farms
from across the globe reporting that 70 to 97% of their hens suffer from keel bone deformities
at the end of lay [22], [23], [24], [25]. To investigate the physiological effects of these factors,

it is important to understand the bone biology and bone microstructure of chickens.

Similarly to mammalian bone, osteoblasts are bone-forming cells that produce bone
matrix and bone-resorption osteoclasts are responsible for bone remodeling. During growth,
called the rearing period, bones elongate by continued proliferation of chondrocytes at the
head of the growth plate. These growth plates are much better vascularized than mammalian
ones and does notinvolve a secondary ossification center [26]. Towards the end of the rearing
period, osteoclast remodeling activity increases and form secondary osteons. During this
process, osteoblasts become entombed within the bone, differentiate into osteocytes, form
an intrinsic interconnected network and respond to mechanical stimuli as in mammalian bone

[26].

After the rearing period, hens are sexually mature and enter the laying period, in which
their bone biology changes drastically to accommodate for egg production. Therefore, besides
cortical and cancellous bone, laying hens produce medullary bone during the laying period,
that is primarily produced to facilitate adequate calcium supply for rapid calcification of
eggshells. To facilitate medullary production, osteoblast activity shifts to forming woven
medullary bone instead of structural lamellar cortical bone [26]. This shift is stimulated by
estrogen, a hormone that rises considerably at the onset of sexual maturity [26]. Even though
the osteoblast activity cease to form cortical bone, osteoclasts continue to resorb both
cortical and medullary bone during the laying period, which results in declined structural bone
throughout the skeleton, including the keel bone [26]. Although it is believed that medullary
bone replaces the resorbed cortical bone, it does not supply the same structural supports,
thus resulting in a fundamentally weaker skeleton associated with increased fracture risk and
osteoporosis [26]. Thus, the role of estrogen levels in osteoporosis in laying hens is in
contrasts with that in post-menopausal women, where reduced estrogen levels lead to

osteoporosis.
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The ossification process of the keel bone is also significantly different than that of
long bones. While intramembranous ossification is involved in the widening of long bones,
endochondral keel bone ossification starts in the cranial region and progresses towards the
caudal tip [27], [26]. Also, while long bone growth ceases at the onset of lay (16 to 18 weeks
of age), keel bone ossification continues until 28 to 40 weeks of age [26]. Itis also still unclear
where medullary bone is primarily deposited within the keel bone. Previous work
distinguished that avian medullary bone is primarily deposited in the mid-shaft of avian long
bones, with cancellous bone concentrated in the metaphysis region, but none report on how

to distinguish between cancellous bone and medullary bone within the keel bone [28].

1.2 Bone adaptation to mechanical loading

Bones have the incredible ability to form new bone, to replace damaged bone and to
adapt to mechanical loading to meet functional demands [1]. The human skeleton is
constantly adapting to its mechanical loading environment through adaptive (re)modeling,
adding new bone when loading is increased and removing bone in response to disuse and
unloading [3]. The Wolff law explains the relationship between the internal skeletal structures
of bone and mechanical stress [29]. It describes that trabeculae are aligned with the stress
direction and that this adaptation is a dynamic and self-regulating process [29]. The Wolff
law uses strict mathematical laws to explain why increased bone mass is seen in areas of
high mechanical stress and low bone mass is seen in areas experiencing low mechanical
stress [30]. This relationship has been studied by investigating bone macro- and
microstructures, including bone length, cortical thickness, cross section geometry and bone

curvature.
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1.2.1 Mechanotransduction

The mechanotransduction process starts by 1) osteocytes sensing the mechanical
stimuli, and then 2) osteocytes transmit biochemical signals that lead to 3) effector cell

response.

Ideally, the bone cells responsible for sensing mechanical forces should be widely
distributed throughout the bone matrix and extensively interconnected to ensure sufficient
mechanotransduction. Osteocytes are believed to be the key bone cells responsible for
sensing mechanical strain, due to their intricate network of cell bodies being located inside
fluid-filled lacunae and being connected to both osteoblasts and bone-lining cells [3]. When
this interstitial fluid flow experience mechanical strain, it can deform the osteocyte. It remains
unclear exactly how the osteocyte detects mechanical signals or what magnitude of fluid flow
is necessary to induce osteocyte response. Besides sensing the fluid flow shear stress,
osteocytes are also considered to coordinate bone modelling and remodeling by signaling the
activity of the bone-forming osteoblasts and bone-resorbing osteoclasts in response to
loading [31]. Recent studies suggests that osteocytes send signals inhibiting osteoclast
activation when bones are loaded [3]. These signals include the regulation of sclerostin,
which is an osteoblast inhibitor, and osteoclastogenic cytokine receptor activator of nuclear
factor kB ligand (RANKL), which is produced by under- and over-stimulated osteocytes.
Sclerostin is downregulated in osteocytes during loading and upregulated during unloading
[32]. Tissue microdamage leads to osteocyte apoptosis and the release of RANKL which in
turn promotes osteoclasts to the damaged tissue site [33]. Osteoclast resorption initiates
osteoblastic bone formation which replaces the damaged bone tissue. In humans, this
remodeling primarily occurs within the cortical bone whereas rodents show remodeling on

bone surfaces (endocortical, periosteal and trabecular).

Another property that influences mechanoresponse is the material properties of bone,
which includes the organization of vascular canals, the orientation of collagen fibers, the
composition and nano-scale organization of bone. One of these nano-scale organizations is
the osteocyte lacunocanalicular network (OLCN), formed by the interconnection of
osteocytes embedded in mineralized bone tissue [29]. This extensive network is thought to

be responsible for the flow of interstitial fluid to produce osteocyte mechanical stimulation,
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to provide the osteocytes with metabolic substrates and to remove their waste [29]. Research
suggests that osteocytes can add and remove minerals from surrounding lacunae and
canaliculi, which can affect the lacunar size and matrix properties [34]. These modifications
could result from changes in mechanical loading [35]. Since the surface area of the lacunar
network is greater than the bone surface area, even the smallest change can affect the bone
properties and the fluid flow shear stress on the osteocyte [3]. It has been shown that
osteocytes and their lacunae vary in shape depending on the anatomical location and age of
the bone, which has been hypothesized to affect mechanotransduction [35]. An altered OLCN

may impair the mechanoresponse of bone.

1.2.2  Mechanoadaptation in Humans

One of the simplest ways to increase the mechanical loads on skeletal bones is to
increase the level of exercise. In terms of external loads experienced during exercise, high
strain rates, like jumping, creates a greater osteogenic effect than constant loads, like
walking. It is clear that only a few (< 40) loading cycles, divided into shorter bouts with rest
periods, are necessary per day to elicit adaptive responses [36]. Several human exercise trials
demonstrate that the skeleton of children and adolescents are capable of greater structural
adaptation to mechanical stimulus, compared to the adult skeleton [37]. Physical stimuli in

young people enhances osteogenesis more effectively than in older people [36], [38].

Besides gravitational forces that bone experience during exercise, Frost proposed that
voluntary muscle forces dominate the structural adaptations of bone to mechanical usage
[39]. Muscle forces place greater loads on bone than gravitational forces associated with
weight [40], [41]. Multiple studies have demonstrated that greater muscle mass/strength is
associated with greater bone mass [42]-[45]. Sievanen’s natural experiment also supported
Frost's argument that the loss of muscle strength during disuse, precedes the loss of bone
and that muscle mass respond more rapidly than bone to changes in mechanical environment
[44]. Frost further explained bone’s “stiffness lag”, which described the delay between bone
formation and fully mineralized mature bone [46]. These differences in muscle and bone’s
response to loading become evident in rapidly growing adolescents who will avulse their tibial

tubercle during activity. For a period of time, active adolescents’ muscle strength increases
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more rapidly than their growing bone, which causes their muscles to pull with greater force,

that can cause avulsion fractures [47].

These principals have been researched more extensively in mice due to the low cost

of these animal models and their short lifespans.

1.2.3  Mechanoadaptation in Mice

In vivo, tibia loading in mice have been used to assess bone adaptation and
mechanotransduction in about a hundred published studies [48]. One common mouse loading
model is the axial compression tibial loading model, in which compressive loads are applied
along the length of the tibia [49]. The benefits of this model are 1) that a controlled load can
be applied and isolated to a targeted limb, so that the load can be described and quantified
unlike exercise models, 2) that the contralateral limb can act as a within-animal control, and
3) that both cancellous and cortical bone adaptation can be studied. Further, this model can
be used to investigate single, continuous, static, and dynamic loading conditions by adjusting
the load cycles and waveform. These different loading conditions stimulate different bone
activities. Dynamic loads, repeated daily for 1 to 2 weeks, are required for mineralized bone
formation [50]. Also, a strain magnitude higher than the minimum effective strain to stimulate
bone formation needs to be attained during loading [48]. Standard methods used to measure
the outcomes of these loading studies are microcomputed tomography (uCT) and
histomorphometry. Changes in the bone microstructure from baseline can be quantified by in
vivo uCT scan analysis, while fluorochrome labeling allows for bone formation evaluation.
Using these methods, animal loading studies has shown that loading has a much greater

effect on formation than on resorption of trabecular bone [51].

In terms of mouse genetic strains studied in the axial compression tibial loading model,
C57BI/6 and BALB/c mice are the most used. Several studies have reported the bone
formation response to loading in these mouse models, in both sexes and in young and
matured mice. In summary, six-week-old female C57BI/6 mice and female BALB/c mice
showed greater cortical bone volume than their age-matched controls [52] and both genetic

strains showed reduced bone formation response to loading with aging [53]-[56]. Twenty-

December 1, 2021




Beatrice Steyn Bone microstructure under different loading environments

two-month-old male BALB/c mice showed a greater response to loading than seven month
old male BALB/c mice at the endocortical surface [57]. Different loading protocols with
different waveforms have also shown to influences tibial adaptation to loading more than

genetic strain [52], [48].

Besides investigating age- and genetic strain-related mechanoresponse, this loading
model can also be utilized to investigate bone mechanoresponse in genetic bone diseases
since conditional knock-in/knock-out mice models are well developed. These mice models
contribute significantly to understanding genetic mutations and to develop therapies to treat

bone diseases, like osteoporosis, in humans.

Not only is osteoporosis a common bone disease in humans, but it is also a major
welfare concern in commercial egg-laying hens. Although many studies have described
mechanoadaptation of the mammalian skeleton, few assess the effects of mechanical loading

on the avian skeleton.

1.2.4  Mechanoadaptation in Chickens

When considering the overall skeletal health of laying hens, it is essential to take other
factors, besides the biological changes occurring with sexual maturity, into account. These
factors include diet, genetic strain, and daily activity, which all play a role in the

mechanoadaptation in chickens.

