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ABSTRACT

Gurkan, Umut A. Ph.D., Purdue University, May 2010. Engineering of Bone Marrow In
Vitro for Investigating the Role of Growth Factors and Their Mechanoresponsiveness in
Osteogenesis. Major Professor: Ozan Akkus, Ph.D.

Bone regeneration is a complex process that involves the synergistic contribution
of multiple cell types and numerous growth factors (GFs). It is widely accepted that
effective and efficient reconstruction of critical size skeletal defects and non-unions can
be achieved by tissue engineering approaches employing multi-factor and multi-phase GF
delivery strategies. However, the studies investigating the involvement of multiple factors
in osteogenesis are limited to simplified 2-dimensional in vitro studies with particular cell
types or complex in vivo studies with associated experimental hurdles. There is a need for
an in vitro model that embodies the multicellular and 3-dimensional (3D) nature of
osteogenesis without the complexities of in vivo animal models. Bone marrow tissue
consists of multiple cell types, houses the multipotent mesenchymal and hematopoietic
stem cells, and plays a major role in bone regeneration. Marrow has a unique
microenvironment and inherently ossifies in vitro under basal conditions (i.e. without
addition of excipient osteoinductive factors). Therefore the main objective of this

dissertation was to harness the inherent ossification potential of rat bone marrow tissue



Xvi

and develop a representative 3D, multicellular, scaffold-free in vitro model of
osteogenesis as a platform to study the temporal and interconnected involvement of
multiple GFs. The specific aims of this work were: 1) optimizing and characterizing the
in vitro ossification of marrow tissue, 2) tracing the sequential production profiles of key
GFs in osteogenesis and their relation to ossified volume in marrow ossification model,
and 3) assessing the mechanoresponsiveness of marrow ossification process and the
effect of mechanical stimulation on the temporal production levels of GFs. Specifically,
the osteogenic involvement of bone morphogenetic protein-2 (BMP-2), vascular
endothelial growth factor (VEGF), insulin-like growth factor-1 (IGF-1) and transforming
growth factor beta-1 (TGF-betal) were studied. The key findings of this dissertation are:
1) in vitro ossification of bone marrow can be achieved under serum-free conditions
resulting in a 3D tissue structure with characteristic morphological, compositional and
cellular properties of newly forming bone, 2) BMP-2, VEGF, IGF-1 and TGF-betal are
sequentially produced and secreted during in vitro ossification of marrow, 3) The levels
of BMP-2, VEGF, IGF-1 and TGF-betal at specific time points correlate with the final
ossified volume and they are highly interdependent to each other, 4) in vitro ossification
model is mechanoresponsive and responds to mechanical stimulus by increased bone
volume with enhanced or sustained release of VEGF, IGF-1 and TGF-betal, but not
BMP-2. These outcomes are essential for delineating the temporal and interconnected
involvement of multiple growth factors in osteogenesis and the role of mechanical cues in

this process.



INTRODUCTION

Bone marrow tissue is housed in the cavities of the bones housing various cell
types including the essential multipotent cells including the mesenchymal stem cells
(MSCs) and hematopoietic stem cells (HSCs) which are essential for the living organism
[1-3]. It is the major source of HSCs which have the role of renewing the elements in the
blood (monocytes, macrophages, neutrophils, eosinophils, erythroblasts, erythrocytes,
megakaryocytes, platelets) [1]. Marrow also contains the mesenchymal stem cells which
contribute to the regeneration of tissues such as bone, cartilage, muscle, adipose and
tendon [3-9]. Bone marrow tissue has a unique microenvironment [10] and has the
potential to undergo inherent ossification in vivo and in vitro [11-15]. Therefore, the
major aim of this doctoral dissertation was to harness marrow’s inherent ossification
capacity to develop and characterize an in vitro 3-dimensional, scaffold-free,
multicellular model of osteogenesis, which is conveniently located between the 2-
dimensional single cell type culture models and complex animal models. This goal was
achieved by 1) investigating the physiological environment of bone marrow tissue within
the physiological and physical context (Chapter 1); developing and characterizing an in
vitro 3-dimensional culture system that can support the marrow tissue and its ossification
for at least 28 days (Chapter-2). Development of a 3-dimensional in vitro model of

osteogenesis would be useful for studying osteogenesis in the following contexts: 1)



morphological, compositional evolution of ossifying tissue and cellular residency
(Chapter-2), 2) production of the key osteoinductive factors during osteogenesis and their
relation to each other (Chapter-3), and 3) mechanoresponsiveness of the marrow

ossification model and the osteoinductive growth factor production (Chapter-4).
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1. THE MECHANICAL ENVIRONMENT OF BONE MARROW

(Annals of Biomedical Engineering, 2008, 36(12):1978-91)

1.1. Abstract

Bone marrow is a viscous tissue that resides in the confines of bones and houses
the vitally important pluripotent stem cells. Due to its confinement by bones, the marrow
has a unique mechanical environment which has been shown to be affected from external
factors, such as physiological activity and disuse. The mechanical environment of bone
marrow can be defined by determining hydrostatic pressure, fluid flow induced shear
stress and viscosity. The hydrostatic pressure values of bone marrow reported in the
literature vary in the range of 10.7 — 120 mmHg for mammals, which is generally
accepted to be around one fourth of the systemic blood pressure. Viscosity values of bone
marrow have been reported to be between 37.5 cP to 400 cP for mammals, which is
dependent on the marrow composition and temperature. Marrow’s mechanical and
compositional properties have been implicated to be changing during common bone
diseases, aging or disuse. In vitro experiments have demonstrated that the resident
mesenchymal stem and progenitor cells in adult marrow are responsive to hydrostatic

pressure, fluid shear or to local compositional factors such as medium viscosity.



Therefore, the changes in the mechanical and compositional microenvironment of
marrow may affect the fate of resident stem cells in vivo as well, which in turn may alter
the homeostasis of bone. The aim of this review is to highlight the marrow tissue within
the context of its mechanical environment during normal physiology and underline

perturbations during disease.

Key Terms: mesenchymal stem cells, marrow progenitor cells, physiological activity,

osteoporosis, disuse, aging, pressure, fluid shear, rheology, viscosity



1.2. Introduction

Bone marrow is the soft tissue residing in the cavities of the bones housing the
essential pluripotent precursor cells for the living organism. It is the major source of
hematopoietic stem cells (HSCs) which have the role of renewing the elements
(monocytes, macrophages, neutrophils, eosinophils, erythroblasts, erythrocytes,
megakaryocytes, platelets) in the blood [1]. Adult bone marrow also contains the
mesenchymal stem cells which contribute to the regeneration of tissues such as bone,
cartilage, muscle, adipose, tendon, ligament and stroma by differentiating into
osteoblasts, chondrocytes, myocytes, adipocytes, tenocytes and neuronal cells in vivo and
in vitro [2-8]. Mesenchymal stem cells have been proven to be responsive to mechanical
signals such as hydrostatic pressure [6, 9-11], fluid flow induced shear stress [12] and the

rheological properties (viscosity) of their environment [13-15].

Bones are primarily responsible for countering physiological loads. The close
proximity of marrow within medullary cavities of bones subject the marrow to
physiological loads as well [16-20]. The key variables of the mechanical environment of
marrow due to the external factors can be listed as the intramedullary pressure and the
fluid flow generated by pressure gradients. These variables change during regular
physical activities [19-22]. Intramedullary pressure elevations are reported in response to
drugs and steroids [23-27]. Composition and rheological properties of marrow are also
reported to change during aging and drug use [27, 28]. Studies also suggest these
properties of marrow to change during aging, osteoporosis or disuse [24, 28, 29]. Since

these anomalies have the common hallmark of bone loss, the possibility arises that the



mechanical environment of marrow may be a key player in homeostasis of bone by way

of the mechanically responsive resident stem cells [30].

1.2.1. Structure and Function of Bone Marrow

In adults, marrow tissue located in the mid-diaphyseal portions of peripheral
bones in the body mostly consists of adipose tissue which imparts a yellowish color (fatty
marrow) [31]. In the axial skeleton however, the adipose tissue coexist with the
hematopoietic tissue in a variable but roughly equal proportion. Bones provide a confined
environment for marrow. Therefore, changes in the volume of active marrow (where
hematopoiesis occurs) should be compensated by the expansion of a space-occupying
component [32]. This component is commonly accepted to be the adipose tissue. When
the marrow hematopoietic activity increases, adipose tissue undergoes resorption to

provide more space, or vice versa.

Hematopoietic tissue imparts a reddish color to marrow (red marrow) due to the
high content of heme chromogen [31]. Red marrow houses the red blood cells, platelets
and white blood cells and resides in the flat bones such as skull, ribs, vertebrae, the
proximal halves and the endosteal surfaces of the long bones. Red marrow tissue is rich
in a variety of cellular components comprised mostly of hematopoietic cells. The
hematopoietic cells give rise to monocytes, macrophages, neutrophils, eosinophils,
erythroblasts, erythrocytes, megakaryocytes, platelets and osteoclasts [1, 8, 33-35].
Marrow’s other cellular component is a highly organized stroma that supports the

proliferation of the hematopoietic cells [33]. The organized stroma is composed of



10

reticular cells which form a spongy framework on which hematopoietic cells are
arranged. Upon maturation, hematopoietic cells migrate into the blood stream. Therefore,
hematopoietic cells are temporary residents of marrow. Conversely, the stroma remains
as a scaffold for the differentiation and maturation of the hematopoietic cells [31]. Bone
marrow also contains mesenchymal stem cells which have been shown to differentiate
into osteoblasts, chondrocytes, myocytes, adipocytes and neuronal cells in vivo and in

vitro [2-8].

The organization of the marrow can be best understood by following its vascular
layout. In a tubular bone, the nutrient artery enters the marrow cavity, runs longitudinally
in the center, then branches out toward the endosteum of the surrounding bone, leading to
specialized vascular structures known as sinuses or sinusoids (Figure 1.1) [35, 36].
Several of these sinuses may then combine to form collecting sinuses which lead to the
central sinus or vein. This vein runs longitudinally next to the nutrient artery. Blood in
marrow flows from the center toward the bone and then returns back to the center [31,
35]. This structural configuration yields high numbers of vessels and sinuses in the
periphery (resulting in a slower flow rate of blood and higher surface area) where most of
the exchange occurs. Therefore, hematopoiesis is maximal in the closer proximities to the
bone surface leaving the central parts with relatively little hematopoietic activity (Figure
1.1) [37]. Due to this fact, it is possible to observe a transition region between red
marrow and fatty marrow radially (red marrow being closer to the endosteal surfaces,
Figure 1.1) [31]. Similarly, a longitudinal macroscopic distribution is observed as red

marrow in the proximal half'and fatty marrow in the distal half of the bones [31]. Bone
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and marrow are connected by vasculature. Bone nutrient vessels enter the marrow cavity
to make connections with marrow vessels. Small arteries of marrow also enter the bone,
make a loop and return back to where they originated from [31, 35]. A more detailed
description of the structural organization and function of marrow can be found elsewhere

[31,35].

® Red Blood Cell (9 Hematopoietic Stem Cell

Fat Cell @ Mesenchymal Stem Cell
© Granulocyte S

& Megacaryocyte & Osteoblast

&

Figure 1.2: Overview of Bone Marrow Tissue. A) Layout of bone marrow in a cross-
sectional view of a tubular bone. Bone (B) is surrounding the bone marrow (BM). Central
artery (CA) and central vein (CV) are running parallel to each other and longitudinally
along the long bone (perpendicular to the plane of the page). The central artery and
central vein branch toward the periphery to form arterioles (A) and sinusoids (S) which
then combine and join with the central vein. Hematopoietic space (H) is interspersed by
the sinuses. Developing red blood cells and granulocytic cells appear in the
hematopoietic space. Megakaryocytes develop subjacent to the endothelium of marrow
sinuses. It is possible to observe the radial distribution of marrow as the yellow marrow
in the central regions and the red marrow in the periphery. B) A toluidine-blue stained
section taken transversely to the longer axis of a tubular bone. The micrograph displays
the endosteal junction between bone and marrow (125x). The distribution of abundant
number of red blood cells indicates that the bone marrow is hematopoietic (Courtesy of
David C. Van Sickle, Purdue University).
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1.3. The Mechanical Environment of Bone Marrow

1.3.1. Hydrostatic Pressure

One of'the first studies on the bone medullary pressure reported extensive
necrosis of the bone after intramedullary infusion of high pressure saline solution [38].
Numerous subsequent studies tried to elucidate the possible relationship between the
medullary pressure and the hemodynamics of the bone [19, 23-26, 39-44] (Table 1.1).
The systemic blood pressure in animals has been reported to be in the range of 110-140
mmHg, whereas the normal intramedullary pressure (IMP) was generally about 30
mmHg which is approximately one fourth of the systemic blood pressure (Table 1.1).

This generalization is known as the one-forth rule [24, 29].

It was observed that intramedullary blood flow is directly related to the IMP and
was suggested that the IMP is the resultant of the total blood flow entering the bone and
the total blood flow leaving it [24, 45]. In addition, marrow pressure depends on the
relative degree of resistance to flow between arteries and marrow blood vessels, and
between marrow blood vessels and veins. Moreover, IMP and blood-pressure has
variations with the phases of respiration such that IMP increases with inspiration and
decreases with respiration [19]. Tondevold et al. investigated the changes in IMP in
relation to mean arterial pressure. Interestingly, they observed that the medullary pressure
remained essentially constant and independent of the mean arterial pressure as long as the
latter remained above 81 mmHg [43]. Therefore, it was suggested that there has to be a

regulatory system trying to keep the medullary pressure constant, which may be the
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arterioles of the bone marrow that are supplied by sympathetic nerve fibers with a

vasoconstrictor function [46].

Shim et al. observed the relationship between IMP and hemodynamics of bone by
focusing on the blood supplies of bone [41]. This approach was in contrast to previous
studies, which focused on systemic blood circulation. Experiments carried out by Shim et
al. indicated that IMP rises if the arterial blood supply to the bone increases or venous
congestion occurs in the limb (Table 1.2). It was further demonstrated that increased
marrow cavity pressure due to venous congestion decreases the blood supply to the bone
[41]. It was also suggested that the elevation of the IMP due to muscle contraction, which
mimics physiological activity, may have significance in the maintenance of structural
integrity of the bone. Although some researchers claimed to be able to define a
relationship between the IMP and the blood circulation in bones, there is neither an
agreement nor a consistency in the findings as it can be seen in Table 1.1. Nevertheless, a
common finding in these studies is that the IMP has a pulsatile regime synchronous with

the arterial blood pressure and respiration.
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There was a significant variation in the intramedullary pressure measurements
reported by various authors in the literature (Table 1.1). This could be due to the
differences in the marrow tissue of different species [25]. Another explanation to these
variations was that the blood channels in the bone marrow were damaged by the insertion
of the cannula and it was quite possible that there was a blood pool forming at the tip of
the cannula. Therefore, sizes of the damaged channels, the amount of the damage in
blood channels and in the extravascular tissue could be causing the variation [25]. Similar
concerns related to variations in pressure measurements due to lesions formed at the tip
of the cannula were raised by various researchers [41, 47]. In order to eliminate the
negative effects of hemorrhage or lesions forming, a tonometric pressure transducer was
employed which was positioned on the intact endosteal membrane through a cortical hole
of about 7.3 mm in diameter [44]. Although the enhancing characteristics of the
measurement technique were not discussed in detail, less variation was observed in the
IMP measurements (Table 1.1). However, the difficulties in the surgical techniques used
in this study caused puncture of the endosteal membrane and gross trauma in half of the
animals. Due to the advances in sensing electronics and telemetry, it has been recently
possible to conduct in vivo IMP pressure measurements on unanesthetized ambulatory
mice by implantation of a radiotelemetry pressure transducer [19, 48]. The transducer
was composed of a 0.4 mm diameter catheter, which was inserted through a 0.5 mm hole
in the femoral cortex and sealed with tissue cement. The catheter was connected to a
transmitter, which was secured in the peritoneal cavity, onto the abdominal wall. The new
technique was successfully employed for long term, in vivo measurements of IMP in

venous ligation and hindlimb suspension mice models (Tables 1.1 and 1.2). This new
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technique has proved to be more efficient in yielding in vivo pressure measurements with

more accurate readings.

The response of the mechanical environment of the bone medullary cavity to
various factors has revealed that the marrow environment is quite susceptible to external
factors. In addition, this response has been shown to be quite robust in its recovery
towards its normal state after its dynamics were disturbed. The studies in this regard
aimed to elucidate the hemodynamic changes in bone marrow due to external effects such
as occlusion of regional vessels, injection of epinephrine, norepinephrine, acetylcholine,

pressor and depressor drugs, and skeletal muscle contraction (Table 1.2).

It is commonly anticipated that physiological loading (i.e. walking or running)
perturbs the IMP[16-20]. This supposition was tested by externally stimulating skeletal
muscles of anesthetized animals to mimic the physiological loading conditions. The
results (Table 1.2) showed that IMP rises due to muscle contraction. In a more recent in
vivo study, the effect of hindlimb suspension and venous ligation on the medullary
pressure was successfully measured by telemetry in ambulatory mice[19]. In this study,
surgical venous ligation increased the IMP by 25%. In addition, IMP decreased by 23%
in normal mice and decreased by 33% in ligated mice upon hindlimb suspension (Table
1.2). In general, arterial occlusion yielded a decrease while venous occlusion yielded a
rise in the medullary pressure, both of which verify the direct relationship between the
blood flow into the bone and the IMP (Table 1.2). The effects of vasodilator,
vasoconstrictor drugs and steroids on marrow pressure were investigated on anesthetized

animals[23-27]. Vasodilator drugs tend to lower both the marrow and the systemic blood
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pressure while vasoconstrictor drugs tend to increase both of them (Table 1.2). Miyanishi
et al. attempted to relate steroid-induced osteonecrosis with intraosseous pressure rise in
rabbits[27]. They observed that steroid treatment significantly increased marrow

pressure, decreased bone blood flow and also caused fat cell enlargement.

1.3.2. Rheology

It has recently been indicated that marrow viscosity is a critical parameter
modulating the shear stresses experienced by the trabecular surfaces in the vertebral
bodies due to vibratory loads [49]. Since the potential rheological changes in the marrow
due to bone diseases and aging is likely to affect the shear stresses experienced by the
progenitor cells in marrow, it is essential to quantify and characterize these parameters.
Bone marrow (bovine) has been shown to present Newtonian fluid characteristics (i.e.
constant viscosity which is independent of shear rate) at near body temperatures [50]. It
should be noted that marrow has a slightly lower temperature (1.6 — 4.8°C below) than

normal body temperature in humans [51].



18

"AI2UIE PTIOIED 2T 1B PRIMSEI 212m s2mssard poojq JTmR1sAs SA[SNOTRARIIUI 3PEI 212 ST0T22 [l [Ty
"ISTIOTT ATOIE[NGUIE PIZTAISAUEUT UT AT UIR[210TPEI AQ PRIMSEIW SEM JNT £

*AT2UIE [EIOWR] 01Ul pa1oa[ur sem (FUIOYD[AIR0E) I0IE[IPOSEA (ARME [EIOTHR] 211 1B P2aINSEaT SEam 2mssaxd poolg L
*STETIITUE PRZIIAISAUE U IO 3] 0IUT PAUISUT B[NUUED B YILAN PAINSEIW SEM JINT
*AUTE]STY “2urElaydure J10)ILI)ST0I0SEA

‘AUNOZEPTUN-JAZURG “3UTOYIAIROE LIOJEPOSEA

"BSIDA 30T I0 3SEIDIP UIYD “ISEIDUL ST 14 | 10 f}||

‘amss21d poo]q SMU21SAS Ul 25UEYD O IO ASERIDIP “ISEAIDUJ [&—"

-

*dINI UI 25UETD OU I0 2SE2ID2P “ISE21I0M] . ﬂﬁxﬂc

<4 <1

U
oM (N LA i |
ARSI 1N LUt

< <M T RV S U |
v (il i U [
v U T 1 [ U £
QUUIl 1207 [EUMIOPQY  I01DIMSUOI0SEA oeqiposes, aunmdauidaron sungdamidy  SMOURA [RURALTY
IO EIJU0.) A[ISOTY [B}I[3HS sanaq moIsnI23(Q

i[8¥] jp 12 suaamg
i[1¥] v 12 wys
{[o7] uas[aydTy
«[s7] eumzy
«[FT] meys

*[£7] v 12 wI21g

"amssaid poolq JTWRISAS PUE (N ) 2mssaid ATE[NPaUIEIIUT U0 SI010E] [EWIRIXR J0 5102112 2] ;7' 9[qE L



19

Bryant et al. observed the dependence of bovine bone marrow’s rheological
properties on temperature and anatomical location [50]. The measured viscosity of the
proximal marrow at 35 °C (=400 cP, viscosity of water is 1 cP) was found to be about ten
times that of the distal samples (=40 cP) which can be associated with compositional
variations of marrow along the bones (Table 1.3) [52]. Noting that the proximal ends of
bones contain red marrow, whereas the distal ends contain yellow (fatty) marrow [31]; it
is reasonable to infer that the increased fat content in marrow may reduce its viscosity.
Interestingly, removal of cell debris, blood cells and other granular matter from the
marrow by centrifugation decreased the dependence of its viscosity on temperature [50].
Considering the durations of viscosity measurement intervals of as long as 6 hours; the
potential effect of coagulation of marrow samples was not discussed in this study [50]. In
a more recent study on the measurement of femoral bovine marrow viscosity with an
implantable wireless method, a viscosity value of 123 cP was reported [53]. The only
study on the viscosity of human bone marrow (calcaneal marrow which was reported to
be mainly yellow or fatty) reports values in the range of 37.5 cP (at 36°C) and Newtonian
fluid characteristics [54]. However the authors report non-Newtonian behavior for the
bone marrow specimens with red components (i.e. higher blood cell concentration) [54].
This finding is not surprising as it is known that human blood displays non-Newtonian
characteristics [55]. In addition, the density of red bone marrow (1.06 g/cm’) [56] has
been reported to be comparable to that of blood (1.05 g/cm’) [55]. It should be noted that
there is limited information available in the literature on the density of fatty marrow (0.89
g/cm’) [53] which is comparable to that of fat tissue (0.92 g/cm’) [56]. The viscosity

values reported in the literature for bone marrow and blood are summarized in Table 1.3.
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Table 1.3: Reported viscosity values for bone marrow and blood

Bone Marrow Subject Location Temp. (°C) Value (cP)
Bryant et al [50] bovine  proximal radius 35 400%*
bovine  distal radius 35 44%*
Gurkan and Akkus[53] bovine femur 37 1237
Davis and Praveen [54]  human calcaneus 36 37.5%
Blood
Eguchi and Karino[55]  human - 37 66%*

* Measurement was obtained with cone and plate viscometer.

T Measurement was obtained with parallel plate rheometer.

I Measurement was obtained with controlled oscillatory flow within a straight,
cylindrical tube with circular cross section.

** Measurement was obtained with falling ball viscometer at a shear rate of 0.189s" on a
blood sample with a hemacrit value of 41%, and a density of 1.05 g/cm’.

The variation of marrow composition along the bones and in the different parts of
the body is still a question to be answered. This variation can be explained by the
temperature dependence of marrow. Marrow composition is highly affected from
variations in temperature. Huggins et al. evidenced that the fat content of bone marrow in
the limb bones (femur, radius) are higher than the bones in the central parts of the body
(ribs, vertebra) [57-59]. This was suggested to be associated with greater body
temperatures in central bones. Similarly, Weiss et al. demonstrated that in summer times,
the bony exoskeleton of the nine-banded armadillo (Dasypus novemcinctus) displayed a
red or erythropoietic marrow; whereas in winter times, when the ambient temperature is

low, the marrow was yellow or fatty [60].

The rheological properties of bone marrow in different parts of the body and in
osteoporotic, disused or aged bones are not known. /n vivo monitoring of marrow in bone

disease and disuse models can provide more realistic values due to the elimination of



21

effects of extraction. The outcomes of future investigations in this area may prove to be
valuable for researchers trying to simulate the natural environment of stem and progenitor

cells in mechanically stimulated cell cultures in an effort to better understand bone loss.

While the intramedullary pressure and the rheology of marrow are relatively well
investigated, the shear stress in the marrow during ambulation is largely unknown. Shear
stress within the marrow as well as between the marrow and the endosteal bone may play
a role in terms of modulating the biological response of marrow resident cells and the
endosteal lining. The deformation and flow of marrow due to mechanical loading and
associated effects on the stromal cells is an area open to investigation and it needs to be

studied further [12, 61].
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1.4. External Influences to the Mechanical Environment of Bone Marrow

1.4.1. Effects of Physiological Activity and Loading

When the mechanical loading on bones is removed due to extended periods of
inactivity, such as bed rest or during space-flights, bone mineral density decreases [62-
64]. On the other hand, elevated amounts of loading on bones due to exercise causes
increased bone mass and bone turnover [65-70]. Even though there is in vivo evidence
that exercise induced mechanical loading enhances bone mass, the cellular and molecular
mechanisms underlying this fact are still being studied. Bone homeostasis is a balanced
system of formation by osteoblasts and resorption by osteoclasts. Osteoblasts are the
bone forming cells that originate from mesenchymal stem cells residing in marrow.
Whereas osteoclasts are the bone resorbing cells that originate from the hematopoietic
stem cells in marrow [71]. Bone marrow mechanical environment is known to be affected
from loading of bones with variations in intramedullary pressure, intramedullary and
interstitial fluid flow [16-19, 72]. Since marrow is housing the precursors of osteoblasts
and osteoclasts, the changes in the mechanical environment of marrow due to

physiological activity and loading may play a role in bone homeostasis.

The earlier studies on the effects of loading on the mechanical environment of
bone marrow tried to elucidate the strengthening characteristics of marrow as a slightly
compressed liquid in the trabecular regions. It has been suggested that intertrabecular
fluid (marrow) pressurized by compressive deformation of the bone may provide load

bearing capabilities [73-75]. The related ex vivo and in vivo studies proved that marrow
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inside the trabecular regions of femoral head provides stiffness to subchondral trabecular
bone [76, 77]. It was also suggested that bone marrow acts as an intermediate transferring
the external loads by means of pressurization to trabecular bones, which are acting as

trusses in subchondral regions. Therefore, the trabeculum bears only the modest pressure

difference across it as a tensile load [78].

Researchers have used both in vivo and in vitro models to study the effects of
physiological loading and activity on bone marrow. Kumar et al. loaded the fixed femurs
ofrats in vivo applying loads ranging from 0 to 12.25 kg for 1 minute. They observed
pressure values to rise about two-fold (12 -14 mmHg increase) upon loading [79]. They
also studied contraction of the quadriceps muscles with electrical stimulation, resulting in
a pressure increase of 60 mmHg [79]. Another study loaded the tibiae of the sheep in
impact in vitro with loads of 2000 N for durations 0of 0.015 seconds and observed
elevations up to 300 mmHg [80]. Downey et al. studied the effects of in vitro
compressive loading in the human femoral head [22]. The extracted human hips from
cadavers were subjected to load by means of a mechanical testing device. They observed
the IMP rise by 55 (£66) mmHg per 980 N of load applied over 0.1 seconds. The load
values and the application durations were estimated to be comparable to physiologic
conditions. They also presented an interesting finding about an osteoporotic bone with a
much higher pressure rise of about 220 mmHg as a result of a relatively less load of 590
N. However, due to the lack of blood flow in the bone resting IMP of the bones was zero
and the resemblance of these loading conditions and models to natural physiological

loading conditions are disputable. These studies, regardless they are in vivo or in vitro,
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apply artificial external loads with assumed similarity to physiological loads. Moreover,
in vitro studies lack blood circulation in the bone and in the muscle tissue, both of which
may have potent effects on the pressure of bone marrow during physiological loading. An
ideal study investigating the effects of physiological loading on the mechanical
environment of bone marrow should employ slightly invasive or noninvasive
instrumentation which at the same time facilitates continuous measurements in
unanesthetized ambulatory animal models. Furthermore it should be noted that the
magnitudes of the loading induced IMP is dependent on factors such as loading rate,
viscosity of marrow and porosity of the surrounding bone [18, 49]. Therefore these
factors should be taken into consideration when evaluating the relative magnitudes of

loading induced IMP.

An explanation for bone loss due to lack of exercise and physical activity is
decreased medullary cavity pressurization [63]. It has been reported that bone loss is not
equal throughout the skeleton in long-term bed rest. Bone loss is the greatest in lower
extremities, where the medullary pressure is significantly decreased due to lack of
activity. On the other hand, bone formation is observed in the head, where the intracranial
pressure is increased due to body orientation and shift of body fluids [62]. This
suggestion has recently been supported by a mouse hind limb suspension model with in
vivo femoral IMP measurements for extended durations [19]. The study aimed to infer the
interstitial fluid flow changes due to pressure gradients between the endosteum and
periosteum. A decrease of 23% in the IMP was observed upon hindlimb suspension.

Although the correlation between the IMP and the bone formation or bone loss was not
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reported, it was shown that medullary pressure is sensitive to disuse with an in vivo,
unanesthetized and ambulatory animal model. Correspondingly, a strengthening
treatment technique for osteoporotic long bones has recently been put forward, which
elicits cortical bone formation in the femoral neck region of mice by means of knee
loading in situ [81, 82]. It has been verified by a following study that the intramedullary
pressure is altered in synchrony with the knee loading [21]. It should be noted that 2/3 of
the blood supply of cortical bone is provided by the endosteal surface [18, 83]. It has also
been shown that the variations and oscillations in IMP play an important role on the
loading induced fluid flow developed in the interstices of the cortical bones as well as of
the trabecular bones [19, 81, 84]. Therefore it is likely that the variations in the IMP not
only affect the resident pluripotent stem cells but also serve as one of the players which
are driving the fluid flow within the intersticies of cortical bone by way of generating
pressure gradients between the envelopes of bone. This flow is essential to provide
nutrients and to remove the metabolic byproducts of osteocytes resident in mineralized

cortex.

1.4.2. Effects of Osteoporosis and Aging
Osteoporosis is a disease of bone in which fracture susceptibility is compromised
by decreased bone mineral density. It mostly involves the hip, the wrist and the lumbar
vertebrae [85]. It is estimated that over 20% of women and 7% of men over the age of 50
have osteoporosis. Osteoporosis is responsible for over 1.5 million fractures in the United

States annually [86]. It has been evidenced that there is a significant change in marrow
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composition and mechanics due to osteoporosis and aging [24, 28, 29, 87]. The only
study in this regard stated that the IMP in the tibial diaphysis of children with paralytic
osteoporosis approximates the arterial blood pressure. Whereas the tibial IMP of the
healthy children with the same age was only about one quarter of the arterial blood
pressure [24, 29]. In addition, the adipose tissue fraction in marrow increases
significantly with osteoporosis [28, 87], which may be yielding to obstruction of blood
circulation [27]. Increased adipose fraction, thus decreased viscosity may be causing the
overall shear stress in the medullary cavity to decrease in osteoporosis. Potential
elevations in pressure or decrease in shear stress in osteoporotic bones may contribute to
osteoporosis by way of altering the milieu of the bone marrow progenitor, precursor and

stem cells.

Osteoblasts and adipocyte cells both originate from the mesenchymal stem cells
[2]. It has been suggested that the commitment of stem cell fate is integral with
mechanical cues experienced in developmental and adult contexts, embodied in cell
shape, cytoskeletal tension and RhoA signaling [88]. RhoA is a small GTPase protein
known to regulate the actin cytoskeleton in the formation of stress fibers. It has been
shown that human mesenchymal stem cells subjected to different mechanical
environments differentiate into either osteoblasts or adipocytes depending on the RhoA
activity (RhoA active: osteogenesis, RhoA negative: adipogenesis) [88]. Likewise,
adipocyte tissue volume in bone marrow has been shown to increase with aging and in
patients with osteoporosis [28, 87]. Therefore, it can be hypothesized that osteoporosis

may be due to a greater portion of mesenchymal stem cells differentiating into adipocytes



27

than osteoblasts due to the changes in the cell properties and/or the mechanical

environment of the marrow.