Part of the eggshell calcium (25 to 40%) comes from the skeleton and the other part
from the diet [58]. Mueller reported the calcium metabolism in pullets that receive a constant
specific activity ration for 26 days and showed that 78% of dietary calcium intake was
absorbed and 70% of the absorbed calcium was retained. With the increased demand for shell
formation, a significant increase in calcium retention was observed, with more calcium
mobilized for bone and shell deposition [59]. It has also been shown that hen’s capacity to
absorb calcium has a threshold, and that calcium levels beyond this threshold does not
improve bone health but can even lead to kidney lesions [60]. Efforts have also been made

to prolong the period of availability and retention of calcium from the diet [60].
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The effect of inheritable bone characteristics must be considered when investigating
osteoporosis in laying hens. Commercially, Lohmann White and Lohmann Brown birds are the
most common strains used in Canada. A study conducted on white birds reported that tibial
strength, humeral strength, and keel radiographic density were moderate to strong heritable
characteristics [61]. Therefore, genetic strain plays a role in avian osteoporosis, with certain

strains having bone traits that reduce the risk of bone fractures in laying hens [61].

A major welfare factor to consider is the housing and associated activity of laying hens.
Although limited research has been done on the effects of exercise on bone formation and
resorption in laying hens, studies have reported that hypoactivity or confinement leads to
bone loss and reduced bone mineral density in both the femur and tibia of pullets [62].
Because the rearing period is the crucial stage for skeletal development, pullets should be
allowed to perform natural activities, like pecking, perching, wing flapping and running during
this period [63]. Interestingly, a study reported that white-feathered birds (Lohmann LSL Lite)
performed more wing-associated locomotor behavior than brown-feathered birds (Lohmann
Brown) [64]. Rearing housing styles that allow for these natural activities and opportunities
for mechanical loading have been reported to benefit bone growth in pullets [60]. Also, most
studies on the mechanoadaptation in chickens investigated the tibiotarsus of laying birds
housed in different housing systems. These housing systems range from conventional cages
(CC) to free-range, with aviary systems of different complexities in between. A method used
to encourage activity is providing perches within rearing housing, which was reported to
increase bone mineral content of the tibia as well as increased leg muscle and body weight
[60].

A study on 16-week-old Lohmann Selected Leghorn-Lite (LSL-Lite) pullets reported
that pullets reared in aviary systems had a longer keel metasternum and caudal tip cartilage
length compared to pullets reared in conventional cages [63]. Regarding the keel bone
characteristics, no major differences were reported between the different rearing systems
[63]. Interestingly, the tibiae and humeri of aviary reared 77-week-old Lohmann White hens
showed significantly greater cortical thickness and density than hens reared in conventional
cages [65]. This suggests that restricted movement during rearing causes loss in tibia bone
mass and density towards the end of lay. Whether rearing housing has a similar long-term

effect on keel bone characteristics than on the microstructure of the tibia is still unclear.
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To better understand what type of loading is exerted during flight on the wing and
surrounding bone structures, like the keel bone, it is important to gain knowledge on the
biomechanics of bird flight. The primary flight muscles of birds are the pectoralis and
supracoracoideus, which are designed to withstand large stress and strain conditions during
flight [66]. The pectoralis is the largest wing muscle and the primary downstroke muscles,
whereas the supracoracoideus is responsible for primary upstroke [66]. The pectoralis major
and minor are anchored to the keel bone and insert upon the humerus and account for the
largest mechanical power output from the muscles for flight [67]. Sokoloff et al. has confirmed
that the supracoracoideus is not necessary for birds to take-off and fly [68]. The pectoralis is
designed to produce work and power and undergoes large changes in length (muscle strain)
during contraction (up to 40% of resting length) [69], [70]. Although, birds use different
methods to produce flight power, therefore pectoralis strain varies among flight modes and
bird species [67], [71], [72]. More specifically, it is unclear how pectoralis strain varies in

chickens, especially laying hens.

Muscle forces place greater loads on bone than gravitational forces in humans [40],
[41]. Since the pectoralis muscle is the largest wing muscle and it is anchored to the keel
bone, it is believed to exerts a force on the keel bone during wing-flapping, similarly to human
exercise studies previously mentioned. Pectoralis strain varies in different birds and during
different activities, so the magnitude of the load exerted on the keel bone is still
undetermined. How this force, during wing-flapping, affects the keel bone microstructure is
also still unclear. While most studies investigate bone biology and mechanical strain of
chicken long bones like the tibiotarsus, little is known about the etiology of keel bone

fractures which is a major welfare concern.

1.2.5  Osteocytes in Aging and Disuse

Age-related bone loss refers to reduced bone turnover due to changes in energy
metabolism that occurs as a function of aging [1]. Age-related osteoporosis is a global health
burden, with around nine million osteoporotic fracture cases per year [35]. Hence, extensive
research has been invested to better understand the underlying cause of low bone mass and

deteriorated bone microstructure that leads to reduced bone strength and increased risk of
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fragility fractures [35]. Although age-related bone loss may be caused by reduced skeletal
loading [73], [74] which is also associated with reduced muscle mass [47], [75], [76], studies
show that these are not the primary factors of age-related bone loss. Reduced bone strength
associated with aging/osteoporosis may be due to the reduced or diminished ability of bone
to adapt to changes in mechanical loading environments. Several human studies [77]-[86]

and experimental animal studies [87]-[96] supports this suggestion.

This reduced ability to adapt to mechanical environments leads to changes in the bone
structure and material properties, as demonstrated in postmenopausal women and aged men
with increased bone resorption rates compared to bone formation rates [97], [98]. This
creates an imbalance in cell activity, causing more bone to be resorbed and ultimately leading
to lower bone mass. Interestingly, this phenomena has a greater effect on trabecular bone
loss than cortical bone loss in humans before the age of 50 [99]. In an animal study, C57BI/6)J
mice showed reduction in trabecular bone volume from 6 to 8 weeks of age, while cortical

bone only started to decrease slightly after 3 months of age [11].

Besides bone’s reduced ability to adapt to changes in mechanical environment,
studies have suggested that bone’s reduced capacity to sense or respond to loading may in
part contribute to age-related bone loss [100]. Deterioration of the osteocyte
lacunocanalicular network has been observed with aging [101]-[103]. Deterioration of the
network is a possible mechanism causing reduced mechanoadaptation. Decreased levels of
osteocytes has been reported to be associated with aging. More specifically, collagen
formation and the width of preosseous and osteoid zones became diminished with aging
[104]. The frequency of forming osteons and incompletely mineralized osteons increased with
age, which suggests that protein matrix synthesis by osteoblasts decrease with aging and
that initial mineralization, mediated by osteoblasts and osteocytes, becomes increasingly
deficient with aging [105]. Tatsumi et al. described how targeted ablation of 70 to 80% of
osteocytes in a mouse model exhibited fragile bone with microfractures, osteoblastic
dysfunction, trabecular bone loss and intercortical porosity, all of which are associated with

aging and osteoporosis [5].

A recent study by van Tol et al. showed that osteocyte network architecture is a key
determinant of bone (re)modeling [106]. They showed that fluid flow shear stress based on

the osteocyte lacunocanalicular network architecture was a better predictor of bone
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formation and resorption than strain. Thus, defective osteocyte lacunocanalicular network

architecture likely plays a role in bone health.

In addition to age-related osteoporosis, bone loss during disuse, like bedrest or
microgravity during spaceflight, is also a major concern. Gravity plays an important role in
both the development and maintenance of bone mass. Both humans and animals
demonstrate intense bone loss in weight-bearing bones after extended periods of
microgravity in spaceflight. A JAXA mission in which 8-week-old male mice were subjected
to spaceflight for a month, showed significant decrease in femoral trabecular bone mass
[107]. It remains unclear what causes the reduces bone mass, so another mission, including
20-week-old male mice, performed histological analysis and found that osteoblast
surface/bone surface was reduced while osteoclast surface/bone surface was elevated
[108]. Further, this study also reported decreased trabecular bone volume, reduce osteocyte
lacunae volume, more spherical shape osteocytes and increased empty lacunae. It suggested
that spaceflight induces osteocyte death and that the increased presence of dead osteocytes
drastically promotes osteoclast activity which is responsible for the deterioration of bone
[108].

Few studies have investigated the effects of microgravity on bones like the sternum.
Nine-week-old male C57BL/6 mice showed no changes in sternum microstructure between
spaceflight and ground control groups. Disuse osteoporosis is a major welfare concern in
laying hens, especially those housed in conventional cages (CC), where they experience
prolonged and severely limited ability to walk of perform any physical activity. Not only does
CC reduce weight-bearing activities, but it also reduces strain on the non-weight bearing

bones like the wings and keel, due to restricted wing flapping [109].
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Hypothesis and Aims

Study 1 - Mechano-adaptation in Gorab inducible knockout mice

The aim of this study was to determine if the reduced mechanoresponse of Gorab™™
mice previously observed [110] was primarily due to the loss of the Gorab gene or a
consequence of the developmentally altered OCLN. We aimed to compare the
mechanoresponse in an inducible Gorab™™! mouse model with the Gorab gene being deleted
in mice at ten weeks of age. We hypothesized that tamoxifen-treated Gorab inducible
knockout mice, with an intact OLCN will show a comparable mechanoresponse to that of the
vehicle-treated mice. We aimed to gain a better understanding of the OCLN’s role in

mechanotransduction in GO patients.

Study 2 - The effect of rearing housing system on the keel density and microstructure in

egg-laying hens

The goal of this study was to assess whether rearing housing style influences keel
bone microstructure and density. We aimed to compare the keel bone microstructural
parameters of hens reared in conventional cages to that of hens reared in high complexity
aviaries. Moreover, this study aimed to determine whether hens with keel bone fractures have
deleterious alterations to the keel bone microstructure and density, compared to those with
intact keels. We hypothesized that hens reared in high complexity aviaries would show greater
microstructural keel bone parameters. We also hypothesized that non-fractured keel bones

would show superior cortical bone outcomes than fractured keel bones.
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Chapter 2

Mechano-adaptation in Gorab
inducible knockout mice

2.1 Preface

Gerodermia osteodysplastica (GO) is a hereditary segmental progeroid disorder
caused by the loss of function mutation in the GORAE gene. GO individuals suffer from high
incidents of bone fractures and shows pronounced osteoporosis at a very young age [111]-
[114]. Previous studies revealed that GORAB is localized to the Golgi apparatus in dermal
fibroblasts and osteoblasts, the cell types most likely affected in GO [113], [115].
Furthermore, this study reported that GORAB is mainly localized in the trans-Golgi, which is

the major secretory pathway sorting station [115].

These studies also support that GORAB can be classified as a golgin [2]. Since golgins
are involved in vesicle trafficking, GORAB might influence protein interaction and distribution.
A study investigated this, and revealed that GORAB promotes COPI recruitment, which is an
important mediator of protein trafficking [116]. So, it is evident that GORAB mutations impair
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COPI retrieval and caused a deficit in glycosylation of secretory cargo proteins [116]. Data
from an animal study also showed reduced proteoglycan glycanation in skin and bone tissue,
which led to altered proteoglycans, overactivation of TGF-g and enhanced downstream
signaling in the bone tissue of conditionally inactivated Gorab mice [117]. Consequently, GO
can be regarded as a congenital disorder of glycosylation (CDG), characterized by a
disorganized collagen matrix [117]. The loss of GORAB in the Golgi compartment also
perturbs pre-osteoblasts, causing osteoblast dysfunction and low bone turnover kinetics,

which is in contrast to another progeroid disorder, osteogenesis imperfecta [117].