1.5. Effects of the Mechanical Environment on Stem and Progenitor Cells

It should be noted that the responses of the marrow derived progenitor cells to
physical factors such as hydrostatic pressure, fluid shear and the rheology of the
environment have been extensively studied in vifro. The question about the natural
physiological and altered mechanical conditions of these cells in the bone marrow
remains to be answered. Therefore, the review focuses on the effects of mechanical
loading to stem and progenitor cells in vitro to illustrate that stem cells are responsive to
mechanical cues. However, it remains to be determined as to whether this mechanical

responsiveness exists in vivo.

It is commonly accepted that stem cells’ microenvironment, which includes
biochemical and biomechanical factors, has an important role on their differentiation and
phenotypic expression. Even though most studies in the literature place an emphasis on
growth factors and cytokines, it has been evidenced that the differentiation of precursor,
progenitor and stem cells are also significantly influenced by mechanical factors [9]. The
main mechanical signals that are accepted to be effective on marrow precursor cell
proliferation and function are: hydrostatic pressure and fluid-flow induced shear [9, 15].
The viscosity of marrow is also important since it directly relates to the fluid shear stress
magnitudes experienced by the cells. The influences of these factors are considered to be

significant in regulating the stem cell phenotype and may have synergistic and/or
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supplemental effects in combination with the biochemical factors. The employment of
such mechanical effects in specially designed “bioreactors” may enhance current standard

biochemical signaling pathways for promoting engineered tissue growth [9, 89, 90].

Marrow-derived mesenchymal stem and/or progenitor cells offer novel treatment
techniques in tissue engineering research. They are already cultured ex vivo in
mechanically active environments for various purposes, such as tissue engineering of
bone and cartilage [3, 4, 15, 34, 91-95]. The main goal of moving from conventional 2-D
methods to 3-D mechanically active systems is to attain more physiological (or natural)
culture environments for the cells. Although these studies prove improvements over

conventional culturing techniques, they are far from in vivo conditions in efficiency.

1.5.1. Hydrostatic Pressure

There are two main reasons why hydrostatic pressure is considered as an
important stimulating factor for bone marrow progenitor and stem cells. First of all,
marrow derived mesenchymal progenitor cells can express chondrogenic phenotypes
under appropriate hydrostatic pressure conditions. There are numerous in vitro studies
subjecting marrow-derived mesenchymal stem cells to high hydrostatic pressures (750-
75,000 mmHg) in an effort to induce chondrogenic phenotype [5, 6, 10, 96-98]. Even
though the chondrogenic differentiation of the progenitor cells does not take place in
marrow cavity, those studies are related in indicating the sensitivity of the progenitors to
the magnitude and the mode (cyclic, intermittent or static) of loading. In general, higher

pressure (~75,000 mmHg) over lower (~750 mmHg) and intermittent loading over static
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have proved to be more effective in chondrogenesis [5, 96]. Second, hydrostatic
pressures in the medullary cavities of long bones due to physiological loading (50-200
mmHg rise) [22, 30, 63, 79, 80] have osteogenic effects [11]. It has been shown that
constant hydrostatic pressure applied in-vitro at physiologic levels (30-60 mmHg)
decreases osteoclast formation [99]. Similarly, cyclic pressures of 75-300 mmHg in
magnitude decreases formation of osteoclasts from their progenitors and decreases bone
resorptive activity by osteoclasts in vitro [100]. Furthermore, this loading scheme
enhances osteoblast functions pertinent to new bone formation by stimulating both
synthesis and deposition of collagen accompanied by increased accumulation of calcium-
containing crystals [100, 101]. A general conclusion that can be drawn from those in vitro
studies is that the osteogenic response of the cells are not always linearly proportional to
the value of the mechanical signals, rather there is an optimal amplitude interval for each
loading pattern and frequency. Limited number of in-vivo studies in this regard report
similar results. Oscillatory hydrostatic pressure (60 mmHg, 20 Hz) applied in-vivo for 10
minutes per day for four weeks to avian ulnae elicited new bone formation on the
periosteal surface [20] possibly due to increased intracortical fluid flow as suggested by
the authors. It was also suggested that since the applied loading regime has bone forming
effects; it should be similar to the physiological loading conditions. Similarly,
intramedullary hypertension due to venous occlusion (pressure increased to about
28.7mmHg from 15.5 mmHg) has periosteal (138%), endocortical (369%) and cancellous
(889%) bone forming effects at the caprine tibial metaphysic [102]. One of the
suggestions on how the marrow pressure affects bone formation is that the progenitors in

the marrow may be directly reacting to marrow pressure or extracellular fluid flow
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(developed by pressure gradients) by differentiating into osteoblasts and forming new
bone [12, 30]. On the other hand, it is suggested that nitric oxide is imperative in
signaling of mechanically induced bone formation [103-105]. Nitric oxide is a signaling
molecule and it is synthesized by nitric oxide synthase which is produced by
osteoprogenitor cells in bone marrow, by osteocytes in bone and bone lining cells [106].
Therefore, it is probable that the production of this signaling molecule by the
osteoprogenitor cells in the marrow is mediated by bone marrow pressure or pressure

gradients [30].

1.5.2. Fluid Shear

Mechanical loading and bending of bones cause strain gradients as well as local
pressure gradients in the bone and in the medullary cavity that can drive the interstitial
fluid flow [16-18, 72] and can result in shear stresses on the endosteal surface. Fluid
flow induced fluid shear on bone marrow derived cells has been investigated extensively
to assess its effects on cell differentiation, proliferation and function [4, 12, 34, 94, 100].
Besides, it has been evidenced by a number of researchers that interstitial fluid flow may
play an important role in bone remodeling, formation and adaptation [16, 20, 107-110].
The mechanisms of flow-induced remodeling have been studied in vitro by subjecting
osteoblasts [110-113], osteocytes [110, 114] and osteoclasts [16, 99] to fluid shear. The
studies on osteoblasts and osteocytes showed that several osseoactive agents are
stimulated by fluid flow such as nitric oxide [104, 115], prostaglandins E2 and 12 [109,

113, 116-118], cyclic adenosine monophosphate [117], intracellular free calcium [11,
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101,110, 111, 119, 120], inositol triphosphate [117, 119, 121], and transforming growth
factor B [5, 9, 96, 113]. On the other hand, osteoblast-mediated mineralization is preceded
by osteoclast-mediated resorption with osteoclast resorption rates being about 20 times
higher than osteoblast deposition rates [122]. Therefore, osteoclast function may
dominate the dynamic osteoclast-osteoblast balance that regulates bone turnover and
degradation. Moreover, it is suggested that physiological load induced fluid flow in
cortical bone 1s radially outward from endosteal surface to the periosteal surface [18,
123], which makes it difficult for osteoblast or osteocyte secreted mediators to diffuse
against the current and reach the osteoclasts or osteoclast progenitors in the marrow
cavity [16]. The osteoprogenitor cells are reported to be residing in bone marrow, one to
three cell layers away from the endosteal surface [124]. Accordingly, it has been
suggested that osteoclasts and their precursors, which are located in the close vicinity of
endosteal surface, may be fluid flow induced shear sensitive and that osteoclast
remodeling activities may be under the control of autocrine factors [16]. Bone marrow
derived osteoclast-like cells are mechanosensitive to fluid flow induced shear and secrete
autocrine factors, such as nitric oxide, prostaglandins E2 and 12, which can regulate local
resorptive activity [16]. Therefore, fluid flow induced shear developing on the endosteal
surface in the medullary cavity may be the significant stimulant for osteoprogenitors in
the marrow that recruits them to bone formation sites. Human marrow stromal cells
subjected to oscillatory fluid flow of 1 Hz are shown to have increased proliferation rates
[12], which mean more osteoprogenitor cells to participate bone formation process.
Similarly, the sensitivity of the cells in fluidic environment to flow frequency has been

studied to find the potent optimal frequency values for cell phenotype determination
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[125]. However, the flow mode that is naturally experienced by osteoprogenitors in

marrow has not been revealed yet.

1.5.3. Rheology

Viscosity of the environment in which cells reside is important since it directly
affects the shear stresses experienced by cells if the medium is flowing. The studies in
this field investigate the viscosity of the environment in mechanically active cell cultures
or perfusion bioreactors [13-15]. In one such study, the effect of medium viscosity on
marrow stromal osteoblastic cells seeded on 3D fiber meshes were studied by adding
dextran (a complex, branched polysaccharide) to flowing medium in a perfusion
bioreactor [15]. Increasing medium viscosity with constant flow rates resulted in 2- to 3-
fold increase in the shear stresses experienced by the cultured cells without changing
chemotransport characteristics significantly. It was reported that increased medium
viscosity not only enhanced mineralized matrix deposition but also provided a better
matrix distribution in the porosity of the 3D scaffolds. In a similar study, the effect of
fluid flow induced shear and chemotransport on bone cells was studied in oscillatory flow
[13]. The medium viscosity was varied to obtain different shear stress values on the
cultured cells under constant flow rates. It was shown that fluid flow induced
chemotransport and shear stress acting on the cells play a synergistic role to elicit cell
response to oscillatory fluid flow induced shear stress. In an effort to control the cell
aggregate sizes in neural stem cell cultures, researchers tried to alter the kinematic

viscosity of culture medium by adding dextran and carboxymethylcellulose [14]. The
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results indicate that viscosity is an important parameter to consider for scale-up of stem
cell bioreactors. The viscosity values of the media employed in these studies were in the
range of 1 — 4 cP, whereas the reported viscosity values for human fatty marrow is about
37.5 cP [54]. Therefore there is a need to revisit these studies and assess stem cell

response at these higher viscosity media.

1.6. Conclusion

Bone marrow mechanical environment is susceptible to external effects such as
physiological activity and disuse. Moreover, there is a potential relation between the bone
diseases such as osteoporosis, and aging or disuse-related bone loss and the marrow
composition and mechanics. The changes in the bone marrow mechanical environment is
likely to be effective on the occupant precursor and progenitor cells, which are accepted
to be responsive to mechanical factors such as hydrostatic pressure, fluid shear and the
viscosity of their environment. Although the effects of these mechanical factors and
viscosity on mesenchymal stem and progenitor cells are being widely investigated in
vitro, the naturally occurring and altered cues in the cells’ natural environment (bone

marrow) have not been well characterized yet.

Bone marrow mechanical environment can be completely defined by quantifying
and characterizing the hydrostatic pressure, fluid flow induced shear and viscosity in
natural and altered conditions. The results of these studies can be compiled to generate
physiologically relevant in vitro mechanical environments for cell cultures, stem cell

bioreactors and computational models to better understand the effects of mechanical
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signals on stem, progenitor and precursor cells; and potentially the nature of associated

bone diseases.
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2. CHARACTERIZATION OF INHERENTLY OSSIFYING BONE
MARROW CULTURE AS A SCAFFOLD-FREE
MULTICELLULAR THREE-DIMENSIONAL (3D) IN VITRO

MODEL OF INTRAMEMBRANOUS OSTEOGENESIS

2.1. Abstract

Osteogenesis occurs in a complex three-dimensional (3D) extracellular
environment under the regulation of chemical and physical cues. Furthermore, cells of
both mesenchymal and hematopoietic origin are involved. /n vitro models of osteogenesis
range from two-dimensional (2D) monolayer cultures of single cell types to 3D systems
with or without scaffolds. Such models are essential to understand the biology of
osteogenesis as well as to assess the effects of biological, chemical and physical cues on
bone formation. Previous studies have shown that bone marrow has an inherent ability to
undergo osteogenesis without the addition of osteoinductive stimulants. Therefore the
self-inductive ossification ability of bone marrow tissue can be harnessed in vitro to
employ this natural phenomenon as a scaffold-free multicellular and 3D model of
osteogenesis. However, little is known on the compositional, cellular and mechanical
properties of bone-like structures emerging from this in vitro marrow ossification model.

In the current study, rat bone marrow explants were cultured in an organ culture
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environment for 28 days and the following analyses were performed: 1) structural
characterization and matrix typification with micro-computed tomography (uCT),
histochemical and immunohistochemical analyses, 2) cellular residency via flow
cytometry, 3) compositional and micromechanical analyses of the extracellular matrix
with Raman microspectroscopy, energy dispersive x-ray spectroscopy (EDS),
backscattered electron microscopy (BSEM) and microindentation. The results indicated
that marrow explants resulted in plate-like bone formations up to 5 mm in diameter and
160 um (£55 um) in thickness. Ossification of marrow occurred via an intramembranous
mechanism without any evidence of intermediate endochondral phase. The cellular and
compositional characteristics of the resulting ossified structures were comparable to
newly forming bone tissue. Therefore, this scaffold-free multicellular in vitro 3D model
has significant potential to study intramembranous osteogenesis in terms of

morphological, compositional evolution and cellular residency.

Keywords: mesenchymal stem cells, marrow stromal cells, differentiation, osteogenesis,
hematopoietic cells, bone tissue engineering, BSE, EDX, Raman, microhardness, CD44,
CD45, STRO-1, collagen type-I, collagen type-III, Masson Trichrome, Safranin-O fast

green, von Kossa, periosteal bone, intracortical bone.
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2.2. Introduction

Bone formation takes place in a complex microenvironment under the regulation
of chemical [1-3] and physical cues [4, 5] necessitating the involvement and interaction
of multiple cells types [6-15]. There are two types of bone formation: endochondral
ossification and intramembranous ossification. It is known that a fracture site that is not
well stabilized (prone to motion) tend to heal through endochondral ossification [16, 17],
in which ossification is preceded by the formation of cartilaginous matrix. On the other
hand, a well stabilized fracture site undergoes healing through intramembranous
ossification, in which mesenchymal stem cells directly differentiate into osteoblasts and
form an ossified matrix [18, 19]. It was recently shown that healing through
intramembranous ossification results in a stiffer and faster healed bone compared to
endochondral ossification in mice [19]. Intramembranous ossification is critical in
skeletal development and regeneration and takes place in the periosteum, in the
regeneration of endosteum and in parts of cranium, scapula and clavicles [20-24]. Even
though there is limited number of in vivo animal models of intramembranous ossification
[18, 19], there seems to be a lack of in vitro models that effectively represents the
complex natural environment of this process. Delineating the intramembranous bone
formation process is essential to develop effective therapies towards regeneration and

healing of bone tissue.

Various models have been developed and utilized to investigate bone formation.
These models comprise of either in vitro monolayer culture systems that employ single

cell types (i.e. calvarial osteoblastic cells, mesenchymal stem cells) [25-34], explant
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cultures of bone tissue fragments (e.g. mouse metatarsals and calvaria) [35-37] or in vivo
animal models (e.g. murine fracture healing models) [18, 19, 38-41]. It has been shown
that the cells cultured in two-dimensional (2D) monolayer culture conditions display
significant perturbations in gene expression compared to the cells in native tissue and the
cells cultured in three-dimensional (3D) culture conditions [42]. These perturbations may
be attributed to the elimination of the interactions between different types. Bone
fragments/explants are formed readily; therefore, they are not particularly useful for
studying the full-scale of bone formation. /n vivo models are complex and the response
observed is generally the result of multiple systems in the organism. In addition, with in
vivo animal models it is harder to target specific proteins (i.e. transgenic mouse models)
compared to in vitro systems which allow protein targeting methods such as silencing
RNA (siRNA) [37]. Therefore, there is a need for novel 3D in vitro models which
embody the multicellular and physiological characteristics of native tissues [14, 42-47]
and hence complement the existing models in aiding to better understand osteogenesis.
The 3D culture platforms are conveniently situated between the simplified 2D culture
systems and in vivo models; and they can be an alternative to the currently used animal
models [42, 45, 46]. Here, we propose and characterize a scaffold-free, multicellular 3D
in vitro model based on the self-inductive ossification of bone marrow tissue, which can

be used as a convenient model to study the process of intramembranous osteogenesis.