Previously our collaborator, Dr. Uwe Kornak, developed a mouse model of
Gorabfl/fl;PrxlcreER (Gorab™) wherein the Gorab gene was conditionally knocked-out in
the long bones from conception [117], [118]. These Gorab™ mice showed phenotypic
characteristics similar to GO, including growth retardation, reduce cortical and trabecular
bone volume, and increased osteocyte lacunar density [117], [118]. We also observed an
increased anterior convexity in the tibiae of these mice, associated with reduced whole-bone
strength and stiffness of Gorab™! mice compared to littermate controls (LC). Given that this
nano-scale organization is formed by the interconnection of osteocytes and is thought to be
responsible for the flow of interstitial fluid to produce osteocyte mechanical stimulation, the
increased lacunar density observed in biopsies of GO donors and in the Gorab™! mouse
model [117], may have a direct effect on the mechanoresponse of GORAB deficient bone.
Therefore, our research group performed two weeks of daily tibial loading on 10-week-old
female Gorab™ mice and showed that their bone formation response to loading was
significantly impaired [110]. Further, studies by our group in collaboration with Dr. Richard
Weinkamer showed that these mice had abnormal osteocyte morphology and a reduced and
disrupted osteocyte lacunocanalicular network (OLCN) [119]. Together these data suggested
that further investigation is needed to determine if the reduced mechanoresponse seen in

these Gorab™! mice is due to the altered OLCN or due to the absence of the Gorab gene.
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2.2 Introduction

Gerodermia osteodysplastica (GO) is a segmental progeroid disorder caused by loss-
of-function mutations in the GORAB gene, associated with early onset osteoporosis and bone
fragility [111]-[114]. As described in the Preface, we previously observed that Gorab
conditional knockout mice (Gorab™!) have a reduced mechanoresponse and a disrupted

osteocyte lacunocanalicular network (OLCN) compared to littermates [110], [119].

As described in chapter 1, osteocytes function as the regulator of osteoblast and
osteoclast activity, which in return regulates bone (re)modelling to maintain optimum bone
mass. Furthermore, osteocytes interconnect to form the OLCN which is believed to sense
mechanical strain through their intricate network of cell bodies inside fluid-filled lacunae [29].
Under mechanical strain conditions, the interstitial fluid flow can deform the osteocytes and
the fluid shear stress can cause osteocytes to produce soluble factors that regulate
osteoblast and osteoclast activity [120]-[122]. The anisotropy and alignment of fibular
osteocytes (relatively elongated and aligned to the local mechanical loading conditions)
suggest that osteocytes can directly sense matrix strain due to external loading of bone [123].
It is unknown how this mechanosensing signaling pathway is affected by the abnormal
osteocyte morphology seen in our previous Gorab study [117]. Studies have shown that
disease and aging can cause variations in osteocyte morphology and OLCN architecture,
which results in changes in the osteocyte signaling pathway and mechanoresponse [35],
[124]-[126], [102]. These studies suggests that bone mechanoresponse is affected by
disorganized OLCNs, therefore both the OLCN architecture and the local mechanical strain

should be considered in predicting bone mechanoresponse.

In the Gorab™! mice, the loss-of-function mutation is already present during crucial
developmental stages, which likely caused these mice to develop altered OLCNs. Although
our previous study showed that 10-week-old female Gorab”™! mice had an impaired bone
formation response to mechanical loading [110], it could not be ascertained whether the loss
in mechano-adaptation was due to the altered OLCN or loss of the Gorab gene. Therefore,

further studies are needed, using inducible Cre-models.
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Inducible Cre models are very useful because Cre expression can be induced at a
specific time and in a specific tissue, which is an ideal model for this study. Tamoxifen
treatment can be used to induce Cre, although the doses of the inducer agent must be
carefully optimized to avoid “leaky” expression of the gene and to avoid altering bone
formation and resorption [4]. Another way to account for any “leaky” expression of the Cre
recombinase, is to include controls with an identical genotype, ideally littermate controls, who
are treated with vehicle instead of tamoxifen [4]. Caution must be taken when using these

inducible Cre models as each model has its own limitations and vary in efficiency.

The aim of this study was to determine if the reduced mechanoresponse was primarily
due to the loss of Gorabin osteocytes or a consequence of the developmentally altered OCLN.
We compared the mechanoresponse in an inducible Gorab mouse model of Gorab with data
previously obtained from the conditional Gorab™! mouse model [110]. We hypothesized that
tamoxifen-treated Gorab inducible knockout mice, with an intact OLCN will show a
comparable mechanoresponse to that of the vehicle-treated mice. Results from this work
may enable us to gain a better understanding of the OCLN’s role in mechanotransduction in

GO patients.
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2.3 Materials and Methods

2.3.1 Mouse model

The CAGGCre-ER mouse model for this study was developed by crossing CAGGCre-
ER mice with Gorab™ " mice. The Cre-estrogen-receptor expression is controlled by the
chicken beta actin promoter and is expressed in all cells. This Cre-estrogen-receptor fusion
protein is slightly modified so that it is only activated by tamoxifen. At the desired age, mice
are injected with tamoxifen, called the tamoxifen-treated group, which activates the Cre-
estrogen-receptor fusion protein to translocate to the nucleus and mediate recombination of
loxP sites flanking the Gorab gene. This ensures that the Gorab gene is present during the
mouse’s developmental stages of life and is only inactivated right before the experiment is
conducted. All procedures were approved by the Canadian Council for Animal Care and the

McGill University animal care committee (2016-7821).

2.3.2 Tamoxifen treatment

Fifteen, eight-week-old, female Gorab inducible knockout (iKO) mice were received
from Charité - Universitatsmedizin Berlin, Germany, and housed in the animal facility at
McGill University Health Center, Montreal, Canada. The mice were in quarantine for two
weeks, acclimatized and randomized into two groups: 1) tamoxifen-(tamox) and 2) vehicle
(vehicle) treated. All animals were housed in the same type of cages, five mice per cage,
tamoxifen- and vehicle-treated mice in separate cages, with equal access to food and water.
At ten-weeks of age, the tamoxifen-treated group received three intraperitoneal tamoxifen
injections, 10 mg/kg every second day, while the vehicle-treated group received vehicle
injections (corn oil: ethanol in a 9 to 1 ratio, volume: 10 mg/kg). A week was allowed for

tamoxifen excretion.
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2.3.3 In-vivo loading experiment

After the injection of tamoxifen (n=7) or vehicle (n=7), two weeks of in vivo cyclic

compressive loading was applied to the left tibia of 12-week-old Gorab iKO mice.

The mechanical load was applied by an in vivo loading machine (Testbench, ElectroForce,
LM1, Bose, Framingham, USA) that consist of an electromagnetic actuator and a load cell.
With the limb (tibia) placed horizontally in between the actuator and load cell, the actuator
applies a compressive load on the limb while the load cell measures the transmitted load. The
applied load induces tissue strain which is modulated by bone morphology and tissue material

properties and plays a critical role in regulating bone growth and remodeling [127].

First, the mice were anesthetized with isofluorane (2% in 0.6 L/min 0,)then the left
tibia was placed into the loading machine, with the left foot placed in the foot plate on the
actuator. With the mouse leg bent, the knee fits into the knee cup on the load cell. A pre-load
of -1.5 N was applied to ensure that the limb is secured in the machine. Previous studies
established that an approximate strain level of + 1200 micro strain (ue) elicit an osteogenic
response in mouse tibia [127], [96]. Considering this, the daily loading cycle used for this
study included 216 cycles, applied at 4 Hz, which delivered peak loads of — 11 N for vehicle
mice and -5.4 N for tamox mice. The right limb acted as the non-loaded internal control. It is
the convention in the field to use the non-loaded control limb rather than additional sham
loaded mice, since in vivo tibial loading is known to only have local rather than systemic

effects [128], [48]. Normal cage activity was allowed between loading sessions.

2.3.4 In vivo micro-computed tomography (uCT) imaging

To evaluate the mechanoresponse of these tamoxifen- and vehicle-treated groups, in
vivo uCT (SkyScan 1276, Bruker) was used to scan both the left and right tibiae of these mice
after the in vivo loading experiment was conducted. The high-resolution uCT scanner at the
Shriners Hospital for Children (Montreal, Canada), allowed us to quantify how the density and
microstructural parameters changed in response to loading. Similar to the previous Gorab™

study, we chose day 0, 5, 10 and 15 of the loading experiment as time points on which the
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mice were scanned. On these days, the mice were loaded first, the scanner was switched on
for its warm-up period (approximately 15 minutes), the mice were anesthetized with
isofluorane (2% in 0.6 L/min 0,) and placed into the in vivo uCT. For the duration of the scan
(approximately 20 minutes) the mice were anesthetized, monitored, and accumulated
radiation dose was estimated to 150 mGy per scan. Before and during scanning, the mice
were monitored in accordance with McGill SOP 110. The first scan (day 0) was used as the
baseline scan and the same scanning procedure was repeated on day 5, 10 and 15. The
scanning parameters was set to: 8 um voxel size, 70 kV, 57 pA, 0.5 mm Al filter, 0.3° rotation
and 180° scanning. Each day, after the last scan, phantoms were scanned at the same
scanning settings and used for calibration of the volumetric bone mineral density
measurements. After the final scan on day 15, the anesthetized mice were euthanized by
carbon dioxide inhalation, the tibiae with the fibulae intact were dissected and stored in 100%

ethanol.

2.3.5 Micro-computed tomography (uCT) analysis of the
cortical mid-diaphysis

Bruker XRM solutions include all software needed to reconstruct scans from 2D
projection images into 3D volumes (NRECON) and to conduct 2D and 3D analyze (CTAN) of
the bone microstructure. The volume of interest (VOI) used to calculate the cortical bone
microstructural parameters was selected as 5% of the tibial length at the midshaft of the tibia.
Since the scan resolution was 8 um the total tibial length was calculated by multiplying the
number of scan slices by 0.008. The mid-slice was calculated and the VOI was centered
around the mid-slice, therefore 2.5% of the tibial length was calculated and measured above
and below the mid-slice. Once the VOI was cropped for each scan, a global threshold value
of 0.98 mgHA/cm?® was chosen as 120% of the OTSU threshold to segment cortical bone from
soft tissue. 2D and 3D analysis were completed with CTAN and included parameters such as:
cortical thickness (Ct.Th.), cortical area (Ct.Ar.), total cross-sectional area inside the
periosteal envelope (Tt.Ar), cortical area fraction (Ct.Ar./Tt.Ar.), marrow area (Ma.Ar), cortical

volumetric tissue mineral density (Ct.wTMD) and principal moments of inertia (Imax, Imin).
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2.3.6 Histomorphometry

Each mouse received an intraperitoneal calcein injection (25 mg/kg) at 12 and 3 days
before euthanasia. These intraperitoneal injections were done while the mice were still under
anesthesia from the loading. After the two-week loading experiment and uCT imaging, the
mice were euthanized, dissected, and the tibiae embedded in polymethyl methacrylate
(PMMA).