Earlier studies on the ossification potential of bone marrow tissue have shown that
ectopic implantation of marrow induces ossification and forms a tissue that is composed

of both bone and marrow components [48]. It was previously demonstrated that bone
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marrow tissue inherently ossifies in vitro [49], and we have recently shown that explant
cultures of rat marrow tissue results in 3D ossified structures [3]. However, the
characteristics of the bone tissue formed by ossifying marrow explants are largely
unknown. In the current study, rat bone marrow explants were cultured for 28 days and
the compositional properties of ossified marrow were investigated and characterized by
delineating: 1) the structural organization of the ossified matrix with micro-computed
tomography (LCT), 2) the cellular and compositional organization of the ossified marrow
by histology, immunohistochemistry and high magnification back-scattered electron
microscopy (BSEM), 3) the temporal residency of STRO-1+ (MSCs) and CD45+
(hematopoietic) cells during ossification with flow cytometry, 4) the mineral to matrix
ratio of the ossified marrow with Raman microspectroscopy, 5) the elemental analysis of
the ossified matrix with energy dispersive x-ray spectroscopy (EDS), and 6) the

mechanical properties of the ossified matrix with microindentation.

2.3. Methods

2.3.1. In Vitro Culture Conditions
Whole bone marrow tissue was isolated from the femurs and tibiae of 80-90 days
old male Long-Evans rats (Purdue Animal Care and Use Committee approved). We have
previously detailed a comprehensive description of the bone marrow extraction and
culture procedure elsewhere [3] (see Appendix for detailed protocols). Briefly, bone

marrow was extracted with a centrifugation based technique and directly pipetted onto
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culture inserts with porous PET membranes (Transwell, Corning, 0.4 pum pore size) ata 7
ul (7 mm?) volume (Fig.2.1A&B). The lower side of the porous membrane was in contact
with Iml of media (in a 6-well plate) (Fig.2.1A&B). The upper portion of the porous
inserts was not filled with media (Fig.2.1B). Furthermore, the insert containing the
explant was removed and placed on the side during media changes; therefore, the cellular
composition of marrow tissue was fully maintained throughout this air-medium interface
culture model. The marrow growth medium was osteogenic; however, it did not contain
any osteoinductive factors (such as dexamethasone or BMP-2) and composed of
(modified from Luria et al. [49]): a-MEM (Sigma), 10% MSC-qualified-FBS
(Invitrogen), 60 U/ml Pen-Strep (Invitrogen), 2.5 pg/ml Fungizone (Sigma), 50 pg/ml
ascorbic acid (Sigma), 5 mM Na-B-glycerophosphate (MP Biomedical) and 3.5 mg/ml
glucose (Sigma). The culture medium was changed three times a week and marrow

culture was maintained at 37°C and 5% CO; throughout the experiment (28 days).
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Figure 2.1: The culture system used for culturing bone marrow explants. A) Schematic
drawing of the marrow culture system that is composed of a culture insert with a PET
porous membrane (0.4 um pore size, Transwell, Corning) placed in a culture plate (6-
well). B) Overview of a typical bone marrow explant (at day-0) placed in a culture plate
with a a sufficient volume of media added underneath the insert membrane. The inside of
the insert (i.e. above the porous membrane) was not filled with media to prevent the

immersion and dispersion of marrow explant and to maintain the compositional integrity
during media changes.

2.3.2. Micro-Computed Tomography (LCT) Analysis

pnCT scans were performed on the ossified marrow explants on day 28. The
ossified samples were fixed in 10% formalin and kept in the fixative before and during
the scans (SCANCO Medical AG, puCT 40, Briittisellen, Switzerland), which were
performed with a 16 um voxel resolution (I = 145 pA, E = 55 kVp, integration time =
200 ms). The scanned images were reconstructed and analyzed with a commercial
software (SCANCO evaluation software) by using the standard segmentation parameters

for bone tissue [50-52]. An ossified marrow explant was stained with 2% silver nitrate
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(vonKossa staining protocol[28]) to visualize the mineralized matrix and compare with

the detected ossified volume by uCT.

2.3.3. Histology of Ossified Marrow Explants

At the end of the culture period (28 days), 10% formalin was used to fix the
ossified marrow explants, followed by decalcification with formic acid solution (1:1
solution of 50% aqueous formic acid and 20% sodium citrate) for 12 hours. The
decalcified explants were then washed in tap water for 30 to 45 minutes, embedded in
paraffin, sectioned and dried overnight in a 37°C oven. The sections were deparaffinized
and hydrated in a graded series of alcohol solutions (100%, 95%, 70% and water). The
slides were then stained with Masson’s trichrome for visualizing the collagen-rich
ossifying regions. In addition, Safranin-O fast green staining was performed to check for
cartilaginous formation via the presence of proteoglycans. The light microscope images
were taken with Olympus Vanox microscope equipped with Qimaging Micropublisher

5.0 RTV 5 megapixel CCD camera.

2.3.4. Immunohistochemistry on Ossified Marrow Explants
The protocol followed for immunohistochemistry of the ossified marrow explants
was modified from previously published literature [53, 54]. The sections of decalcified
ossified marrow explants were deparaffinized and treated with 10 mM sodium citrate

solution (pH 6.0) for 10 minutes at 95 °C for epitope recovery. The sections were then



60

cooled for 15 minutes, washed in tris buffered saline (TBS) and treated with 3% H,O, for
10 minutes to quench endogenous peroxidase activity. Following this step, the sections
were rinsed with TBS and immersed in a protein block solution (Dako, Carpinteria, CA)
for 30 minutes to prevent non-specific binding. The blocking solution was then drained
and the sections were incubated with the primary antibody for 1 hour at room
temperature. The anti-rat primary antibodies included anti-CD44 (OX-49) mouse
monoclonal IgG antibody to detect the presence of osteocytes [54] (1:100 dilution,
Biolegend, San Diego, CA), anti-collagen type I rabbit polyclonal IgG antibody (1:10
dilution, AbD Serotec, Raleigh, NC) and anti-collagen type III rabbit polyclonal IgG
antibody (1:300 dilution, AbD Serotec, Raleigh, NC) to characterize matrix composition.
After incubation with the primary antibody, the sections were washed with TBS and
sequentially incubated with a prediluted biotinylated secondary antibody (30 minutes), a
peroxidase-labelled streptavidin (30 minutes) and a 3,3’-diaminobenzidine chromogen
solution (5 minutes) using the Universal Dako LSAB + kit (Dako, Carpinteria, CA)
following the manufacturer’s instructions. The sections were then washed with DI water,
counter-stained with hematoxylin and coverslipped. Section stained in a similar manner
but without the primary antibody served as the negative control. The light microscope

images of the sections were taken as described in the previous section.

2.3.5. Back-Scattered Electron Microscopy (BSEM)

Ossified marrow explants were fixed in 70% ethanol followed by serial

dehydration (ethanol 80%, 90%, 100%x2). The dehydrated samples were embedded in
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(poly) methylmethacrylate (PMMA) for undemineralized assessment of the ossified
matrix. PMMA embedding process involved infiltration of the samples with 80% methyl
methacrylate (Sigma) and 20% dibutyl phthalate (Sigma) (M1) for 1 day followed by
infiltration with M1 supplemented with 1 g/L benzoyl peroxide (Sigma) for 1 day. After
infiltration the samples were embedded with M1 supplemented with 3.5 g/L benzoyl
peroxide for 2 days followed by 2 day curing at 45°C oven. The PMMA embedded
samples were sectioned transversely with a diamond low-speed saw exposing the cross-
section of the ossified marrow explants. The exposed surfaces were polished with
increasingly fine sandpaper up to 2000 grit. The polished samples were visually checked
with a light microscope. BSEM imaging was performed on the polished surface with a
gaseous analytical detector (GAD) at an accelerator voltage of 10kV, with a 4.4mm

working distance and at 10,000X magnification (FEI NanoSEM).

2.3.6. Assessment of Cellular Residency by Flow Cytometry

The cells were harvested by pooling at least ten marrow explants per time point at
periodic intervals (days 0, 14 and 28) by incubating the explants in 1 mg/ml collagenase
(Sigma) in 0.25% trypsin-EDT A solution (Invitrogen) for 15 minutes at 37 °C with
gentle mixing at intervals. After enzymatic treatment, the cell suspension harvested was
filtered through a 70 micron cell strainer and centrifuged. Following centrifugation, the
red blood cells (RBCs) were lysed using 1X RBC lysis buffer (150 mM Ammonium
Chloride, 10 mM Sodium Bicarbonate and | mM EDTA) for 5 minutes at room

temperature. Prior to incubation with the specific antibodies, the cells were suspended in
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5% mouse serum for 20 minutes at 4 °C to prevent non-specific binding of the antibodies.
The cells were then stained with FITC labeled CD45 antibody (Biolegend, San Diego,
CA) to identify hematopoietic cells [55], PE labeled STRO-1 antibody (Santa Cruz
Biotech, Santa Cruz, CA) to identify MSCs [11, 56-60] and analyzed by a flow cytometer
(Beckman Coulter Cell Lab Quanta MPL). The data obtained was analyzed by

performing a dot plot analysis using the WinList 6.0 software (Fig.2.6A).

2.3.7. Raman Microspectroscopy

After 28 days in culture, formalin fixed ossified marrow explants were transferred
onto glass slides and the Raman spectra were obtained with 660 nm laser (LabRam
HR800, Horiba Jobin Yvon, Edison, NJ). A wavenumber range of 250-1800 cm™' was
selected to visualize the characteristic peaks of bone tissue. As a control, diaphyseal
portion of the tibia of a rat used in this study was fixed and analyzed the same way. The
ratio of the intensities 0f 959 cm™ peak (apatitic mineral, symmetric stretch for PO4™)
and 1450 cm™ peak (N-H bending, methyl deformation; CH, wagging) was quantified
[61] in ossified marrow explants (n=10) and rat tibiae (n=3) to compare the

mineral/matrix ratio.

2.3.8. Energy Dispersive X-Ray Spectroscopy (EDS)

The elemental analysis of ossified marrow explants was conducted with EDS by

using FEI Quanta 3D FEG Dual-beam SEM equipped with OXFORD INCAPentaFET-x3
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large area crystal Energy Dispersive X-ray (EDX) detector in low vacuum mode. The
diaphyseal sections of the rat tibiae were included as positive controls and similarly
analyzed with EDS. Elemental analysis on rat tibia was conducted on the periosteal
surface (newly forming bone) and on the intracortical regions (older bone) separately,
due to different maturity levels of bone tissue at these locations [62, 63]. Ca/P weight
ratio was measured for ossified marrow (OM) explants (n=21), periosteal rat tibiac (PRT)
(n=5), intracortical rat tibiae (IRT) (n=6) and used to compare the crystalline level of the
samples [64]. Ca/P ratio for human bone (HB) (ages: 15-55, n=80) was obtained from a

previous study in the literature [65] for comparison.

2.3.9. Microindentation of Ossified Marrow Explants

Native rat tibiae were fixed with 70% ethanol, dehydrated, PMMA embedded,
sectioned and polished as described above. The embedded tibiae were sectioned
transversely to expose the cross-section of the mid-diaphyses. Microindentation on rat
tibial diaphysis was performed on the periosteal (PRT) and intracortical (IRT) regions
separately due to the differences in the micromechanical properties, which is associated
with the different maturity of the bone tissue at these locations [62]. Microindentation
was performed on the polished PMMA embedded samples using a Vickers diamond
micro-indenter with a microhardness tester (Leco LM247AT). The indentation load was
selected to be 200 gf with a dwell time of 15 seconds [66, 67]. Vickers Hardness (HV)
was calculated by using the manufacturer’s software (Leco Amh43) by averaging the

measurements obtained from 10-26 individual indentations for each sample group.
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2.3.10. Statistical Analysis

The Ca/P ratio and the Vickers microhardness values of the samples were
analyzed statistically with Kruskal-Wallis one-way analysis of variance, followed by
Mann-Whitney U-test and a post hoc test with Bonferroni correction for multiple
comparisons. The measured ratio of the Raman peak intensities at 959 cm™ (apatitic
mineral, symmetric stretch for PO4~) and 1450 cm™ peak (N-H bending, methyl
deformation; CH, wagging) in the samples was statistically analyzed by Mann-Whitney
U-test. Statistical significance threshold was set at p < 0.05 and the p-value obtained for
each test was adjusted based on the number of comparisons according to Bonferroni
correction (p-value obtained from the test multiplied by number of comparisons). Error

bars in the figures were displayed as standard deviation.

2.4. Results

2.4.1. Appearance and Structural Organization of Ossified Marrow
Rat bone marrow explants underwent ossification without addition of any
osteoinductive factors forming a plate-shaped bone-like tissue by day-28 with a diameter
up to 5 mm (Fig.2.2A) and a thickness up to 0.16 mm (160pum +55um) (Fig.2.3).
Ossified marrow explants were visible to the naked eye (Fig.2.2A). The presence of
calcified tissue was verified by von Kossa staining (Fig.2.2A) and uCT scans further

confirmed the presence of mineralized tissue (Fig.2.2B). The mineralized volume
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quantified by pCT was observed to be about 10% (0.73 mm® +0.41mm’) of the initial

bone marrow volume (7ul which is equivalent to 7 mm?’).

Figure 2.2: General overview of ossifying marrow explants. A) von Kossa stained
marrow explant at day 28 confirms the presence of calcification. B) 3-dimensional pCT

reconstructed appearance of an ossified explant that displays a plate-like ossified
structure at day-28.
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Figure 2.3: Masson’s trichrome histology of ossifying marrow over time. A) Day-7, B)
Day-14, C) Day-28, D) A close-up view of the day-28 section. Blue color represents the
collagen-rich sections of the explants. At day-7 it was possible to see a multi-cellular
composition of bone marrow tissue without any traces of ossification (A). At day-14 the
collagen-rich matrix began to originate at the bottom of the explant adjacent to the porous
membrane (B). At day-28, the collagen-rich matrix deposition increased compared to
day-14 (C). Osteocyte-like cells were observed to be embedded in the collagen-rich
matrix (D).
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2.4.2. Cellular and Compositional Organization

Histological assessment at day-7 (Fig.2.3A) showed the presence of a multi-
cellular composition within the marrow explants. Masson’s trichrome staining revealed
high density collagen regions (blue color) originating around day-14 (Fig.2.3B) at the
sections of the explants interfacing with the porous membrane. The collagen dense zone
increased in thickness and covered a large portion of the sample by day-28 (Fig.2.3C and
Fig.2.4A). Viable osteoblast-like cells (arrowheads in Fig.2.3E) were observed around
the collagen-rich regions (Fig.2.3D). In addition, viable osteocyte-like cells (* in
Fig.2.3D and Fig.2.5) were embedded in the collagen-rich sections.

Safranin-O fast green staining indicated the absence of proteoglycans (orange
color absent in Fig.2.4B) and hence no trace of cartilaginous tissue was found. The
collagen matrix synthesized during the ossification of marrow explants was
predominantly type I collagen (Fig.2.4C) and was weakly positive for type I1I collagen
(Fig.2.4D). CD44 staining was observed on the surface of some of the osteocyte-like cells
present within the collagen matrix (Fig.2.4E). Negative control without the primary
antibody was included to negate any non-specific/background staining (Fig.2.4F). High
magnification BSEM imaging revealed the ossified regions of the marrow explants
embedded in PMMA resin (light-grey areas in Fig.2.5). The osteocyte lacunae were
present in the ossified matrix (* in Fig.2.5) with the connecting canalicular extensions
(arrowheads in Fig.2.5), which are the typical characteristics of bone tissue observed with

BSEM.
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Figure 2.4: Histology and immunohistology images of ossifying marrow explants. A)
Masson trichrome staining showed the presence of a collagen rich matrix. B) Safranin-o
fast green staining indicated absence of proteoglycans (no orange color). C-F)
Immunohistochemistry images for collagen type I, collagen type III, CD44 and negative
control. The collagen-rich matrix was predominantly collagen type I (C) and weakly
positive for collagen type III (D). CD44 staining (E) was observed on the surface of
osteocyte-like cells embedded within the collagen-rich matrix. Section stained without
the primary antibody served as the negative control for immunohistochemical analysis

().
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Figure 2.5: High magnification BSEM image of an ossified marrow explant embedded
and polished in a PMMA resin. The gray regions in the figure correspond to the
mineralized/ossified sections of the explants with * indicating the location of a lacunae
where the osteocytes reside. The arrowheads indicate the sections of canalicular
extensions which is a typical characteristic of osteocyte cell network.