The embedded bone samples were sectioned at the midshaft, in the transverse plane,
with a high-speed band saw (IsoMet Low Speed Precision Cutter, Buehler, USA). After the
surface of the samples were polished and buffed, the cross-section area of each tibia was
imaged with a confocal laser scanning microscope (Zeiss LSM780, McGill University Health

Center, Montreal, Canada) at 20x magnification.

Bioquant Osteo (BIOQUANT Image Analysis Corporation, Nashville, TN) software was
used to analyze the confocal microscope images for cortical single and double-labeled
surfaces, mineral apposition rate, mineralizing surface per bone surface and bone-formation

rate per bone surface.

2.3.7 Gene expression analysis

For this study, it is important to confirm whether mRNA or protein expression levels of
GORAB has been inactivated in the targeted tissues, the long bones. The level of Gorab
knockout achieved in the study was determined by extracting RNA from the mice’s flash
frozen femur cortices (both tamox and vehicle group). These femur cortices were crushed
with a mortar and pestle until the bone was a fine powder. RNA was isolated with Aurum total
RNA mini-Kit (BioRad). Nanodrop was used to measure RNA concentration before gqPCR was
performed with QuantStudio 7. Averaged GAPDH and Hprt were used as reference genes and
relative Gorab expression was calculated using the A Ct method. The TagMan probes GAPDH
(Mm99999915 g1), Hprt (Mm03024075_m1) and Gorab (Mm00724788 m1) were used.
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2.3.8 Statistical analysis

uCT data was analyzed at day 0, day 15 and as the change from baseline (day 15 - day
0) using a repeated measure ANOVA (SAS 9.4, Cary, USA) to examine the effect of treatment
(tamox vs vehicle) and loading (control vs loaded). Paired t-tests were performed to compare
genotype. Tukey Post-Hoc tests were performed to compare tamox to vehicle mice. A p value
< 0.05 was considered significant. All results reported were significant, unless otherwise
indicated. A p value 0.05 > p < 0.1 was considered a trend. Note: p values were not adjusted

for multiple comparisons.
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2.4 Results

2.4.1 Loading led to a robust mechanoresponse

At day 0, ANOVA showed that loading had no effect on any diaphyseal cortical
parameters. This indicates that there was no handedness (differences between right and left
tibiae). The ANOVA showed that there was no significant effect of genotype on the density or
any of the microstructural parameters, except Ma.Ar. A Tukey-Kramer post-hoc test revealed
that Ma.Ar was significantly different between the control limbs of tamoxifen- and vehicle-

treated groups on day 0.

On day 15, ANOVA showed that loading had a significant effect on Imin, Imax, Ct.Ar,
Tt.Ar, Ct.Ar/Tt.Ar, and Ct.Th. Paired t-test showed significantly greater Imin (20%), Imax
(29%), Ct.Ar (7%), and Ct.Th (8%) in the loaded limb compared to the non-loaded control limb
of tamox mice. In the vehicle mice, paired t-test showed significantly greater Imax (13%),
Ct.Ar (8%), Tt.Ar (2%), Ct.Ar/Tt.Ar (5%), and Ct.Th (9%) in the loaded limb compared to the

non-loaded control limb.(See table 1 for mean £SD values.)

Day 15 - 0, ANOVA showed similar effects as in the absolute values observed at day
15. Loading had a significant effect on Imin, Imax, Ct.Ar, Tt.Ar, Ct.Ar/Tt.Ar, and Ct.Th. Paired
t-test for measures reported as a change from baseline (day 15 — 0) showed significantly
greater Imin, Imax, Ct.Ar, Tt.Ar and Ct.Th in the loaded limb compared to the non-loaded
control limb of tamox mice. In the vehicle mice, paired t-test showed significantly greater
Imin, Imax, Ct.Ar, and Tt.Ar in the loaded limb compared to the non-loaded control limb. (See
Fig.2 for illustration of puCT results as a change from baseline (day 15 — 0) and compared to

UCT results of the previous study.)
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2.4.2 Tamoxifen- and vehicle-treated mice had a similar
mechano-adaptive response

On day 15, ANOVA showed that treatment had a significant effect on Ct.Ar/Tt.Ar and
Ma.Ar. The Ct.Ar/Tt.Ar was greater in the tamox group than the vehicle group, while the Ma.Ar
was greater in the vehicle group than the tamox group (table 1). However, when analyzing the
difference (day 15 - 0), ANOVA showed that treatment did not have an effect on any of the

cortical parameters.

For both measures reported at day 15 and as a change from baseline (day 15 — 0),
ANOVA showed that there was no significant interaction between treatment groups and
loading. This indicates that the tamoxifen-treated group had a similar response to loading to

that of the vehicle-treated group for all cortical parameters measured (Fig. 2).

2.4.3 Gorab expression still present after tamoxifen
treatment

Our gPCR results revealed a Gorab knockout level of only 10% in femurs of the

inducible knockout mice.

No histomorphometry data was analyzed since the study was terminated prematurely

(see Discussion section for details).
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2.5 Discussion

The aim of our study was to determine if the reduced mechanoresponse was primarily
due to the loss of Gorabin osteocytes or a consequence of the developmentally altered OCLN.
We measured a similar mechano-adaptive response after two weeks of in vivo tibial loading
in tamoxifen-treated and vehicle-treated mice. However, since the RNA can only be extracted
from the femurs of these tamoxifen-treated mice after completion of the experiment and uCT-
imaging, it was not possible to determine the level of Gorab expression in the mice long bones
before the start of the experiment. Preliminary studies carried out by our collaborators,
suggested a 50% knockout in tamoxifen-treated mice with our tamoxifen protocol. However,
after the experiment, our gPCR results revealed a much lower knockout level of only 10%.
Once this finding was revealed all further analyses, including trabecular bone analysis and

histomorphometry were stopped and the study was terminated.

2.5.1 Appropriate tamoxifen dosage necessary for
successful knockout

The tamoxifen injection dose used in our protocol (10 mg/kg every second day) is
lower than commonly used concentrations (50-100 mg/kg) because a higher dosage may
impact the bone microstructure [129]. So, since we investigated the bone microstructure of
these mice, we chose a lower tamoxifen dose, which seemed to have been unsuccessful. We
have since imported more Gorab mice from our collaborators at the Charite and commenced
breeding. We are currently conducting a pilot study to examine the effectiveness of different
doses of tamoxifen. We have two groups of CreERT Prx-Cre; Gorab fl/fl mice that received 3
injections of tamoxifen (Sigma T56480), on Monday, Wednesday, and Friday at 9-weeks-of-
age. Group one received 10 mg/kg while group two received 20 mg/kg of tamoxifen per

injection. One week was allowed for tamoxifen excretion, followed by two weeks of in vivo
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loading at the same settings as in our previous study. This first batch of the pilot study,
including littermate controls, was euthanized and the tibiae and femurs dissected on
September 6, 2021. In the meantime, breeding is underway to fill up these groups and once
the pilot study is completed another student in our lab will repeat the study. A more recent
study also showed that low doses may also impact bone microstructure. Untreated groups
might need to be added to investigate this effect [130].

2.5.2 How vehicle-treated iKO mice compare to Gorab™™!
littermates

We further investigated factors that might have influenced the tamoxifen treatment in
our mice, by comparing our vehicle-treated mice to the littermates of the previous Gorab™™
study. For both studies, colonies were received from our collaborators in Berlin, although the
previous stud was conducted in 2015 while our study was conducted in 2020. This time

difference may have caused potential drift in colonies.

In both these studies, female C57BL/6 mice underwent two weeks of loading and were
uCT-imaged on day 0, 5, 10, and 15 [131]. The in vivo loading was performed by the same
loading machine with the same loading settings for both studies, although, in the iKO study
the mice were scanned with a Bruker SkyScan 1276 while a Scanco VivaCT 40 was used to
scan the Gorab™! mice [131]. There was a recent study that showed some trabecular bone
parameters were calculated differently based on analysis software used [132]. Also, while the
iKO study used a scanning resolution of 8 um, the Gorab™! study scanned mice at 10.5 um.
These differences in scanner and scan resolution might account for variations in the bone
microstructural parameters between these groups. At baseline, our iKO vehicle-treated mice
showed greater Imax, Ct.Ar, Tt.Ar, Ct.Th and Ct.vTMD than the Gorab™! LC of the previous
study. Although statistical analysis was not performed, both groups showed a similar

response to loading, which indicates that this data is comparable.
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2.6 Conclusions

We have previously observed an altered OLCN and reduced mechanoresponse in the
Gorab"™™ mice. The current study using tamoxifen-treated mice was inconclusive since the
knockout of the gene was insufficient. Once appropriate knockout of the gene is possible by
optimization of tamoxifen protocols, future studies are necessary to determine if the loss of
mechanoresponse in Gorab deficient mice is due to deterioration of the OLCN or deletion of
the gene. These data could lead to novel therapeutic targets to address low bone mass in

GO since bone biopsies from patients also showed disorganized OLCNs.
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2.7 Figures and tables
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Figure 1: Experimental design; A) Experiment timeline of the two-week in vivo loading experiment (blue
arrows), the in vivo microCT imaging on day 0, 5, 10, 15, and the injection of calcein 3 and 10 days prior
to euthanasia. B) Schematic of in-vivo tibial loading, C) loading experiment set-up of the left limb
placed within the loading machine, D) uCT scanning set-up of the anesthetized mouse in the scanner

cassette, E) location of diaphysis volume of interest within the tibia.
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Table 1 In-vivo pCT imaging results of cortical bone parameters for the left (loaded) and right (control)
tibiae of Gorab iKO tamoxifen-treated (tamox) and vehicle-treated (vehicle) mice at two scanning time
points (Day 0, 15). Data presented as mean * standard deviation. All statistics were compared with
ANOVA: (a) treatment; (b) loading; (c) interaction, followed by Tukey-Kramer post-hoc test: (*) with
p < 0.05.

Tamox Vehicle

control loaded control loaded
Day 0 (n=7) (n=7) (n=7) (n=7)
Imax(mm®*) 0.08 £0.02 0.08 £0.02 0.08 £0.02 0.08 +0.01
Imin (mm®*) 0.05+0.01 0.05+0.01 0.05+0.01 0.05+0.01
Ct.Ar (mm?) 0.59+0.07 0.59+0.07 0.60 +0.06 0.59 +0.06
Tt.Ar (mm?) 0.92 +£0.09 0.93+0.11 0.99 +0.06 0.96 +0.08
Ct.Th (mm) 0.23 +£0.02 0.23+£0.02 0.23+0.01 0.23 +0.02
Ma.Ar (mm?) a* 0.34+0.03 0.34+0.04 0.38£0.02 0.37+0.03
Ct.Ar/Tt.Ar (mm* mm?) 0.64 +£0.02 0.64 +0.03 0.61+0.03 0.62 +0.02
Ct.vTMD (mg HA/cm?) 1500 + 139 1538 £ 150 1441 £ 123 1470 + 108
Day 15 (n=7) (n=7) (n=7) (n=7)
Imax(mm?)b 0.07 £0.02 0.09 +0.02 0.08 £0.01 0.09 £0.02
Imin (mm*)b 0.05+0.01 0.06 +£0.01 0.05+0.01 0.06 +0.01
Ct.Ar (mm?)b 0.61 £0.07 0.65+0.06 0.59+0.04 0.64 +0.07
Tt.Ar (mm?)b 0.93 +0.09 0.97+0.1 0.96 +0.05 0.99 +0.08
Ct.Th (mm)b 0.24+0.01 0.26 £0.01 0.23+£0.01 0.25+£0.02
Ma.Ar (mm?) a* 0.32+0.04 0.32+0.05 0.36 +0.02 0.35+0.02
Ct.Ar/Tt.Ar (mm* mm?) 0.66 +0.03 0.68 +0.02 0.62+0.01 0.65+0.03
Ct.vTMD (mg HA/cm?) 1438 + 58 1490 + 112 1466 + 136 1547 £ 168
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2.8 Supplementary Information

Supplementary table 1: Previously reported uCT parameters of cortical bone mass and microstructure
at two scanning time points (Day 0, 15) in left (loaded) and right (control) limbs of Gorab™! and
littermate control (LC) mice. Data presented as mean £ standard deviation. All statistics were
compared with ANOVA: (a) genotype; (b) loading; (c) interaction, followed by Tukey-Kramer post-hoc
test: (*) with p < 0.05.