2.4.3. Temporal Residency of STRO-1+ And CD45+ Cells
The CD45(+) hematopoietic cell fraction within the marrow explants declined
with the duration of the culture from >95% at day-0 to 22% by day-28. The STRO-1(+)
stromal cell fraction was 3% on day-0, increased to 6% at day-14 and declined to below
1% by day-28. The CD45(-) STRO-1(-) fraction was observed to progressively increase
with the duration of the culture from below 2% at day-0 to > 75% by day-28

(Fig.2.6A&B).
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Figure 2.6: Cellular residency of ossifying bone marrow explants. A) Flow cytometry
data analysis for the expression of CD45(+) hematopoietic cells and STRO-1(+)
mesenchymal stem cell progenitors. Events in the lower right quadrant were analyzed as
CD45(+) and the events in the upper left quadrant were analyzed as STRO-1(+). B)
Change is the percentage of CD45(+), STRO-1(+) and CD45(-)STRO-1(-) cells with time
within the ossifying marrow explants. The CD45(+) hematopoietic fraction decreased
with time. The CD45(-)STRO-1(-) fraction progressively increased with the duration of
the culture. The STRO-1(+) mesenchymal stem cell progenitor fraction was maintained
throughout the culture period with a peak at day 14 (inset).
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2.4.4. Mineral to Matrix Ratio of Ossified Marrow

Raman microspectroscopy analysis indicated that ossified marrow explants
displayed all the key vibrational modes characteristic to native bone tissue (Fig.2.7A)
[61]. Specifically, the phosphate vibrations (symmetric bending, asymmetric bending and
symmetric stretch at about 450 cm™, 650 cm™ and 959 cm™ respectively) and type-B
carbonate substitution vibrations (at about 1070 cm™) were present. It was also observed
that apatitic mineral (symmetric stretch for PO,>; 959 c¢cm™) to N-H bend (methyl
deformation; CH, wagging; 1450 cm™) ratio [61] was significantly lower in ossified

marrow explants relative to native bone tissue (Fig.2.7B).

2.4.5. The CA/P Ratio Analysis of Ossified Marrow
Ca/P (weight ratio) analysis was conducted by EDS on the ossified marrow (OM),
native periosteal rat tibia (PRT) and native intracortical rat tibia (IRT) (Fig.2.7C). OM
displayed both Ca and P peaks and had a Ca/P value of 1.32 (st. dev: 0.20, n=21), which
was significantly less than IRT (1.79, st. dev:0.30, n=6) and comparable to PRT (1.28, st.
dev:0.10, n=5) (Fig.2.7C). Human bone has been reported to have a Ca/P ratio of2.21 (st.
dev: 0.29, n=80, ages: 15-55)[65], which was significantly greater than that of native rat

tibia and OM.
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Figure 2.7: Compositional and micromechanical characterization of ossified marrow
(OM) in comparison to intracortical rat tibia (IRT) and periosteal rat tibia (PRT). A)
Raman microspectroscopic analysis of OM in comparison to PRT indicated that OM
display all the characteristic peaks of PRT (450 cm'l, 650 cm"l, 959 cm'l, 1070 cm'l, 1450
cm and 1660 cm™) with a lower intensity apatitic mineral-peak (959 cm™) which is an
indicator of newly mineralizing bone matrix. B) Apatitic mineral (959 cm™) to N-H bend
(1450 cm™) ratio indicated the crystallinity of OM (n=10) to be lower (p<0.05) than PRT
(n=3). C) Comparison of Ca/P ratio of OM with PRT, IRT and human bone (HB). Ca/P
ratio of HB (n=80) was significantly greater than IRT (n=6), PRT (n=5) and OM (n=21).
IRT displayed a greater Ca/P ratio than OM, whereas Ca/P ratio of PRT was not
statistically different than that of ossified marrow. Lines connecting individual groups
indicate statistical significance (p<0.05). (Ca/P ratio of HB was based on: [65]). D)
Vickers Hardness (HV) values for OM in comparison to PRT and IRT measured by
Microindentation tests. IRT displayed a significantly higher HV compared to PRT as well
as OM. The HV value of the embedding resin (PMMA) was included for comparison
purposes. All the groups displayed in the figure are significantly different from each other
(p<0.05).
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2.4.6. Microhardness of Ossified Marrow Explants
Microindentation test indicated that intracortical rat tibia (IRT, n=10) had a
significantly greater Vickers Hardness (HV) value than periosteal rat tibia (PRT, n=10)
and ossified marrow (OM, n=26) (Fig.2.7D). The hardness of the embedding resin
(PMMA, n=10) was also measured for comparison purposes, which was observed to be

significantly less than all the groups (Fig.2.7D).

2.5. Discussion and Conclusion

The results of this study showed that: 1) rat marrow tissue ossified inherently in
vitro without addition of excipient osteoinductive factors, 2) ossified marrow formed a
visible 3D plate-like bone tissue with viable osteoblast-like cells laying the mineralized
matrix and viable osteocytes embedded within the ossified matrix, 3) marrow ossification
process supported the residency of STRO-1+ MSCs and CD45+ hematopoietic cells
throughout the culture period, 4) hematopoietic cell fraction decreased over time whereas
MSC fraction was maintained throughout the culture period, 5) Ca/P ratio was
comparable between ossified marrow tissue and newly forming native bone tissue
(periosteal tibia), 6) ossified marrow tissue displayed all the characteristic Raman peaks
of bone tissue with a lower mineral to matrix ratio, 7) microhardness of ossified marrow

tissue was less than native bone tissue.

Histological assessment of the Masson’s trichrome stained ossifying explant

sections revealed collagen-rich regions (blue color) starting day-14 (Fig.2.3B), which was
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observed to be corresponding to the ossified volume of the explants as detected by uCT
conducted at day-28 (Fig.2.2B & Fig.2.3C). These collagen-rich sections (Fig.2.3C &
Fig.2.4A) were verified to be mostly type-I collagen (Fig.2.4C) which is the most
abundant type in bone tissue. In addition to type-I collagen, type-III collagen was
observed to be present at a lower extent in the ossified marrow tissue (Fig.2.4D).
Collagen type-III is known to be expressed by early-stage osteoblasts during the synthesis
of woven bone tissue, which is then replaced by the osteoid (rich in collagen type-I)
during the remodeling phase reducing the collagen type-III presence dramatically [68].
Therefore the low-level presence of type-III collagen in ossified marrow explant is an

indicator that the type of bone present is woven bone.

The ossified matrix was observed to be surrounded by or in contact with an
unmineralized tissue (Fig.2.3C&D). Viable osteoblast-like cells were apparent
surrounding the ossification site, which were in the process of laying the mineralized
matrix and getting trapped as osteocytes (Fig.2.3D). In addition, viable CD44 positive
osteocyte-like cells were observed to be present in the collagen-rich ossified matrix
(Fig.2.4E) with typical lacunae and primitive canalicular extensions (Fig.2.5). These
results indicate that marrow explants form a 3-dimensional plate-like ossified matrix
(Fig.2.2), which houses the basic cellular elements (osteoblasts and osteocytes) of bone

tissue.

The histological analysis of the in vitro ossified marrow explants with Safranin-
O/fast green staining displayed (Fig.2.4B) the absence of proteoglycans at all time points

which can be found abundantly in cartilaginous matrix. This finding is expected
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considering the fact that the in vifro ossifying marrow tissue in this study did not
experience any mechanical stimulation and as described above, intramembranous
ossification is generally observed in well-stabilized fracture sites with minimal
deformation of the fracture callus [18, 19]. Therefore it would be reasonable to expect
endochondral ossification if mechanical deformations at the level that is observed at
nonstabilized fracture sites are applied during in vitro ossification of marrow tissue. It
should be noted that intramembranous ossification commonly takes place in various
locations in the skeletal system [20-24] and produces a stronger and accelerated healing
of the fracture than that healed by endochondral ossification [19]. Therefore,
understanding the biology of intramembranous healing via such in vitro models would

allow developing biological therapies for improving fracture healing.

Earlier in vivo studies of ectopically implanted explants demonstrated that the
cells of hematopoietic origin left the marrow explants [69, 70]. Our study supports this
observation which is evident by the decrease in the CD45+ hematopoietic cell fraction
throughout the culture period (Fig.2.6). The STRO-1+ MSC fraction was maintained
throughout the culture period indicating the perennial presence of a stem cell progenitor
population in our culture system that gave rise to the differentiated cells. By the end of
the culture, a large fraction (>75%) of the cells were negative for both CD45 and STRO-1
suggesting the presence of committed/differentiated cells of mesenchymal origin,

including osteoblasts and osteocytes (Fig.2.6).

In this study, the Ca/P ratio of ossified marrow was compared with human bone

tissue (value obtained from literature: [65]) and rat bone tissue in terms of crystalline
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level [64]. It was previously shown that Ca/P ratio increases in osteoblast cultures (30
days long) with time suggesting maturation of crystal growth, which was supported by X-
ray and infrared spectroscopic analyses [64]. Our results indicated that the Ca/P ratio and
hence the maturity of the ossified marrow tissue was comparable to that of the newly
forming bone tissue (i.e. rat tibial diaphysis periosteal surface [63]) (Fig.2.7C). In
attestation, Raman microspectroscopy showed that the crystals making up the
mineralized component of the marrow explants were carbonated apatite displaying all the
key vibrational modes typical of those observed in natural bone tissue (rat tibial
periosteal diaphysis) (Fig.2.7A). The phosphate symmetric stretch vibrations from
marrow explants’ crystals appeared at the same wavelength with that of periosteal bone
(959 cm™) indicating that the maturity of crystals in explants was comparable to that of
early stage bone. However, it was also observed (Raman microspectroscopy) that 959 cm
! (apatitic mineral, symmetric stretch for PO4~) to 1450 cm™ (N-H bending, methyl
deformation; CH, wagging) ratio was lower in ossified marrow explants relative to native
bone tissue (Fig.2.7B), which is an indicator of lower mineralization and hence newly
ossifying bone tissue[61]. In addition, since the spectra were collected under similar data
integration times and the phosphate band intensities were lower in the case of ossified
marrow explants at x50 high magnification objective, the amount of mineral marrow

explants was less than that of bone.

Microscopic hardness of normal bone tissue has been suggested to be a direct
indicator of its degree of mineralization and an increase in microhardness has been

associated with maturation of the ossified tissue [66]. Therefore Vickers hardness of the
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ossified marrow explants was used to estimate the maturity and compare with PRT
(newly formed periosteal bone) and IRT (relatively more mature intracortical bone). The
results based on the hardness measurements indicated that IRT and PRT were stiffer
(hence more mineralized) than ossified marrow (Fig.2.7D), which is expected
considering the culture duration of the marrow explants (28 days) which is significantly
less than the age of the donor rats (80-90 days) of the tested native bone samples [62]. It
should also be noted that the ossified marrow explants display a woven bone structure
whereas the IRT and PRT are lamellar bone. Therefore, the maturity and hence the
microhardness of the ossified marrow explants are expected to increase with longer

culture durations, which warrants further investigation.

Bone formation involves the differentiation of MSCs or osteoblast progenitors
into osteoblasts, which are responsible for producing the mineralized bone matrix [71,
72]. The in vitro monolayer models of bone formation that are aimed to study the
differentiation into osteoblastic phenotype generally employ various purification steps to
isolate the progenitors from sources such as bone marrow [73]. These purification steps
include the isolation of the adherent multipotent MSCs by eliminating the non-adherent
hematopoietic stem cells (HSCs) and the osteopoietic accessory cells (OACs) [11]. In
order for these purified population of cells to display osteogenic potential, a variety of
osteoinductive factors (e.g. dexamethasone and BMPs) are added in a range of
concentrations [27, 28]. It has been suggested that the presence of other cell types (i.e.
HSCs, OACs) play a role in differentiation of MSCs to osteoprogenitors and osteoblasts

and these cell types regulate each other’s functions [6-15]. These cell types are housed
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cumulatively in bone marrow tissue making it a critical component in bone regeneration
[74-76]. Previous studies have demonstrated that bone marrow explants inherently
undergo ossification in vivo [48, 70] or in vitro without the addition of excipient
osteoinductive factors [3, 49, 77]. In fact, we have recently shown that when the cellular
integrity of intact bone marrow tissue is disrupted and the cells are cultured according to
the traditional methods (i.e. eliminating the non-adherent cells with media change), the
inherent ossification potential of bone marrow tissue is lost [3]. Therefore, in vitro
marrow culture system presented here demonstrates the inherent ossification potential of
marrow tissue allowing it to be used as a model to study osteogenesis to develop

therapeutic strategies for skeletal reconstruction.

The outcomes of this study showed that rat bone marrow tissue inherently ossified
in vitro with the typical characteristics of newly forming bone tissue, such as viable
embedded osteocyte-like cells, viable osteoblast-like cells and compositional properties
including specific Raman peaks and a typical Ca/P ratio. Marrow ossification process
displayed the typical characteristics of intramembranous ossification and therefore, the
inherent in vitro ossification of bone marrow tissue can be a useful as a scaffold-free,
multicellular and 3D model to study the intramembranous osteogenesis process in terms
of morphological differentiation, cellular composition, mechanoresponsiveness and gene
and protein expression. This model may also be useful for developing high-throughput

drug screening models of osteogenesis for drug discovery programs [46, 78].
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3. THE SEQUENTIAL PRODUCTION PROFILES OF GROWTH
FACTORS AND THEIR RELATIONS TO BONE VOLUME IN

OSSIFYING BONE MARROW EXPLANTS

(T1issue Engineering Part A, 2010, vol.16, DOI: 10.1089/ten. TEA.2009.0565)

3.1. Abstract

Osteogenesis is a complex process that involves the synergistic contribution of
multiple cell types and numerous growth factors (GFs). In order to develop effective bone
tissue engineering strategies employing GFs, it is essential to delineate the complex and
interconnected role of GFs in osteogenesis. The studies investigating the temporal
involvement of GFs in osteogenesis are limited to in vitro studies with single cell types or
complex in vivo studies. There is a need for platforms that embody the physiological
characteristics and the multicellular environment of natural osteogenesis. Marrow tissue
houses various cell types that are known to be involved in osteogenesis and in vitro
cultures of marrow inherently undergo osteogenesis process. Self-inductive ossification
of marrow explants in vitro can be employed as a representative multicellular and 3-
dimensional model of osteogenesis. Therefore, the aims of this study were to employ the

rat bone marrow explant ossification model to determine: 1) the temporal production
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profiles of key GFs involved in osteogenesis, 2) the relation between GF production and
ossification, and, 3) the relations between the GF levels throughout ossification.
Temporal production profiles of transforming growth factor beta-1 (TGF-1), bone
morphogenetic protein-2 (BMP-2), vascular endothelial growth factor (VEGF) and
insulin-like growth factor-1 (IGF-1); and the bone-related proteins alkaline phosphatase
(AP), osteocalcin (OC) were obtained by enzyme-linked immunosorbent assay (ELISA)
conducted at days 2, 7, 12, 14, 19 and 21. The final amount of ossification (ossified
volume, OV) was measured by micro computed tomography (LCT) at day 21. TGF-p1,
BMP-2, VEGF, IGF-1, AP and OC were produced by the ossifying marrow explants
differentially over time. The early production of IGF-1 (day 2) correlated positively
(r=0.868) with OV; however, latent production of IGF-1 correlated negatively (day14:
r=-0.813; and day-19: r=-0.865) with OV. OV also correlated with VEGF levels at day-
12 (r=0.988) and at day-14 (r=0.970). Production of GFs also correlated to each other
across time points which indicate the complex and interconnected contribution of various
GFs in osteogenesis. Therefore tissue engineering strategies towards bone regeneration
should consider the richness of GFs involved in osteogenesis as well as their dynamically

varying participation over time.

Keywords: marrow stromal cells, mesenchymal stem cells, organ culture, mineralization.
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3.2. Introduction

Osteogenesis is a complex process that involves the contribution of multiple cell
types and numerous cytokines or growth factors (GFs). GFs are known to influence cell
division, differentiation, matrix synthesis, and to play an important role in bone
regeneration, fracture healing and repair of other musculoskeletal tissues [1-4]. It was
suggested that there is a crosstalk between the GF signaling pathways in osteogenesis and
the overall osteogenic outcome may be resulting from the synergistic contribution of
numerous GFs [1-3, 5-15]. In order to develop effective bone tissue engineering
strategies that can control and modulate bone formation, it is essential to investigate the
temporal and interconnected involvement of GFs in osteogenesis [2, 3,6, 8, 11, 12, 14,
15]. However, the studies investigating the osteogenesis-related GF expression,
production and secretion are limited to 2-dimensional in vitro studies with single cell
types (i.e. osteoblasts, marrow stromal cells) [14, 16-18] or complex in vivo studies with
associated experimental hurdles [2, 3, 19-21]. In order to study the complex and
interconnected involvement of multiple GFs, there is a need for a multicellular and 3-
dimensional in vitro platform that embodies the intricate physiology of natural
osteogenesis. Bone marrow tissue houses multiple cell types (i.e. hematopoietic stem
cells, mesenchymal stem cells, accessory cells) that are known to be collaboratively
involved in osteogenesis [22-27]. Therefore, bone marrow plays a critical role in bone
regeneration [28] and has been shown to have osteogenic potential [29]. Marrow explants
inherently ossify in vitro [30] without the addition of excipient osteoinductive factors
(under basal conditions) and throughout the ossification process, osteoinductive factors

are produced by the ossifying marrow tissue [31]. Therefore, in vitro bone marrow
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explant cultures reflect the physiological diversity of bone formation and hold the
potential to be used as a platform to study osteogenesis in a more realistic and natural
context. This model is conveniently situated between the 2-dimensional in vitro culture

systems employing single cell types and the complex in vivo animal models.

The most potent GFs known to be involved in osteogenesis are: TGF-$1, BMPs
(2,4 and 7), FGF-2, VEGF, IGF-1 and PDGF [1-4, 14,32, 33]. BMP-2 and -7 have been
introduced clinically for treatment of open tibial fractures [13, 34, 35]. While there is
some appreciation of the sequential expression of these potent GFs in fracture healing [2,
3,19, 20] and 1n single type cell culture models [14, 16-18]; little is known about their
associations with the final amount of bone formation during osteogenesis. Moreover, the
knowledge on the relationships between the production levels of growth factors during
osteogenesis is limited as well. We hypothesized that in vitro bone marrow self-inductive
ossification model can be used as a platform to delineate the temporal involvement of
multiple GFs, their relations with the ossification level and with each other in
osteogenesis. Therefore, the aims of this study were: a) to analyze the temporal
production patterns of the key GFs in osteogenesis: TGF-1, BMP-2, VEGF and IGF-1
using the inherently ossifying bone marrow explant model, b) to investigate the relations
between the temporal concentrations of GFs and the final ossified volume (OV) of
marrow explants, and c) to investigate relations between the production of GFs, bone-
related proteins and between the GFs themselves throughout the ossification process.
These aims were accomplished by: a) measuring the concentrations of GFs in the

conditioned media via quantitative ELISA at days 2, 7, 12, 14, 19 and 21, b) quantifying
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the end point of ossification (day-21, OV) of marrow explants and correlating OV with
temporal concentrations of the GFs, and c¢) correlating the concentration levels of the GFs

and bone-related proteins to each other at all time points and across time points.

3.3. Methods

3.3.1. Extraction And Culture Of Bone Marrow Explants

Bone marrow was isolated from the tibiae of 80-90 days old male Long-Evans
rats (Harlan, Indianapolis, IN) under IACUC (Institutional Animal Care and Use
Committee) approval with a centrifugation based extraction technique. Briefly, one of the
diaphyseal end of the bones was cut with a high-speed circular saw, the medullary
components (marrow) was exuded with a brief centrifugation of the cut bone, and the
centrifugate was gently pipetted onto the culture inserts (Transwell, Corning) ata 7 pul
volume with a low protein binding pipette tip. Bone marrow isolation procedure did not
involve dispersion of the marrow contents in a solution, and therefore entailed minimal
manipulation and processing of the tissue in order to preserve the cellular integrity (both
adherent and non-adherent) and structural composition of the extracted marrow explant.
The growth medium was added underneath the culture insert (below the membrane with
0.4 um pore size) which resulted in an air-medium interface culture system (Fig.3.1). The
membrane allowed the attachment and the growth of cells. Explants were cultured under
serum free conditions to identify the baseline ability of marrow explants to ossify. The

serum-free growth medium was modified from Lennon et al. [36] and composed of 60%
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DMEM, 40% MCDB-201 supplemented with 1% ITS+1 (Sigma), 50 ng/ml ascorbic
acid, 5 mM Na--glycerophosphate, 3.5 mg/ml glucose, 40 U/ml Penicillin and 40 pg/ml
Streptomycin, 1.5 pg/ml Fungizone. No osteoinductive factors (e.g. dexamethasone,
BMP-2) were added into the culture media at any point in time. The explants were
cultured for 21 days and media was changed on days: 2, 5, 7, 10, 12, 14, 17, 19 and 21.
Since the inserts carrying the explants were set aside during culture medium change, the
cellular and compositional integrity of the marrow explants were maintained, which kept
the adherent and non-adherent cells together throughout the culture period (Fig.3.1). Due
to the small pore size (0.4 um) of the membrane above which the marrow explants were
cultured, the cells were not able to migrate through the holes and hence were contained
within the insert. This feature of the culture system kept the bone marrow cells above the
membrane and allowed the secreted products to be released into the culture medium. The
medium conditioned by bone marrow explants was collected from each ossifying explant
before each fresh media addition and stored in sterile low protein binding tubes (LoBind,
Eppendorf) separately. The samples were stored at -80°C freezer for ELISA
measurements which were performed at the end of the experiment collectively. Repeated
freezing and thawing of the collected conditioned media was eliminated with appropriate

aliquoting.
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Figure 3.1: Cross-sectional view of air-medium interface culture system designed to
preserve the adherent and non-adherent cellular composition of marrow tissue throughout
the culture period. Marrow explants were placed on PET porous membrane (0.4um pore
size) of culture inserts and supplemented with sufficient amount of culture media
underneath the membrane. Culture medium was not added above the membrane and
therefore marrow explants were not in direct contact nor were they dispersed in the
medium, which prevented the non-adherent marrow cells from being washed away during
media changes.

In order to test the effect of dispersion or disruption of the cellular integrity of
marrow explants on their self-inductive ossification potential, an additional experimental
group was included in which marrow explants above the porous membrane were
dispersed with the addition of culture media inside the culture insert (Fig.3.1). In this
group, same volume of marrow tissue (7 ul) was utilized in the same culture setting with
the culture media added above the membrane (Fig.3.1) submerging and disrupting the
marrow explants. This group was similar to the regular marrow culture studies in the
literature, in which nonadherent marrow cells are gradually washed away with each
media change, purifying the adherent marrow stromal cells. In this experimental group,
the same culture conditions and the same culture media was used for the same duration as

the regular intact marrow explant culture described above. The mineralization of
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submerged (dispersed) marrow culture samples was evaluated with Raman
Microspectroscopy and micro Computed Tomography. Raman microspectroscopy
analysis (LabRam, Horiba Jobin-Yvon, Edison, NJ, USA) was performed on the
randomly selected nodule-like structures (8 samples, 6 nodule-like structure per sample)
observed in the dispersed marrow culture samples. The presence of apatitic mineral peak
(located at 959 cm™") was evaluated by performing a scan in the wavenumber range of

250-1800 cm'[37].

3.3.2. Micro Computed Tomography (LCT) of Ossifying Marrow Explants
The ossified marrow samples and the dispersed marrow cultures were fixed with

10% formalin and kept in the fixative before and throughout the scans. The ossified
volume of the marrow explants was measured by micro computed tomography
(SCANCO Medical AG, uCT 40, Brittisellen, Switzerland) with a 16 pm voxel
resolution (I =145 pA, E =55 kVp, integration time = 200 ms). The porous membranes
supporting the dispersed marrow cultures were cut out of the culture inserts and scanned
with uCT with the same settings. The scanned images were reconstructed and analyzed
with a commercial software (SCANCO evaluation software) and the segmentation
parameters of 0.8 (sigma), 1 (support) and 100 (threshold) were used [38-40]. The total
bone volume (BV, mm’) calculated by the software was used and reported as the final

ossified volume (OV) of the marrow explants.
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3.3.3. Baseline Levels of Factors in Freshly Isolated Bone Marrow

Two male Long-Evans rats, 80-90 days old, were euthanized under IACUC
approval. Bone marrow was removed from the tibiae using a centrifugation based
extraction technique explained in the previous section. Extracted marrow tissue (7 pl)
was diluted in tubes which allow minima protein binding (protein LoBind, Eppendorf)
with the same serum- free growth medium described above. Marrow extracts were
incubated for 30 min at 37°C to allow the soluble factors to solubilize in the media. The
suspension was then centrifuged for 10 min at 300g to precipitate the cells as a pellet at
the bottom of the tube. The supernatant was aspirated and filtered through a 0.2 um filter
using a syringe to remove the remaining cells. The solubilized bone marrow deficient of
cells was then aliquoted and stored at -80°C for the quantitative ELISA assays described
below. Appropriate conversion of the quantified concentrations of the factors was

performed based on the dilution ratios employed.

3.3.4. Histology of Ossified Marrow Explants
At the end of the culture period, the ossified explants were fixed in 10% formalin.
Samples were decalcified in formic acid solution (1:1 solution of 50% aqueous formic
acid and 20% sodium citrate) for 8 to 12 hours, washed in tap water for 30 to 45 minutes,
embedded in paraffin, sectioned and dried overnight in 37°C oven. For all staining
procedures, the sections were deparaffinized and hydrated in gradually decreasing
percentages of alcohol solutions (100%, 95%, 70% and water). The sections were stained

with safranine-O/fast green for assessing the presence of proteoglycans and hematoxylin
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& eosin (H&E) according to standard procedures. Safranine-O/fast green staining is a
common method used for staining cartilage-bone interface. AP activity in the histological
sections was stained with naphthol AS-MX based commercial AP staining kit (Sigma

85L1). After staining, the sections were dehydrated, cleared in xylene and cover-slipped.

3.3.5. Quantification of AP, OC, BMP-2, IGF-1, VEGF and TGF-§1

The quantification of these factors was performed on the media conditioned by
ossifying explants (days 2, 7, 12, 14, 19 and 21) and the fresh marrow tissue (day 0). AP
level was measured with the colorimetric p-Nitrophenyl phosphate (pNPP) substrate AP
assay kit (SensoLyte™, Anaspec Corp., San Jose, CA). 50 puL of samples and standards
were added to each well of a 96-well plate. Fifty uL of pNPP reaction mixture was
added to each well and incubated 2-3 hrs until color developed. Optical density was
determined using a microplate reader (Molecular Devices, Spectramax M5) set to 405
nm. Absorbance values were converted to AP concentration with the utilization of the
calibration curve. OC levels were measured using a Rat Osteocalcin EIA kit (Biomedical
Technologies, Stoughton, MA). One hundred pl of samples and standards were added to
a 96-well plate pre-coated with OC capture antibody, incubated for 20 hr at 4°C, washed
three times with phosphate-saline wash buffer, 100 pL of OC antiserum was added to
each well, and incubated at 37°C for 1 hr. Following another set of washes, 100 puL of
diluted donkey anti-goat IgG peroxidase was added to each well, incubated for 1 hour at
room temperature, rerinsed, 100 pL of substrate mix (1:1 of hydrogen peroxide solution

and tetramethyl benzidine) was added and incubated at room temperature for 30 minutes,
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avoiding direct light. One hundred pL of stop solution was added to each well, and the
absorbance was measured using a microplate reader set at 450 nm with a wavelength
correction set at 540 nm. The concentrations of BMP-2, VEGF, TGF-B1 and IGF-1 in the
conditioned media were measured by quantitative ELISA development kits (BMP-2:
PeproTech; VEGF, IGF-1 and TGF-B1: R&D Systems). Briefly, 96-well microplates
(MaxiSorp, Nalge) were coated with capture antibody, the wells were blocked for at least
1 hour, 100 pl of samples or standards were added to wells followed by incubation for 2-
3 hours at room temperature. After thorough washing, detection antibody was added at
the specified concentration for each kit and incubated for 2 hours at the room
temperature. The peroxidase substrate solution was added (protected from direct light)
and incubated at room temperature for 20 minutes, the enzyme reaction was stopped with
2N hydrochloric acid solution. The color product was detected by a microplate reader set
at 450 nm with wavelength correction set at 540 nm. Quantification was also carried out
on the non-conditioned serum-free medium to determine baseline levels of the GFs, OC
and AP. TGF-B1 in the samples was first activated to its immunoreactive form using 1 N
HCI followed by addition of 1.2 N NaOH/0.5 M HEPES before being used in ELISA

assays.

3.3.6. Statistical Analysis
The measured concentration profiles were analyzed statistically with Kruskal—
Wallis one-way analysis of variance followed by a post hoc Mann-Whitney U-test with

Bonferroni correction for multiple comparisons. Statistical significance threshold was set
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at p < 0.05 and the p-value obtained for each test was adjusted based on the number of
comparisons according to Bonferroni correction (p-value obtained from the test
multiplied by number of comparisons). Error bars in the figures were displayed as
standard error. Relations between the concentrations and the final ossified volume; and
between the measured concentrations themselves were analyzed by calculating the
Pearson product moment correlation coefficient. The statistical significance between the
day-0 baseline concentrations (n=10-12) of the bone-related proteins and GFs and their
day-2 levels (n=6) produced by the ossifying explants was tested with a Mann-Whitney

U-test with the significance threshold set at p<0.05.

3.4. Results

3.4.1. Bone Marrow Explants Inherently Ossified

Bone marrow explants cultured under serum-free conditions without any
osteoinductive factors (e.g. dexamethasone, BMP-2, etc.) inherently ossified to form a
matrix which was visible through low magnification light microscopy (Fig.3.2A). uCT
scans of ossified explants revealed a plate-like ossified structure (Fig.3.2B). The absence
of orange-red stain in safranine-o/fast green stained sections was an indication of
proteoglycan deficiency, indicating the absence of cartilaginous matrix (Fig.3.2C). H&E
staining displayed viable cells embedded in the matrix (Fig.3.2D). Naphthol AS-MX
based AP staining indicated that AP activity (dark purple-red regions, Fig.3.2E) was

concentrated in the lower and the upper surfaces of the ossified matrix, indicating the
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locations of the actively ossifying regions in the marrow explant. However, when the
marrow explants were dispersed and submerged in the culture media, which gradually
eliminated the non-adherent cell population with each media change, no indication of
mineralization was observed as per Raman Microspectroscopy (absence of apatitic

mineral peak) and uCT (no detectable mineralized volume).

3.4.2. AP and OC were Produced by Ossifying Marrow

The baseline levels of AP and OC in day 0 marrow tissue were quantified as 14.8
ng/ml (st. dev: 3.8 ng/ml) and 514 pg/ml (st.dev: 212 pg/ml) respectively (Fig.3.3). Both
of these baseline concentrations were significantly lower than the production of these
bone-related proteins on day 2 by in vitro ossifying marrow explants as seen in Fig.3.3.
AP concentration measured in conditioned media displayed a high level at the beginning
of the culture period and decreased significantly at day-7 and further decreased after day-
12 (Fig.3.3A). The decrease in AP concentration was significant by day 21 relative to
day-12. OC concentration profile displayed a similar pattern at the beginning of the
culture period, which was significantly greater on day-2 than all the following time points
(Fig.3.3B). A significant decrease in OC concentration was observed on day-7. There was

no statistically significant decrease in OC concentration between day-12 and day-21.
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Figure 3.2: The appearance of a marrow explant cultured for 21 days, A) Light
microscope image of the ossified explant, B) the reconstructed 3-D view of the ossified
regions of the explant from micro-CT scan indicate a plate-like ossified structure, C)
safranine-O/fast green stained histological section image of an ossified region in the
marrow explant and the magnified inset. The absence of orange-red stain indicates that
the extracellular matrix does not contain glycosaminoglycans and thus it is not a
cartilaginous matrix. D) H&E stained histological section image and the magnified inset,
displaying viable osteocyte-like cells (arrowheads). E) Alkaline phosphatase stained
(dark purple-red regions, counter stain: hematoxylin) histological section image. Alkaline
phosphatase activity is observed in the upper and lower sections of the ossified plate like
structures. The membrane (*) is visible in the image which lines the bottom of the
ossified matrix.
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Figure 3.3: Concentration profiles of alkaline phosphatase and osteocalcin measured in
conditioned media (n=6 per time-point), a close-up view of days 12-21 highlighted by
insets is displayed on the right. The triangular marker at day-0 indicates the baseline
concentration in bone marrow tissue at day-0 (#: p<0.05 between the baseline
concentration in bone marrow tissue at day-0 and the expression of that factor on day-2.)
A) Alkaline phosphatase concentration profile in conditioned media, *p<0.05 for day 2
vs. days 7, 12, 14, 19 and 21; 1p<0.05 for day 7 vs. day 12, 14, 19 and 21, {p<0.05 for
day 12 vs. day 21. B) Osteocalcin concentration profile in conditioned media, *p<0.05
day 2 vs.day 7, 12, 14, 19 and 21.