Gorab™™! LC

control loaded control loaded
Day 0 (n=6) (n=06) (n=6) (n=6)
Imax(mm?®) 0.04 £0.01 0.03 £0.01 0.06 +£0.01 0.06 £0.01
Imin (mm?) 0.03 +£0.01 0.03 £0.01 0.05+£0.01 0.05+0.01
Ct.Ar (mm?) 0.41 +£0.08 0.39 +0.07 0.55+0.04 0.54+£0.04
Tt.Ar (mm?) 0.49 +0.08 0.48 £0.08 0.68 £ 0.06 0.69 £ 0.05
Ct.Th (mm) 0.17 +£0.04 0.16 £ 0.04 0.20£0.01 0.19+£0.01
Ct.Ar/Tt.Ar (mm?* mm?) 0.83 +0.06 0.82 +0.07 0.81 £0.03 0.79 £0.01
Ct.vTMD (mg HA/cm?) 1241 + 54 1228 + 58 1293+ 13 1258 +£22
Day 15 (n=6) (n=6) (n=6) (n=6)
Imax(mm*)b 0.04 £0.01 0.04 £0.01 0.06 £0.01 0.07 £0.01
Imin (mm*)b 0.03+£0.01 0.03+0.01 0.04 £0.01 0.05+0.01
Ct.Ar (mm?)b 0.44 +£0.06 0.44 £ 0.06 0.55+£0.04 0.61 £0.03
Tt.Ar (mm?)b 0.52 +£0.06 0.52 +£0.08 0.65 +£0.07 0.73 £0.06
Ct. Th (mm)b 0.18+0.03 0.18 £0.02 0.20 £0.02 0.23 £0.01
Ct.Ar/Tt.Ar (mm? mm?) 0.85 +£0.05 0.85+0.04 0.85+£0.04 0.84 £0.04
Ct.vTMD (mg HA/cm?) 1268 + 30 1254 + 20 1294 £ 19 1310+ 18
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Supplementary table 2: uCT parameters of cortical bone mass and microstructure at two scanning time
points (Day 0, 15) in left (loaded) and right (control) limbs of Gorab iKO littermate control mice

compared to Gorab"™! littermate control (LC) mice. Data presented as mean * standard deviation.

iKO vehicle-treated Gorab™! LC

control loaded control loaded
Day 0 (n=7) (n=7) (n=6) (n=6)
Imax(mm®*) 0.08 £ 0.02 0.08 £0.01 0.06 £ 0.01 0.06 £ 0.01
Imin (mm®*) 0.05+£0.01 0.05+0.01 0.05+0.01 0.05+0.01
Ct.Ar (mm?) 0.60 + 0.06 0.59 +0.06 0.55+0.04 0.54 £0.04
Tt.Ar (mm?) 0.99 +£0.06 0.96 +0.08 0.68 £ 0.06 0.69 +0.05
Ct.Th (mm) 0.23 £0.01 0.23 £0.02 0.20 £ 0.01 0.19+0.01
Ct.Ar/Tt.Ar (mm? mm?) 0.61 £0.03 0.62 +0.02 0.81+0.03 0.79 £0.01
Ct.vTMD (mg HA/cm?) 1441 + 123 1470 £ 108 1293 £13 1258 £ 22
Day 15 (n=T7) (n=7) (n=6) (n=6)
Imax(mm®*) 0.08 £0.01 0.09 £ 0.02 0.06 £ 0.01 0.07 £0.01
Imin (mm®*) 0.05+0.01 0.06 £ 0.01 0.04 +£0.01 0.05 +£0.01
Ct.Ar (mm?) 0.59 +0.04 0.64 +£0.07 0.55+0.04 0.61 +£0.03
Tt.Ar (mm?) 0.96 = 0.05 0.99 +0.08 0.65 +0.07 0.73 £0.06
Ct.Th (mm) 0.23£0.01 0.25 +£0.02 0.20 £ 0.02 0.23 £0.01
Ct.Ar/Tt.Ar (mm? mm?) 0.62+0.01 0.65 +£0.03 0.85+0.04 0.84 £0.04
Ct.vTMD (mg HA/cm?) 1466 + 136 1547 £ 168 1294 + 19 1310+ 18
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Chapter 3

The effect of rearing housing
system on the keel density and
microstructure in egg-laying
hens

3.1 Introduction

In Canada, a total of 26 million hens produces about 7.2 billion eggs per year [133].
The White Leghorns and Rhode Island Red are the main breeds of laying hens, with Lohmann
White being the most common breed [133]. Compared to traditional breeds, commercial
strains are genetically selected for increased egg laying, with the onset of lay from 16 to 18
weeks of age. On average, hens produce one egg per day, a rate considerably higher than the
natural rate of laying. Therefore, commercial farms prefer housing systems that allow for

easy collection of eggs. Commonly, these housing systems are conventional cages or
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furnished cages with restricted opportunities for natural behavior and activities. As a result,
these commercial strains show greater loss of structural bone mass during lay than traditional

breeds, which results in weakened bones [61].

A considerable welfare problem reported by commercial laying farms from several
countries [22], [23], [24], [25] is that 70 to 97% of hens suffer from keel bone deformities at
the end of lay. Since birds experience pain similar to that of mammals [134], recent research
has been dedicated to address the high prevalence of keel bone damage and its effect on hen
welfare in the egg-laying industry. Besides being associated with pain, keel bone fractures
also lead to decreased egg production [135] and increased mortality [136], which have a
detrimental economical effect [137]. The Canadian Poultry Association has announced that
the poultry industry will be moving towards aviary housing systems completely by 2023 in an
attempt to provide a more enriched environment and one that allows chickens more

opportunity for physical activity.

In avian species, the keel bone is an extension of the sternum and serves as an anchor
for flight muscles: pectoralis major and pectoralis minor (Fig. 4A) [138], [139]. These muscles
are used for wing flapping, during which the pectoralis muscles undergo proportionally large
length changes (muscle strain) [140]. This muscle strain exerts a mechanical load on the keel
bone [40], [41]. Although the growth of long bones ceases at the onset of lay (16 to 18 weeks
of age) [141], [142], keel bone ossification is slower and continues until approximately 28 to
40 weeks of age [143], [144], [145]. Because the keel growth and ossification begin in the
cranial region of the keel and progresses to the caudal tip, the caudal tip of the keel is still
cartilaginous during the first couple of weeks of lay [63]. Previous studies have reported that
keel-bone damage usually occurs along the spine and caudal tip, independent of the housing
system during lay, and that fracture incidences increase with age [146], [22], [147], [148]. So,
even after the caudal tip is completely ossified, keel fractures still occur during the laying
phase, in both open non-cage systems (possibly due to high-impact crashes and falls [25],
[149], [150] and conventional cages (the exact causes still unclear) [151], [152]. Surprisingly,
a recent study reported that high energy collisions is not the main cause of keel fractures in
aviary systems, since birds with keel fractures showed no markers associated with trauma

[153]. So, if keel bone fractures still occur after keel bone ossification, and high-impact
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collisions are not the main cause, it remains unclear what leads to increased fracture

incidences with aging.

Studies have shown that bone biology in hens changes drastically at the onset of lay
to accommodate for egg production [59], [154], [26]. This includes osteoblast activity shifting
from cortical bone production to medullary bone production, which is the main source of
calcium for eggshells. Meanwhile, osteoclast activity remains unchanged. As a result, hens
show a reduction in bone mass, which leads to weaker bones that are more susceptible to
fractures [26]. This decrease in bone mass continues until end of lay, which may explain why

aging layers show increased fracture incidences.

Studies have reported that increased opportunity for physical activity during the
rearing phase improves muscle growth and bone breaking strength in long bones, which was
sustained until end of lay [155], [65]. One way to reduce fracture incidences in laying hens
may be to develop pullets with higher bone mass, which results in stronger bones. Pullets
exposed to increased opportunities for physical activity during rearing, may subject their
bones to increased mechanical loading, stimulating increased bone apposition that can
reduce bone fractures in later stages of life [143]. This way, these pullets can undergo bone
reduction at the same rate during the laying phase, without their bones becoming critically

weak and susceptible to fractures.

Therefore, the goal of this study was to assess whether rearing aviary style influences
keel bone microstructure and density. Moreover, this study aimed to determine whether hens
with keel bone fractures have deleterious alterations to the keel bone microstructure and
density, compared to those with intact keels. This work focused on 30-week-old hens and is
part of a larger study performed by other students who are looking at two additional age

groups, namely 50 and 70 weeks of age.
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3.2 Methods

All animal trials were carried out at the Arkell Poultry Research Station and performed
according to Arkell Poultry Research Station Standard Operating Procedures (Arkell, ON,
Canada).

3.2.1 Animal model

Two flocks of Lohmann Selected Leghorn Lite (white) and Lohmann Brown Lite
(brown) birds were obtained from a commercial hatchery (Fig.4A). A total of 56 (n=6-
7/genetic strain/housing/fracture status) pullets were sampled from consecutive flocks
reared in conventional cages (CC) or high complexity aviaries (HCA). The HCA were balanced
by genetic strain across the two flocks, whereas both genetic strains were reared in CC in

each flock.

All birds had equal access to food and received a standard age-appropriate crumble
diet ad lib. Each bird was assigned and labelled with a unique identification number such that

all subsequent analyses were blinded to housing and genetic strain.

3.2.2 Housing

Pullets were reared in two types of housing systems, in conventional cages (Ford,
Dickinson, Mitchel, Ontario, Canada) (Fig. 4C) or in high-complexity aviary systems
(NivoVaria, Jansen Poultry Equipment, Netherlands and Farmer Automatic Portal Pullet
Rearing System for Layers, Clark Ag System, Caledonia, Ontario, Canada) (Fig. 4B).
Conventional cages (76 x 66 x 40 cm) were outfitted with two nipple drinkers and an external
feeding trough. Chicks in these cages were brooded at a stocking density of 167 cm?/ bird

until three-weeks-of-age, after which they were evenly divided into 334 cm? / bird.
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The two equivalent brands of high-complexity aviaries that were used, NivoVaria (726
X 236 x 265 cm) and Farmer (726 x 245 x 211 cm), were outfitted with two lines of nipple
drinkers and feeding troughs, six perches, and a raised platform in the center of the system,
all of which spanned along the length of the system. Until six-weeks-of-age, chicks were
stocked at 128 cm?/ bird (NivoVaria) and 138 cm? bird (Farmer) and had no access to the
litter floor area, raised platforms or ramps. At six-weeks-of-age both systems were fully
opened, the wall panels were rotated outwards, which created additional raised levels (127
cm? / bird in the NivoVaria and 104 cm? /bird in the Farmer) and access to the litter floor (75

cm? / bird in both systems) and ramps.

At 17-weeks-of-age all pullets were moved to furnished cages (Ford Dickinson
Enriched Condo laying hen system, Mitchell, On, Canada) to begin their laying phase. In each
cage (365 x 66 x 55 cm) pullets were stocked at 752 cm? / bird and had access to nipple
drinkers, an external feeding trough, perches, a nest area (60 x 33 cm) and plastic scratch
pad (60 x 33 cm). The number of pullets in each cage were reduced as pullets were euthanized

for the project.

All housing systems were under the same light and temperature cycle during the first
week of age (34 °C, 2h /4h dark/light cycle at 40 lux), during rearing (incrementally lowered
to 20 °C, 10h light/day and 10 lux)and kept at this light/temp cycle during the laying period.

3.2.3 Sample collection

At 30 weeks of age, birds from each genetic strain and housing system were randomly
pre-selected by palpation for keel bone fractures. The keel bone of the pre-selected bird (pre-
selected because the bird might not be placed into a sample group, depending on its fracture
status) was radiographed to confirm fracture presence (Fig. 4D), and then a technician scored
the degree of keel bone fracture [156] and grouped the bird as fractured (n =6-7) or non-
fractured (n = 6-7).

The identification numbers of birds were documented, the birds were euthanized by
carbon dioxide, weighed, refrigerated overnight and then frozen at — 20 °C. The carcasses

were transported to the Shriners Hospital for Children in Montreal, Canada, where they were
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thawed for 24 hours at room temperature before the keel bones (and other long bones and
muscles) were excised, according to Casey-Trott et al.(2017a). Keel bones were wrapped in
towels, soaked in 70% ethanol, double bagged (to avoid them from drying out), and stored at

room temperature. Muscle samples from each bird were bagged and stored at -20°C.

324 Keel bone measurements

Before scanning, the keel bone was removed from its bag and placed on a white board
with a ruler. The keel length was measured on the dorsal metasternum surface, with the
cranial region parallel to the caudal tip. For the purpose of uCT analysis and determination of
a volume of interest, the keel length was measured from the caudal tip to the carina apex

(Fig.3) since these are visible landmarks that can easily be identified in all the keel bones.
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Figure 3 Keel bone measurements

3.2.5 Micro-computed tomography (LCT)

Micro-computed tomography (LCT) was performed by the Bruker SkyScan 1276 at The
Shriners Hospital for Children (Montreal, QC, Canada).

Prior to uCT, each keel bone was removed from its bag, cleaned to remove any soft
tissue, photographed, measured, and placed in a Styrofoam splint (to protect the fragile keel
tip during fixation of the keel bone in the scanner cassette) (Fig. 5B). The splinted keel bone

was wrapped in its towel and replaced in its bag. The bone was then securely fixed in the
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center of the scanner cassette with the tip of the keel at the distal end of the cassette. All
bones were positioned and scanned in the same manner (Fig. 5C), with scanning parameters
set as: 15 um voxel size, 80 kV, 200 pA, 360° scanning, frame averaging of 2 and rotational
step of 0.6°. Since limited studies have evaluated the keel microstructure, it was still
undetermined what size volume of interest (VOI) would represent the entire keel
microstructure. Therefore, we chose to scan the entire keel bone at a high resolution,
resulting in a scanning time of 120 minutes per bone. For this study, birds housed in CC and
HCA of both genetic strains, with fractures (n = 6-7) and without fractures (n = 6-7) were
scanned. Each day, after the final scan of the day, phantoms of 0.25 and 0.75 mg HA/cm?
density were scanned at the same scanning parameters. This was used to calibrate all the

scans to units of mg HA/cm®.

3.2.6 Selection of volume of interest

After uCT scanning, a representative volume of interest (VOI) was defined. The aim of
the study was to evaluate intact bone microstructure of fractured and non-fractured keels,
without including fracture sites within the VOI. Yet, we still wanted the VOI to be near common
fracture sites since we compared fractured keel bone characteristics to that of non-fractured
keel bones. Considering the size of the keel bone, a larger VOI of 20% of the keel length was
chosen as an appropriate representative of the cortical and trabecular bone microstructure.
Since most keel fractures occurred at the keel caudal tip, the VOI started at the mid-slice and

included 20% of the keel length towards the caudal tip of the keel bone (Fig. 5A).

3.2.7 Micro-computed tomography (LWCT) analysis of the
cortical and trabecular bone

Bruker XRM solutions include all software needed to reconstruct scans from 2D
projection images into 3D volumes (NRECON) and to conduct 2D and 3D analyze (CTAN) of
the bone microstructure. Since the scan resolution was 15 um, the total keel length was

calculated by multiplying the number of slices in the scan by 0.015. The mid-slice and 20% of
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the keel length were calculated and the VOI was cropped for each scan. To determine a global
threshold, the histograms of a subset of 12 keel bone scans were analyzed. For each scan,
we computed the OTSU threshold as well as variations of this value (80% OTSU, 90% OTSU,
--+.). Mean thresholds for each variation were computed from the subset, applied, and results
visually inspected to select the optimal version. A global threshold value of 0.4385 mgHA/cm?
was chosen (90% OTSU) to segment cortical bone from soft tissue. A global threshold value
of 0.4488 mgHA/cm?® was chosen (110% OTSU) to segment trabecular bone from soft tissue.
2D and 3D analysis were completed with CTAN to distinguish between cortical bone and
trabecular bone. This was conducted in the same manner as in the mouse studied conducted
by our lab, by characterizing the outer, denser layer of bone as cortical bone and the thinner,

spongy-structured bone within the keel bone as trabecular bone.

cortical bone parameters such as: cortical thickness (Ct.Th.), cortical area (Ct.Ar.),
total cross-sectional area inside the periosteal envelope (Tt.Ar), cortical area fraction
(Ct.Ar./Tt.Ar.), marrow area (Ma.Ar), cortical volumetric tissue mineral density (Ct.vTMD),
and principal moments of inertia (Imax, Imin). Trabecular bone parameters included:
trabecular thickness (Tb.Th), trabecular number (Tb.N), trabecular separation (Tb.Sp),
trabecular bone volume fraction (BV/TV) and trabecular volumetric tissue mineral density
(Tb.vTMD).

3.2.8 Statistical analysis

uCT data was analyzed using a repeated measure ANOVA (SAS 9.4, Cary, USA) to
examine the effect of genetic strain (brown vs white), housing (CC vs HCA) and fracture
status (fracture vs non-fracture). An independent t-test was performed to compare housing,
genetic strain, and fracture status. Tukey Post-Hoc tests were performed to compare genetic
strain, housing, and fracture status. A p value < 0.05 was considered significant. All results
reported were significant, unless otherwise indicated. A p value 0.05 > p < 0.1 was considered

a trend. Note: p values were not adjusted for multiple comparisons.
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3.3 Results

3.3.1 Cortical microstructural outcomes were superior in
conventional cages compared to high complexity
aviary systems

ANOVA showed that housing style had a significant effect on these cortical bone
parameters: Ct.wTMD, Ct.Ar, Ct.Ar/Tt.Ar, and Ct.Th. The Ct.vTMD was 8% greater in CC (mean
+ standard deviation; 0.62=0.08) than in HCA (0.57 £0.09); Ct.Ar was 14% greater in the CC
(5.25+1.02) than in the HCA (4.60 +1.30); Ct.Ar/Tt.Ar was 22% greater in the CC (0.30£0.09)
than in the HCA (0.25+0.09); and Ct.Th was 15% greater in the CC (0.17 £0.03) than in the
HCA (0.15%0.03). (See Fig.6 for graphs and table 2 for mean =SD values.)

T-tests showed significant differences in Ct.Ar between brown birds with fractures. In
brown birds, fractured keel bones had greater Ct.Ar (22 %) in CC than in the HCA. T-test also
showed significant differences in Ct.wTMD, Ct.Ar/Tt.Ar and Ct.Th in white birds with
fractured. In the white birds, fractured keel bones showed greater Ct.vTMD (23%), Ct.Ar/Tt.Ar
(50%), and Ct.Th (23%) in CC than in HCA.

3.3.2 Trabecular microstructural outcomes were superior in
conventional cages compared to high complexity
aviary systems

ANOVA showed that housing style had a significant effect on Tb.vTMD, Th.BV/TV and
Tb.Th. Tb.wTMD was 4% greater in the CC (0.57%0.03) than in the HCA (0.55+0.03);
Tb.BV/TV was 58% greater in the CC (0.15%0.11) than in the HCA (0.09+0.09), and Th.Th
was 16% greater in the CC (0.08+0.01) than in the HCA (0.07 £0.01). (See Fig.7 for graphs

and table 3 for mean = SD values.)
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T-tests showed a trend in Th.vTMD (p = 0.069), Tb.BV/TV (p = 0.071) and Th.Th (p =
0.081) between brown birds with fractures. Brown birds in CC with fractures showed greater
Tb.vTMD (5%), Tb.BV/TV (100%) and Th.Th (3%) than brown birds in HCA with fractures.

333 Cortical and trabecular microstructural outcomes, and
anthropometrics vary based on genetic strain

When analyzing the keel bone cortical parameters, ANOVA showed that genetic strain
had a significant effect on Tt.Ar, Ma.Ar, Imin and Ct.Ar/Tt.Ar. The Tt.Ar was 38% greater in
the brown (22.05+3.70) than in the white (15.99 +3.34) birds, Ma.Ar was 50% greater in the
brown (16.89%=3.81) than in the white (11.26 =3.72) birds, Imin was 88% greater in the brown
(38.71+12.03) than in the white (20.50 =7.73) birds, and Ct.Ar/Tt.Ar was 28% greater in white
(0.31+0.11) than in brown (0.24 +0.05) birds.

T-tests showed that genetic strain had a significant effect on the following cortical
parameters: Brown bird in CC with fractures had greater Ct.Ar (18%), Tt.Ar (52%), Imin
(107%), and Ma.Ar (68%) than white birds in CC with fractures. Brown bird in CC with no-
fractures had greater Tt.Ar (38%) and Ma.Ar (59%) than white birds in CC with no-fractures.
Brown birds in HCA with fractures showed greater Tt.Ar (36%), Imin (146%), Ma.Ar (40%), and
Ct.Th (23%) than white birds in HCA with fractures. Brown birds in HCA with no-fractures
showed greater Imin (58%) than white birds in HCA with no-fractures. (See section 3.7, table

2 for mean =SD values).