3.4.3. Osteoinductive GFs were Produced by Ossifying Marrow

The baseline levels of BMP-2, IGF-1, TGF-B1 and VEGF in day-0 marrow tissue
were significantly lower than the production of these factors by in vitro ossifying marrow
explants on day-2 (Fig.3.4). BMP-2 concentration in conditioned media was at a high
level early on at days 2 and 7 (Fig.3.4A). BMP-2 concentration decreased significantly by

day-12 and displayed further significant decrease on days 19 and 21 (Fig.3.4A). IGF-1
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concentration was significantly higher on day-2 than the later time points, which
decreased significantly and stayed around 50 pg/ml between days 7 and 14 (Fig.3.4B). A
significant increase in IGF-1 concentration was observed in the later stage starting day 19
and beyond. TGF-B1 concentration displayed a significantly high level on days-2, -7, and
day-12 than all of the subsequent time points (Fig.3.4C). TGF-1 concentration
decreased significantly by day-14 and stayed constant around 50 pg/ml till the end of the
culture period. Similarly, VEGF concentration was significantly higher at the early and
mid phase of the culture period (days 2, 7, 12 and 14) than all the following time points
(Fig.3.4D). VEGF concentration displayed a significant steady decrease during the entire

culture period.

3.4.4. Correlations Between Levels of Factors and Ossified Volume
The rightmost column of Table 3.1 displays the correlation between the levels of

measured GFs and the bone markers (OC and AP) at different time points and the final
ossified volume measured at day-21. VEGF concentration in conditioned media
displayed a high correlation (Table 3.1) with the final ossified volume (OV) on day 12
(0.988) and day 14 (0.970). IGF-1 concentration in conditioned media early on in the
culture (day 2) correlated positively with OV (0.868, Table 3.1), whereas latent IGF-1
concentration correlated negatively on day 14 (-0.813) and 19 (-0.865) with OV. OC

level displayed a high negative correlation with OV on day 19 (-0.931, Table 3.1).
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Figure 3.4: Concentration profiles BMP-2, IGF-1, TGF-B1 and VEGF measured in
conditioned media (n=6 per time-point), a close-up view of days 12-21 highlighted by
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A) BMP-2 concentration profile in conditioned media, *p<0.05 for day 2 vs. day 12, 14,
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3.4.5. Correlations of Factors Across the Timeline of Production

Table 3.1 displays the significant correlations among the quantified GFs as well
as between the GFs and the bone related proteins (AP and OC). The correlations in the
table can be categorized into two groups; correlation between the factors at the same time
point (e.g. VEGF at day-2 correlating positively with BMP-2 at day-2, 0.895) and the
correlation between the factors across time points (e.g. VEGF at day-2 correlating
positively with BMP-2 at day-7, 0.877). The second type of correlation can only be
possible between an earlier time point and a later time point (e.g. day-2 level of a factor
and a day-7 level of another factor). Since correlation of a later time point with an earlier

time point lacks physical meaning, such correlations were not reported.

3.4.6. Correlation Between the Factors at the Same Time Point
BMP-2 level correlated with IGF-1 level (Table 3.1) on day-14, and also
correlated with VEGF level on day-2. OC level correlated with BMP-2 and VEGF on
day-2; and with BMP-2 on day-7 and day-14. AP level displayed a negative correlation

with BMP-2 level on day-2 (Table 3.1).
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3.4.7. Correlation Between the Factors Across Time Points
There were a great number of correlations between the quantified factors across
time points (Table 3.1). Most correlations were observed between the day-2 levels of
BMP-2, VEGF, IGF-1, OC, AP and later time point levels of BMP-2, VEGF, TGF-f1,
OC and IGF-1 (14 positive and 9 negative correlations). The number of significant

correlations across time points decreased for days 7, 12, 14 and 19.

3.5. Discussion and Conclusion

The importance of the GFs included in this study (BMP-2, VEGF, TGF-B1, OC
and IGF-1) and their synergistic combinatorial role on bone regeneration is widely
accepted [1-3, 14, 16, 17, 19-21, 32, 34, 41, 42]. On the other hand, data on sequential
expression of GFs in osteogenesis are either limited to 2-dimensional single type cell
culture studies [14, 16, 17] or complex animal models of fracture healing [2, 3, 19-21].
The current model of marrow explant cultures is situated in between single type cell
culture studies and animal models and present several unique advantages. First, it
encompasses multiple cell types (adherent and non-adherent, hematopoietic and
mesenchymal stem cells). Second it displays a natural osteogenic potential (under serum
free conditions without any excipient osteoinductive factors), which results in a
significant volume of bone formation. Third, it presents a platform in which the protein
production can be quantified via the conditioned media. In the future, this model would
also allow interrogation with silencing-RNA or gene transfection to control GF

production to assess their ultimate effect on the amount of bone formation. Therefore, in
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vitro bone marrow explant culture model presented here is a useful model for studying
the temporal production profiles of the osteogenic factors and their synergistic

combinatorial roles on bone generation/regeneration process.

The importance of preserving the cellular integrity of marrow tissue in terms of
osteogenic potential was verified by including an experimental group in which marrow
explants were dispersed in the culture medium. This condition allowed the gradual
elimination of non-adherent cells (i.e. hematopoietic cells) with each media change and
left the adherent cells (i.e. marrow stromal cells) in the culture. The absence of
mineralization (as per Raman microspectroscopy and uCT) in this group indicated that
the multicellular nature of marrow tissue needs to be preserved to achieve self-inductive
ossification. On the other hand, bone marrow explants whose integrity was maintained
ossified to varying extents. Therefore, the final ossified volume of the marrow explants
was used as an indicator of the osteogenic capacity of individual samples, which may be
directly related to levels of osteoinductive factors produced. The varying ossification
levels of the samples allowed us to evaluate the correlation between the final ossified
volume (OV) and the concentration levels of individual factors at different time points
(Table 3.1). To the best of our knowledge, the correlation between the levels of
osteoinductive factors at different time points, across time points and the final ossified
volume in an in vitro ossification model is being reported for the first time in this study.
This information can be used to determine the most critical osteoinductive factors, as well
as the most critical time of application of these factors to obtain a more efficient and

natural ossification mechanism. In addition, the correlation between the levels of factors
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at different time points and across time points can be used to delineate the synergistic

involvement of multiple osteoinductive factors in the ossification process.

GFs present in the serum that is commonly used as a supplement in in vitro cell
culture studies confound the picture and makes it hard to study the involvement of growth
factors in various processes such as osteogenesis. Therefore we confirmed the ability of
marrow explants to ossify in serum-free culture conditions and without application of any
excipient osteoinductive factors. This property facilitates carrying out more
comprehensive in vitro analysis of various proteins involved in osteogenesis without the

inhibiting and/or interfering effects of serum supplements.

The histochemical analysis on the in vitro ossified marrow explants with
safranine-o/fast green staining displayed (Fig.3.2C) the absence of proteoglycans, which
can be found abundantly in cartilaginous matrix. In addition, the presence of AP activity
on the lower and upper surfaces of the ossifying explants indicated the presence of
differentiated osteoblast-like cells forming a mineralized matrix. Therefore the absence of
a cartilaginous matrix and the presence of AP activity indicate that the ossification
mechanism in this in vitro bone marrow culture model to resemble the intramembranous

ossification mechanism.

The baseline levels of AP, OC, BMP-2, IGF-1, TGF-B1 and VEGF in day-0
marrow tissue have been quantified and all of them have been observed to be
significantly lower than the day-2 production levels of these proteins by ossifying

marrow explants (Fig.3.3 and Fig.3.4, triangular markers at day-0). Therefore the
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presented concentration profiles of these quantified proteins could not be related merely

to the baseline concentrations in fresh marrow tissue.

AP and OC are commonly accepted bone markers [18]. AP is expressed by many
cell types to some extent. AP is also associated with osteoblast differentiation and its
production is high in preosteoblasts and osteoblasts [43]. Using AP as an ossification
marker with a heterogeneous population of marrow cells is complicated since only a
small population of the cells in marrow stroma are AP positive osteoblast precursors and
many other cell types in marrow express AP, such as adipocytic cells [44]. It should be
noted that the marrow explants employed in this study were handled minimally, which
preserved the natural components together, including all the resident cell types, the
extracellular matrix, as well as the soluble proteins and factors. Therefore it may be
reasonable to suggest that the early high production of AP in this study (Fig.3.3A) may
be attributed to the other cell types in the marrow tissue which are in high concentration,
such as adipocytes. Due to the difficulties with quantifying ossification related AP
activity, a secondary ossification marker (OC) was used to assess ossification. OC is a
specific marker of mature osteoblast phenotype [18]. Previously, OC level was observed
to be increasing after about 10 days with in vitro mineralization models that employed
marrow cells [14, 18]. A peak in OC level around day-14 was also reported when the
marrow stromal cells were stimulated with dexamethasone and 1,25(OH),Ds [18].
However the high OC level observed early on in this study (Fig.3.3B) is not in agreement
with the previous findings. At the earlier stage of the marrow explant culture, the high

level of OC at day-2 decreased dramatically by day-7 and did not increase significantly
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between day 12 and day 21 (Fig.3.3B). This observation may be attributed to the complex

nature of the current model due to the presence of multiple cell types.

In vivo studies indicate that BMP-2 expression in the fracture site displays an
early increase during the phase in which mesenchymal stem cells are recruited to the
injury site [2, 4, 45]. The high level of BMP-2 production in the early phase of fracture
healing is followed by a decrease as it was also observed in this study (Fig.3.4A). A
similar trend, in which an upregulation of BMP-2 around day 4 followed by a down-
regulation around day 12 was previously observed during mineralization of
osteoprogenitors in vitro [14]. BMP-2 level measured at day-14 highly correlated with
the IGF-1 level on day-14 (Table 3.1 and Fig.3.4C), which may be an indication of
interaction or a similarity in terms of source cells for these two factors at this phase.
Similarly, it was previously shown that early application of BMP-2 (day-1) followed by
later application of combination of BMP-2 and IGF-1 (after day-5) resulted in the highest
amount of cell number and AP activity in pluripotent C3H10T1/2 cells [15]. The high
positive correlation between the OC level and the BMP-2 concentration at day-14 and
day-19 may be an indication on the role of BMP-2 in mature osteoblast function in
mineralization. On the other hand, BMP-2 production on day-2 was observed to correlate
negatively with AP level on day-2 (Table 3.1). This could be due to the early high levels
of AP, which suppressed the production of BMP-2 which later peaked at day-7 when AP
level decreased significantly. It is also important to note that the early level of BMP-2
(days 2-7) also correlated with later levels of OC (at days 7, 14 and 19) and IGF-1 (at day

14). This observation suggests that an early involvement of BMP-2 has repercussions on
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the latent stages of osteogenesis. The early involvement of BMP-2 in osteogenesis has
recently been shown in sequential growth-factor delivery studies with BMP-2 and BMP-7
[46, 47]. In these studies, early release of BMP-2 and latent release of BMP-7 was
achieved with nanocapsules in an in vitro study with MSCs. Superior osteoinductive
effects of the sequential application of BMP-2 and BMP-7 was demonstrated over
individual and simultaneous applications based on elevated alkaline phosphatase activity

on day 14 and day 21.

IGF-1 production by in vitro ossifying marrow explants in this study was
bimodal. It displayed a high level at the early stage, followed by a decrease during days
7-14 and then a latent increase during days 19-21 (Fig.3.4B). A similar pattern of IGF-1
production in the later stage was observed in fracture healing in an in vivo model by
Wildemann et al [33]. As the earliest time point included in the study by Wildemann et
al. was day-5, it is not possible to compare the early level of IGF-1 to that was observed
in our study. However in an in vitro mineralization model utilizing osteoprogenitor cells,
a high level of IGF-1 was observed early on followed by a decrease between days 5-12
and then followed by an increase starting day-13 [14]. Therefore the results presented in
this study in terms of IGF-1 concentration profile agree with the previous findings in the
literature. The high IGF-1 level at day-2 was observed to correlate positively with OV
(Table 3.1), which may be an indication that early application of IGF-1 is critical in bone
regeneration. On the other hand, we observed that IGF-1 levels at later stages (days 14-
19) correlated negatively with OV (Table 3.1), which may be an indication that IGF-1

application in the later stages may have a deterring role in ossification. IGF-1
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concentration was also observed to correlate with OC level positively on days 14 and 19
(Table 3.1). When this information is combined with the findings presented above (IGF-1
correlated negatively with OV on days 14-19) and the fact that OC correlated negatively
with OV on day-19 (Table 3.1); it is reasonable to suggest a connection between IGF-1
and OC in curbing further ossification of the marrow explants starting day-14 and
allowing the mineralization to reach a steady state. In attestation, OC is known to curb
mineralization [48] and current results imply that IGF-1 may be associated in this

pathway.

Early involvement of TGF-B1 during the proliferation phase in fracture healing
process has been shown previously [2-4, 33]. Similarly, TGF-1 was observed at a high
level early on in the marrow explant culture model and decreased continually to reach a
steady-state level by day-14 (Fig.3.4C). Therefore TGF-1 production profile presented
here agrees with the previous findings. However TGF-B1 levels at various time points
displayed a limited number of correlations with other factors. The only TGF-B1 level that
has displayed a significant correlation was day-7 level which correlated positively with
day-2 levels of VEGF and OC. Therefore a link between VEGF and TGF-B1 involvement

could be present between days 2 and 7 during ossification.

VEGF is considered to play its most important role in fracture healing in the
earlier stages [49]. Therefore the high concentration of VEGF observed in this study
during day-2, which gradually decreased starting day-7 up to day-21 (Fig.3.4D) agrees
with the previous findings. A similar trend of VEGF expression during mineralization by

osteoprogenitors was also observed in an in vitro study [14]. Even though VEGF
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concentration was high at the earlier stage of ossification and decreased gradually till day
21 (Fig.3.4D), VEGF concentration and OV was observed to highly correlate only during
days 12-14 (Table 3.1). This high correlation between VEGF concentration and OV
indicates that the presence of VEGF during days 12-14 was associated with final amount
of ossification. Importance of VEGF at the mid-phase of fracture repair was also shown

and emphasized before [4].

It should be noted that the correlations that were reported between the GF levels
and the final ossified volume are useful for identifying the temporal involvement of the
GFs in osteogenesis. However, these correlations do not necessarily imply causations.
The correlations observed in this study require further analysis with studies employing
targeted inhibition of growth factors at a specific time points to assess the overall effect

in the ossification of marrow tissue.

There are many GFs involved in osteogenesis and they are not limited to the four
factors (BMP-2, VEGF, IGF-1 and TGF-B1) studied here. Other factors that are known to
be actively involved in osteogenesis are BMPs (4, 6, 7 and 13), FGF-2, Wnt, GDF-5 and
PDGEF [14, 21, 50-54]. A detailed characterization of the involvement many GFs and
signaling molecules is necessary and proteomic analysis could be used for high-
throughput screening of all the proteins. Therefore, we are currently conducting
experiments to analyze a myriad of proteins and their temporal expression profiles during

inherent in vitro ossification of bone marrow explants.