ANOVA also showed that genetic strain had a significant effect on Th.Sp. The Th.Sp
was 31% greater in the brown (0.50£0.25) than in the white (0.38 £0.16) birds.

When analyzing the body weight of the birds, ANOVA showed than genetic strain also
had a significant effect on body weight. Body weight was 21% greater in the brown (2097
218) than in the white (1737 +159) birds. (See table 4 for mean *£SD values). The t-tests
revealed that the brown birds in CC with fractures had significantly greater body weight (24%)
than white birds in CC with fractures. Brown birds in CC with no fractures had significantly
greater body weight (17%) than white birds in CC with no fractures. Brown birds in HCA with
fractures had significantly greater body weight (26%) than white birds in HCA with fractures.
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Brown birds in HCA with no fractures had significantly greater body weight (17%) than white
birds in HCA with no fractures.

No significant difference was observed in keel length. For example, keel length of
brown birds was 96.9 = 8.6 while the keel length of white birds was 95.04 £3.7. (See table 4

for mean £SD values).

3.34 Fractured keel bones had altered trabecular but similar
cortical microstructural parameters to non-fractured
bones

ANOVA showed that no significant differences were observed between the cortical
parameters of fractured and non-fractured keel bones. For example, the mean and standard
deviation (mean =SD) Ct.Ar was 4.69+1.15 in the fractured and 5.16+1.2 in the non-
fractured, and Ct.Th was 0.15+0.03 in the fractured and 0.16 £0.03 in the non-fractured.

Interestingly, ANOVA showed than fracture status had a significant effect on Tb.Sp.
The Th.Sp was 42% greater in the fractured (0.52*0.20) than in the non-fractured (0.36 +
0.20) group.

3.4 Discussion

3.4.1 Do high complexity aviaries stimulate greater
microstructural keel bone outcomes than conventional
cages in 30-week-old hens?

In our study, surprisingly, most of the keel bone cortical and trabecular
microstructural outcomes were superior in the conventional cages compared to the high

complexity aviaries.
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A previous study on the bone microstructure of 16-week-old Lohmann Selected Lite
(white) laying hens reported that pullets reared in aviary rearing systems had greater cortical
bone parameters than pullets reared in conventional cages for the radius, humerus and tibia
[63]. Another study reported that microstructural characteristic of the tibiotarsus bone of 16-
week-old pullets reared in aviary housing was enhances in Lohmann Selected Leghorn (LSL)-
Lite birds compared to pullets reared in conventional caged housing [157]. Interestingly, the
effect was genetic strain specific, in that they did not see a difference in microstructural
properties in tibiotarsi from Lohmann Brown-Lite birds between aviary and conventional cage

pullet rearing.

Our study also included Lohmann Selected Lite (white) and Lohmann Brown-Lite
(brown) laying hens reared in conventional cages and high complexity aviaries, but we
investigated the keel bone microstructure at 30-weeks-of-age. In contrary to these studies
on the microstructure of pullet long bones, our results showed that white and brown birds
reared in conventional cages had greater keel bone cortical parameters. We plan to analyze
the microstructure of the radii, humeri, tibiae of our birds so that our study can be comparable
to these previous studies. Only then can we make further conclusions about the effects of

rearing housing system.

Casey-Trott et al. (2017a) did not measure keel bone microstructural outcomes. They
only reported that the keel length, measured on the dorsal metasternum surface, parallel to
the cranial region of the sternal notch, adjusted for body weight, was greater in the aviary
systems compared to the conventional cages [63]. In our study, no significant differences
were observed in the keel length between housing systems. When we adjusted keel length
for body weight, as in Casey-Trott et al. (2017a), ANOVA showed that genetic strain had a
significant effect, but housing style had no effect. This difference might be because of
different keel bone lengths measured. We measured the ‘keel length’ from the caudal tip to
the carina apex for the purpose of uCT analysis because the caudal tip and carina apex are
prominent landmarks that are easily identified in all keel bones. To my knowledge, a

standardized method of measuring the keel length is still to be determined.

Casey-Trott et al. (2017a) also measured the cartilage portion at the keel tip, that is
not yet completely ossified, and reported that the keel bones of aviary-reared pullets had

larger portions of cartilage compared to pullets reared in conventional cages. Whether this
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cartilage portion is in proportion with the keel length or a potential indicator that ossification
of the keel bone was slower in aviary-rearing, requires further investigation. We did not report

any parameters on the cartilage portion of the keel tip in our study.

Furthermore, Erin Ross reported that aviary-reared Lohmann Brown Lite and Lohmann
LSL-Lite pullets had stronger femora, radii, and humeri than birds reared in conventional
cages [158]. Our study did not investigate the keel bone strength. E.Ross did not report keel
bone lengths but calculated the keel bone area of these birds and reported that keel bones
of birds reared in open-concept aviaries with maximum three-dimensional space, did not
differ in proportional size from conventional cages or other aviary systems. In accordance with
this study, Pufall et al. (2021) also showed no differences in pullet keel area between different
aviary rearing systems [159]. Although we have not yet reported keel bone area, it may be
useful to compare the area of the keel bones in our study to these findings since these studies
also reported that high-complexity aviaries seem to not have the same benefits on pullet keel

bones as it has been reported to have on pullet long bones.

It may be expected that pullets reared in high complexity aviary systems present with
greater keel bone cortical bone characteristics due to enhanced opportunity for natural
mechanical loading, but it is important to mention that pullets reared in aviary systems do not
necessarily take advantage of the opportunities to perform natural loading behaviors. Amanda
Pufall (2020) reported that pullets (Lohmann Brown and LSL white) spent relatively little of
their time locomoting, and that locomotion decreased as the birds reached sexual maturity
(16-18 weeks of age) [160]. This study compared pullet locomotion between low, medium,
and high complexity aviaries at 4, 10 and 16 weeks of age. The most significant difference in
locomotion was seen at 4 weeks of age, with pullets in the high complexity aviary performing
more high intensity locomotion than pullets in low complexity aviaries. Although Pufall
reported that pullets in the high complexity aviary had proportionally stronger tibiae and
femurs, the housing styles had no effect on keel bone area. Jackson et al., 2011 [161] has
shown that locomotion including wing-flapping provides mechanical loads to the keel bone,
and Casey-Trott et al., 2017a [63] hypothesized that this mechanical load induces keel
growth. Since the 4-week-old pullets had the highest activity level and activity decreased
thereafter, the effect of high complexity aviary housing after 4 weeks-of-age might not be

significant to induce keel bone growth.
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3.4.2 No significant difference in microstructural
characteristics of fractured and non-fractured keel
bones in 30-week-old hens

To my knowledge, this is the first study to report bone microstructural differences in
fractured and non-fractured keel bones. Casey-Trott et al.(2017) reported that rearing system
and age had an effect on the presence of keel bone fractures in Lohmann LSL-Lite hens
[143]. This study showed that hens at 50- and 70-weeks-of-age had increased fracture
incidences compared to 30-week-old hens, and that hens reared in aviary systems (Farmer
Automatic Portal Pullet rearing system) showed lower fracture incidences (41.6%) than hens
reared in conventional cages (60.3%) [143]. Although this study investigated the same genetic
strain, at the same age (30-weeks-of-age), and the same aviary system than in our study, it
did not report keel bone microstructural data. We showed that no significant interaction was
seen between the microstructural characteristics of fractured and non-fractured groups,
except for greater trabecular separation in fractured keel bones. Casey-Trott et al.(2017) also
reported that 76.9% of keel fractures were located at the caudal tip of the keel bone (within
5 cm of the caudal tip) at 30-weeks-of-age. Although we did not report fracture incidence,
location of fractures or type of fractures, we also observed that most fractures were located
at the caudal tip in 30-week-old hens. While our study only focused on the microstructural
characteristics of fractured and non-fractured keel bones in 30-week-old hens, other
students in our lab are conducting the same study on 50-week-old and 70-week-old hens. |
believe that these studies, in combination with my study, will allow us to compare keel bone

microstructural data to the data Casey-Trott et al.(2017) reported on fracture incidences.

So, since no significant interaction was seen between fractured and non-fractures keel
bone microstructure, it may indicate that pullets experiencing keel bone fractures at this age,
may not suffer from deteriorated keel bone microstructural parameters, but that keel bone
fractures are rather caused by other factors such as altered material properties or whole bone

geometry.
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3.4.3 Potential relationship between genetic strain and keel
bone microstructural properties

The results of our study showed that brown birds had greater total bone area
compared to white birds, which may correlate with their greater body weight. Yet this larger
bone area in brown birds is associated with greater trabecular separation. Is this due to the
shape of the keel bone? The keel bone cross-sectional shape replicates the shape of a ‘T’,
with the top of the ‘T’ being the metasternum and the bottom being the spine of the keel.
With the spine of the keel being much thinner than the metasternum, trabecular bone was
more commonly found in the metasternum than in the spine. At the tip of the spine (the
bottom of the ‘T’), some keel bones had trabecular bone, which meant that trabecular bone
was distributed at both ends of the keel bone. How this affected the trabecular separation
outcome in this study is not clear. To adequately test if the greater trabecular separation is
due to the shape of the keel bone, future studies analyzing and comparing the different
regions of the keel bone is required. The greater trabecular separation and reduced trabecular
number seen in brown birds, may also be a consequence of the great total area observed in
these keel bones. Because of brown birds’ greater total bone area, the cortical area fraction

is greater in white birds.

3.5 Limitations

The study is not without limitations. Factors that may have influenced the chicken
study was fracture status. Although some birds presented with non-fractured keel bones at
30-weeks-of-age, evaluated by radiographic imaging, they may have experienced keel bone
fractures earlier in life that have healed by the time they were imaged and grouped. Analysis
of uCT images revealed that some keel bones classified as non-fractured keel bones had
callus at previous fracture sites. Also, extreme deformities were seen in these keel bones,

which may have influenced the study.
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Another factor that may have influenced the microstructural bone outcomes in this
study is how we characterized trabecular bone. In the keel bone, the difference between
trabecular and medullary bone has not yet been well characterized, so it might be possible
that the spongy structure within the keel consist of a mix of spongy medullary bone and/or
trabecular bone. Further investigation on the localization and structural differences between
medullary and trabecular bone is necessary to report accurate microstructural bone

outcomes.

3.6 Conclusion

In summary, my research showed that rearing styles do have an effect on the
microstructural bone parameters of the keel bone. Surprisingly, the effect of rearing styles on
the keel bone microstructure was in contrary to what has been reported on the effect of
rearing styles on the microstructural bone parameters of the tibiotarsus. It is evident that
birds reared in conventional cages had greater cortical and trabecular keel bone parameters
than birds reared in high complexity aviaries. We also showed that brown birds had greater
body weight and that their keel bones had greater total bone area compared to white birds.
Despite our limitations, we observed greater trabecular separation in fractured keel bones
compared to non-fractured keel bones. These data will be helpful for poultry farmers to know
which level of complexity may be beneficial for a particular genetic strain to reduce keel bone

fracture incidences.
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3.7 Figures and tables

Figure 4: Experimental design. A) Genetic strains used in this study (left and middle): Lohmann Brown-
Lite (brown) and LSL-lite (white), illustration of bird anatomy (right): (1)representing the keel bone. B)
High complexity aviary housing style (left — image of entire system without birds, right — image of a
section of the system after stocking birds) and C) conventional cages. D) Examples of radiograph of a

non-fractured (left) and fractured (right) keel bone, used to group birds into sample groups.
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Figure 5: Keel bone preparation and uCT scanning. A) lllustration of VOI of keel bone analyzed B) Splint
used to protect the keel tip during scanning C) illustration of how the keel bone was positioned in the
scanner cassette (with the metasternum facing upwards, the caudal tip and cranial area parallel to the
cassette, the spine of the keel held in place with foam and tape). This is only for illustration purposes.
The keel bone was kept in a towel, soaked in 70% ethanol, and bagged during scanning. D) example of

the scout view of the entire keel bone scan. The arrow points to the spine of the keel.
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Table 1: Cortical (Ct) bone parameters of the keel bone at the midpoint of the keel, determined by in
vivo uCT, in brown and white chickens reared in conventional cages (CC) and high-complexity aviaries
(HCA). At 30-weeks-of-age, birds were grouped into fractured and non-fractured group. (Mean+SD);
between-subject effect of a) genetic strain (brown, white), b) housing system (CC, HCA), c) fracture
status (non-fractured, fractured), interactions between d) breed * housing, e) housing * status, f) breed

* status; p < 0.05 assessed using a repeated measures ANOVA.

Brown White
cC HCA cC HCA
Non- Non- Non- Non-
Outcome Fractured Fractured Fractured Fractured
fractured fractured fractured fractured

30-week-old (n=7) (n=7) (n=7) (n=6) (n=7) (n=7) (n=7) (n=7)
Imax (mm4) 135 £ 57 142 £ 42 136 £ 40 172 £ 67 151 + 39 129 + 43 150 + 47 107 * 63
Imin (mm4) a 35+ 15 40+ 9 37 £ 12 42 + 10 21 £ 12 19+6 24 + 6 17 £ 4
CtAr (mm2) b 5.26 * 1.20 5.62 £ 0.29 5.02 £ 0.90 459 £ 1.06 5.35 + 1.31 4.75 £ 0.97 5.03 + 1.59 3.76 £ 1.30
Tt.Ar (mm2) a 21.81 £ 325  21.67 £3.08 22.29 £5.79 22,59 + 2.10 15.77 +5.37 14.29 +1.36 17.25 +3.30 16.63 £1.67
Ct.Ar/Tt.Ar (mm2/mm2)a,b 0.24 £ 0.06 0.26 £ 0.03 0.24 += 0.07 0.21 £ 0.06 0.37 £ 0.14 0.33 £ 0.07 0.31 £ 0.14 0.22 £ 0.06
Ma.Ar (mm2) a 16.55 + 3.15 16.04 +3.05 17.27 £5.73 17.99 + 3.03 10.41 +5.59 9.54 +1.72 12.22 +4.29 12.88 +1.11
Ct.Th (mm)b 0.17 £ 0.03 0.17 £ 0.03 0.15 + 0.03 0.16 = 0.03 0.18 + 0.04 0.16 £ 0.02 0.16 £+ 0.04 0.13 £ 0.02

CtvTMD (mg HA/cm3) b,e 0.55 = 0.12 0.63 = 0.04 0.57 £ 0.07 0.55 £ 0.1 0.63 £ 0.06 0.65 £ 0.08 0.62 £ 0.05 0.53 £ 0.12

Table 2: Trabecular (Tbh) bone parameters of the keel bone at the midpoint of the keel, determined by
in vivo uCT, in brown and white chickens reared in conventional cages (CC) and high-complexity
aviaries (HCA). At 30-weeks-of-age, birds were grouped into fractured and non-fractured group.
(Mean£SD); between-subject effect of a) genetic strain (brown, white), b) housing system (CC, HCA),
c) fracture status (non-fractured, fractured), interactions between d) breed * housing, e) housing *

status, f) breed * status; p < 0.05 assessed using a repeated measures ANOVA.

Brown White
cc HCA cc HCA
Non- Non- Non- Non-
Outcome Fractured Fractured Fractured Fractured
fractured fractured fractured fractured

30-week-old (n=7) (n=7) (n=7) (n=6) (n=7) (n=7) (n=7) (n=7)
Th.BV/TV (mm3/mm3)b 0.12 £ 0.11 0.10 £ 0.05 0.10 £ 0.08 0.05 £ 0.03 0.21 £ 0.15 0.15 £ 0.12 0.14 £ 0.13 0.07 £ 0.06
Tb.Th (gm)b 0.08 £ 0.02 0.09 = 0.01 0.07 £ 0.01 0.08 £ 0.01 0.09 £ 0.02 0.08 £ 0.01 0.07 £ 0.01 0.07 = 0.01
Th.N (1/mm) 1.40 = 1.22 1.20 = 0.59 1.24 + 1.05 0.65 + 0.32 2.28 £ 1.42 1.78 + 1.34 1.67 = 1.35 0.94 £ 0.77
Th.Sp (um)a,c 0.46 = 0.29 0.52 £ 0.14 0.34 £ 0.2 0.74 = 0.22 0.31 £ 0.16 0.38 £ 0.18 0.35 £ 0.14 0.49 £ 0.15
Th.vTMD (mg HA/cm3)b 0.55 + 0.04 0.59 + 0.02 0.53 + 0.02 0.56 + 0.03 0.57 £ 0.04 0.58 * 0.05 0.55 * 0.03 0.56 + 0.04
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Figure 6: uCT image analysis of the keel bone cortical parameters (Ct.Ar, Tt.Ar, Ct.Ar/Tt.Ar, Ct.Th,
Ct.vTMD, Ma.Ar) in brown and white birds, reared in conventional cages (CC) and high complexity
aviaries (HCA), and in both fractured and non-fractured groups. ANOVA main effects: (a) Genetic
strain; (b) Housing; (c) Status, (d) Breed*Housing, (e) Housing*Status, (f) Breed * Status, followed

by paired t-test: (*) p < 0.05
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Figure 7: uCT image analysis of the keel bone trabecular parameters (Tb.N, Tb.Sp, Tb.Th, Tb.vTMD,
Tb.BV/TV) in brown and white birds, reared in conventional cages (CC) and high complexity aviaries
(HCA), and in both fractured and non-fractured groups. ANOVA main effects: (a) Genetic strain; (b)
Housing; (c) Status, (d) Breed*Housing, (e) Housing*Status, (f) Breed * Status, followed by paired t-

test: (*) p < 0.05.
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Table 4: Body weight and length of the keel bone in brown and white chickens reared in conventional
cages (CC) and high-complexity aviaries (HCA). At 30-weeks-of-age, birds were weighed immediately
after euthanasia and the keel bone length was measured after dissection. Results include the
Mean+SD; between-subject effect of a) genetic strain (brown, white), b) housing system (CC, HCA),
c) fracture status (non-fractured, fractured), interactions between d) breed * housing, e) housing *

status, f) breed * status; p < 0.05 assessed using a repeated measures ANOVA.

Brown White
cC HCA cC HCA
Non- Non- Non- Non-
Outcome Fractured Fractured Fractured Fractured
fractured fractured fractured fractured
30-week-old (n=7) (n=7) (n=7) (n=6) (n=7) (n=7) (n=7) (n=7)
Body weight (g)a 2058 + 288 2146 +207 2084 = 154 2101 = 248 1765 £ 203 1736 + 151 1779 + 158 1669 * 125
Keel length (mm) 94.35+15.03 98.09 £4.48 98.92 +6.45 96.10 * 4.76 93.81 £5.35 93.99 £3.63 97.00 £3.01 95.36 +2.31
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(Global discussion

How the COVID-19 pandemic influenced this study

| began my MEng research in January 2020, at which time the Gorab mice study
commenced. We were able to conduct the loading experiment and uCT scanning before the
lockdown restrictions were imposed in March 2020 due to the COVID-19 pandemic. During
this lockdown period, uCT scans were analyzed remotely. It was only in July 2020 that we
could return to our lab to continue with bench work, which included embedding the mice
tibiae, cutting embedded samples, and imaging samples with a confocal microscope. These
procedures all required training that was also delayed or unavailable during the pandemic. By
September 2020, the gene expression analysis could be conducted to determine the Gorab
knockout level in these mice. It was only by October 2020 that we established that the level
of Gorab knockout in these inducible knockout mice were unsuccessful. By this time, the uCT
analyses and preparation of the samples for histomorphometry had been performed.
However, at this point | stopped all work on this cohort of mice and we decided to repeat the
study in the future, after further testing of tamoxifen protocols to improve our knockdown
efficiency. The timeline of when we would be able to receive new mice from Charité -
Universitatsmedizin Berlin, Germany, for breeding was still unclear under the pandemic
restrictions of that time, therefore we decided that | start working on another project involving
chickens since these specimens were readily available from our collaborators at the
University of Guelph (see Chapter 3). In January 2021, mice arrived from Charité, and we
commenced breeding. | am currently determining an effective tamoxifen dosage; however,

this data will not be included in my thesis.
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Future work

For the Gorab mice study, we aim to determine an effective tamoxifen dose that can
be used to successfully repeat the study. If we achieve significant knockdown levels, we can
not only investigate the static bone morphometry, but also the bone histomorphometry. The
two-week in vivo loading and in vivo uCT imaging on day 0, 5, 10 and 15 can be repeated to
determine if the tamoxifen-treated mice had a similar response to loading as the vehicle-
treated mice. Further we can investigate the bone apposition rate differences between
these group and look at images of the OLCN of these mice. These results can be compared
to the findings of the previous study, which reported an altered OLCN in Gorab™™ mice. This
will contribute to a larger Gorab study that is ongoing and will help to better understand
what effect the loss-of-function mutation of the GORAEB gene has on the mechanoresponse

of bone in GO patients.

For the chicken study, further analysis of the keel bone using histomorphometry can
be performed to determine the rate of bone formation. These chickens received calcein
injections prior to euthanasia and their keel bones have been prepped for embedding. We can
also use TRAP staining to examine bone resorption. Additionally, the material properties of
the bone and whole bone geometry will be investigated. The chicken study included in this
thesis only focusses on the 30-week-old age group, while the larger project performed by
other graduate students will also analyze the keel bone microstructure of these hens at 50-
weeks-of-age and at 70-weeks-of-age. Studies are also being performed by other graduate
students in our lab examining microstructural properties in the tibiotarsus from all three age

groups. This will shed light on the bone properties of both the keel bone and tibiotarsus at
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three stages of the laying hen’s life. We are also interested to see if the keel bone adapts to
mechanical loading or aviary rearing similarly than the tibiotarsus. Besides the microstructural
analysis of the keel bone, other studies on the effect of pectoralis muscle strain or slower
ossification of the keel bone could shed light on the mechanoadaptation of the keel bone to
better understand the causes of keel bone fractures. | believe that the larger project wil
contribute to a better understanding of the long-term bone health of aviary rearing in laying
hens, and that it can aid to implement better housing systems for the welfare of egg-laying

hens.
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