In conclusion, it was shown that BMP-2, IGF-1, TGF-B1 and VEGF are

expressed differentially over time by the ossifying marrow explants and the concentration
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of IGF-1 and VEGF correlate at different time points with the final ossified volume. IGF-
1 has dichotomous effect on the final ossified volume which is indicated by positive
correlation on day-2 and negative correlations on days 14 and 19. The GF levels and the
production of bone markers (AP and OC) have been shown to be highly interdependent
due to correlations to each other at same time points as well as across various time points.
The results presented in this study provide a more robust understanding of the
osteogenesis process in terms of the involvement of BMP-2, IGF-1, TGF-1, VEGF, AP
and OC in marrow explants and the secretion sequence and the amounts of key
osteoinductive factors involved in this osteogenesis model. The information obtained
from the marrow ossification model can be used to develop multi-factor and multi-phase

GF delivery strategies for fracture healing and bone tissue engineering applications.
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4. OSSIFYING BONE MARROW EXPLANT CULTURE AS A
THREE-DIMENSIONAL (3D) MECHANORESPONSIVE IN VITRO

MODEL OF OSTEOGENESIS

(T1issue Engineering Part A, under review)

4.1. Abstract

Mechanical cues play an important role in bone regeneration and affect
production and secretion dynamics of growth factors (GFs) involved in osteogenesis. The
in vitro models for investigating the mechanoresponsiveness of the involvement of GFs
in osteogenesis are limited to two-dimensional monolayer cell culture studies, which do
not effectively embody the physiological interactions with the neighboring cells of
different types and the interactions with a natural extracellular matrix. Natural bone
formation is a complex process that necessitates the contribution of multiple cell types,
physical and chemical cues in a three-dimensional (3D) setting. There is a need for in
vitro models that represent the physiological diversity and characteristics of bone
formation to realistically study the effects of mechanical cues on this process. In vitro
cultures of marrow explants inherently ossify and they embody the multicellular and 3D

nature of osteogenesis. Therefore, the aim of this study was to assess the
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mechanoresponsiveness of the scaffold-free, multicellular and 3D model of osteogenesis
based on inherent marrow ossification and to investigate the effects of mechanical
loading on the osteoinductive GF production dynamics of this model. These aims were
achieved by: a) culturing rat bone marrow explants for 28 days under basal conditions
which facilitate inherent ossification, b) employing mechanical stimulation (compressive
loading) between days 12 and 26; c¢) quantifying the final ossified volume and the
production levels of BMP-2, VEGF, IGF-1 and TGF-B1. The results showed that the final
ossified volume of the marrow explants increased by about 4-fold in mechanically
stimulated samples. Furthermore, mechanical stimulation sustained the production level
of VEGF (starting day-21) which otherwise declined temporally under static conditions.
The production levels of IGF-1 and TGF-1 were enhanced under the effect of loading
after day-21. In addition, significant correlations were observed between the final ossified
volume and the levels of GFs analyzed. In conclusion, this study demonstrates that the
scaffold-free, multicellular and 3D model of bone formation based on inherent
ossification of marrow tissue is mechanoresponsive and mechanical loading improves in
vitro osteogenesis in this model with sustaining or enhancing osteoinductive GF

production levels which otherwise would decline with increasing time.

Keywords: bone tissue engineering, cytokines, regeneration, mechanotransduction, bone

marrow stromal cells, mechanical loading, mechanical stimulation.
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4.2. Introduction

Bone regeneration is a complex process which involves the direct contribution of
multiple cell types, physical, chemical and mechanical cues [1-8]. Numerous growth
factors (GFs) are involved in osteogenesis in a sequential and interrelated manner [1, 9-
12]. However, the studies investigating the involvement of mechanical cues in
osteogenesis and osteogenesis-related GF expression, production and secretion are
limited to 2-dimensional (2D) in vitro studies with particular cell types [13-24] or
complex in vivo studies with associated experimental hurdles [25-28]. It was shown that
gene expression of the cells in 2D monolayer cultures display significant differences
compared to the cells of the native tissue origin and the cells cultured in 3D platforms
[29]. These differences are possibly due to the limited presence of physiologically
relevant interactions with the neighboring cells of different types and the absence of a
natural extracellular matrix in 2D monolayer culture models [29]. In order to delineate
the effects of mechanical cues on bone formation and regeneration processes, extensive
in vitro studies have been carried out on purified populations of cells with 2D monolayer
culture models. The effect of mechanical cues on mesenchymal stem cells (MSCs) [13-
18, 30] and osteoblasts [19-24] have been investigated previously. These studies, almost
without any exceptions, involve a purified (e.g. Ficoll purification, cell sorting)
population of cells (e.g. excluding the non-adherent cells of marrow tissue), which do not
fully represent the complex cellular and compositional characteristics of bone formation
milieu and do not include all the cells that are normally present in bone regeneration
process: hematopoietic stem cells (HSC) and the osteopoietic accessory cells (OACs) [31,

32]. Differentiation of MSCs into osteoblasts (among many other connective tissue cell
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types) is essential for bone regeneration [4, 6, 33, 34]. There is increasing evidence
suggesting that in addition to the extracellular microenvironment of MSC niche, the
presence of other cell types (i.e. HSCs, OACs) play a role in differentiation of MSCs to
osteoprogenitors and osteoblasts. It has been suggested that a close interaction exists
between the HCSs, OACs, MSCs, osteoprogenitors, osteoblasts and they regulate each
other’s functions [31, 32, 35-38]. Therefore, when the mechanoresponsiveness of MSCs
during bone regeneration process is investigated, possible contribution of other cell types
should also be considered and there is a need for in vitro osteogenesis models which

reflect the physiological diversity of cell populations.

Bone marrow tissue houses OACs, HSCs and MSCs [31, 32, 39-42] and hence
partially reflects the physiological diversity of osteogenic milieu. Bone marrow is known
to play a role in bone regeneration [3] and has been shown to have osteogenic potential
[43]. Bone marrow explants inherently ossify in vitro without the addition of excipient
osteoinductive factors [12, 44]. Therefore, in vitro bone marrow explant cultures hold the
potential to study bone regeneration in a more natural context. The scaffold-free,
multicellular and 3D model of osteogenesis based on self-inductive bone marrow
ossification bridges the gap between the in vitro 2D monolayer culture systems

employing single cell types and the complex in vivo animal models.

We have recently showed that throughout the ossification process of bone marrow
tissue (under basal conditions) osteoinductive GFs are produced with a temporal pattern
with highly correlating to the ossification level [12]. Therefore studying the

mechanoresponsiveness of this natural in vitro ossification model, the effect of
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mechanical cues on the production dynamics of key osteoinductive GFs can be
elucidated. There are multiple GFs involved in bone regeneration, some of the most
potent ones being BMP-2, VEGF, IGF-1 and TGF-B1 [1, 9-11]. The current study tested
the hypotheses that in vitro ossifying bone marrow tissue is mechanoresponsive as
reflected by greater amount of bone formation in mechanically loaded marrow explants,
and, the mechanical stimulation will enhance the production levels of BMP-2, VEGF,
IGF-1 and TGF-B1 by the ossifying marrow explants. To validate these hypotheses, rat
bone marrow explants undergoing ossification were stimulated with compressive load in
culture (starting day-12 up to day-26). The levels of BMP-2, VEGF, IGF-1 and TGF-1
by the ossifying explants was measured with quantitative ELISA throughout the culture
period (at days 7, 14, 21 and 28) and compared to unloaded controls. The results of this
study show that mechanical stimulation sustains and/or enhances the production levels of

VEGF, IGF-1 and TGF-B1, but not of BMP-2 by inherently ossifying marrow explants in

Vitro.

4.3. Methods

4.3.1. In Vitro Culture Conditions
Bone marrow was isolated from the femurs and tibiae of 80-90 days old male
Long-Evans rats (Purdue Animal Care and Use Committee approved) with a
centrifugation based technique and transferred onto PET culture inserts (Transwell,

Corning, 0.4 pum pore size) at a 7 pl volume (Fig.4.1A). The complete details of the
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extraction and culture procedures were explained elsewhere [12]. The growth medium
was composed of (modified from [44]): a-MEM (Sigma), 10% MSC-qualified-FBS
(Invitrogen), 60 U/ml Pen-Strep (Invitrogen), 2.5 pg/ml Fungizone (Sigma), 50 pg/ml
ascorbic acid (Sigma), 5 mM Na-3-glycerophosphate (MP Biomedical) and 3.5 mg/ml
glucose (Sigma). The cultures were kept at 37°C and 5% CO; throughout the experiment
(28 days). The unused culture media was aliquoted in appropriate volumes and kept
frozen till needed. The insert including the marrow explants were set aside and the
culture media in the well was changed three times a week and the spent (or conditioned)

media was collected and stored at -80°C.

4.3.2. In Vitro Mechanical Loading System

The mechanical stimulation was applied to the ossifying bone marrow nodules by
means of a custom made device developed in our laboratory (Fig.4.1B&C, see Appendix
for the drawings of the system). The actuation is provided by Flexinol actuator wires
(arrowheads in Fig.4.1C) and the frequency can be adjusted with a current control circuit
driven by a 555 timer circuit. The loading chamber (sterile inside) is sealed from the
outside with the elastic sealing membrane and a filtered (0.2 pm pore size) air vent. The
adjustable height loading rod engages with the inside-chamber PTFE loading tip with a
custom-made load cell by means of magnetic coupling. The isolated chamber houses a
PET membrane insert with the ossifying bone marrow nodule at its center. The elastic
PET membrane is supported by a porous polyethylene polymeric block (100 um pore

size) which at the same time allows the flow of media (Fig.4.1B).
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Figure 4.1: In vitro culture and loading system. A) Cross-sectional view of air-medium
interface culture system designed to preserve the adherent and non-adherent cellular
composition of marrow tissue throughout the culture period. Marrow explants were
placed on PET porous membrane (0.4pum pore size) of culture inserts and supplemented
with sufficient amount of culture media underneath the membrane. Culture medium was
not added above the membrane and therefore marrow explants were not in direct contact
nor were they immersed in the medium, which prevented the non-adherent marrow cells
from being washed away during media changes. B) The cross-sectional view of the
custom-made in vitro loading chamber with an ossifying explant positioned inside. The
culture insert was located inside the loading chamber and a custom-made load cell (left
facing C structure) was engaged, which is shown to be in contact with the partially
ossified marrow explant. In this illustration, marrow explant was sandwiched between the
load cell and the membrane supported with a porous polymeric block underneath.
Starting day-12, ossifying marrow explants were placed in the custom-made loading
chamber every two days up to day-26. Mechanical stimulation was applied as a
compressive load for 900 cycles per day at 0.5 Hz. C) A photograph of the fully
functional custom loading setup. The loading system is composed of a polycarbonate
base with springs under compression and guide rods which are attached to the upper
loading bar with the adjustable height loading rod. The loading chamber (sterile inside) is
sealed from the outside with the elastic sealing membrane and a filtered (0.2 um pore
size) air vent. The adjustable height loading rod engages with the inside-chamber PTFE
loading tip (custom load cell) by means of a magnet coupling. The force is generated by
four Flexinol actuator wires running in parallel between the lower base and the upper
loading bar (arrowheads).
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The loading system operates under displacement control such that displacement
occurs proportionally to the applied current. The displacement-current relation is linear
and calibrated by a displacement gage before use. The displacement (A, um) of the
loading system in response to the applied current (I, mA) displayed a linear calibration
curve (A = 3.9*I - 499, R>=0.997). The error between the set displacement and the actual
displacement was measured to be varying between +3.1% and £5.6% for the minimum
and maximum displacement set values respectively. Prolonged tests of the system

resulted in no detectable drift in the set displacement values.

4.3.3. Mechanical Stimulation of Ossifying Marrow Explants

The inserts were removed from the culture wells, transferred to the loading setup
inside a laminar flow hood and placed back in the incubator for mechanical loading under
compression. Loading began at day 12 and it was applied once in every 2 days for 900
cycles per day at 0.5 Hz up to day 26 (Fig.4.2). Upon completion of loading, the inserts
were placed back in culture wells and incubated until the next bout of mechanical
stimulation. Five marrow explants were loaded as such longitudinally over time. There
were also nine control explants which were also transferred to the loading set up, the
actuator tip was engaged; however, the loading was not performed. The total peak load
was measured by the custom-made load cell (Fig.4.1B) and the maximum stress
experienced by the explants was adjusted to 0.0313 N/mm’ (31.3 kPa), which was
estimated to induce a maximum apparent strain of about 5% in ossifying explants. The

maximum stress and strain values were approximately determined by assuming an elastic
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modulus of woven bone tissue (4 GPa, [45]) and estimating the ossifying area of the
marrow explants by using the projected light microscope images. The conditioned media
was collected 2 days after the application of each loading bout (Fig.4.2) and stored at -
80°C before being used in ELISA assays.

day . . day
12 Mech. Stimulation 26

IREREE
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Week 1 Week 2 Week 3 Week 4
Quantification of Quantification of
Produced Factors in Final Mineralized
Culture Media Volume
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VEGF
IGF-1
TGF-p1

Figure 4.2: Timeline of the loading experiment of ossifying marrow. Mechanical
stimulation was applied to the ossifying marrow explants starting day-12 up to day-26.
The concentration levels of BMP-2, VEGF and IGF-1 and TGF-B1 in conditioned culture
media were measured every 7 days starting day-7. The final ossified volume of the
marrow explants was quantified at the end of the experiment with micro computed
tomography (day-28).

4.3.4. Quantification of BMP-2, VEGF, IGF-1 and TGF-B1 Levels

The quantification of GFs was performed on the media conditioned by loaded and
control groups of ossifying explants at four time points: at day 7 (5 days before the
loading cycles started) and at days 14, 21 and 28 (after the loading cycles started,

Fig.4.2). The GF concentrations in the conditioned media were measured by quantitative
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enzyme-linked immunosorbent assay (ELISA) development kits (BMP-2: PeproTech;
VEGF, IGF-1 and TGF-B1: R&D Systems). TGF-1 in the conditioned media was acid-
activated to make it immunoreactive and render it detectable by the immunoassay. Acid-
activation was carried out by incubating aliquots of the conditioned media with 1N HCI
followed by neutralization with 1.2N NaOH in 0.5M HEPES buffer. Then the standard
ELISA protocols provided by the manufacturers of the kits were followed. Briefly, 96-
well microplates (MaxiSorp, Nalge) were coated with capture antibody, and the wells
were blocked for 1 hour. Samples and standards were added to wells followed by
incubation for 2-3 hours at room temperature. After thorough washing, detection
antibody was added at the specified concentration for each kit and the plates were
incubated for 2 hours at the room temperature. The peroxidase substrate solution was
added (protected from direct light) and incubated at room temperature for 20 minutes.
The enzyme reaction was stopped with 2N hydrochloric acid solution. The color product
was detected by a microplate reader set at 450 nm with wavelength correction set at 540
nm. The unknown concentrations of GFs in the samples were calculated based on the
standard curves obtained. The levels of the GFs in the non-conditioned growth medium

were also measured to determine the baseline levels.

4.3.5. Micro Computed Tomography (uCT)

At the end of the 28 day long experiment, the ossified marrow samples were fixed
in 10% formalin and kept in the fixative before and throughout the pCT scans (SCANCO

Medical AG, uCT 40, Briittisellen, Switzerland). pnCT scans were performed with a 16
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pm voxel resolution (I =145 pA, E =55 kVp, integration time = 200 ms). The scanned
images were reconstructed and analyzed with a commercial software (SCANCO
evaluation software) and the standard segmentation parameters were used [46-48]. The
total bone volume (BV, um’) calculated by the software was used and reported as the

final ossified volume (OV) of the marrow explants.

4.3.6. Histology of Ossified Marrow Explants

At the end of the 28-day culture period (Fig.4.2), the ossified marrow explants
were fixed in 10% formalin. Decalcification of the samples was performed in formic acid
solution (1:1 solution of 50% aqueous formic acid and 20% sodium citrate) for 12 hours.
Samples were then washed in tap water for 30 to 45 minutes, embedded in paraffin,
sectioned and dried overnight in 37°C oven. The sections were deparaffinized and
hydrated in gradually decreasing percentages of alcohol solutions (100%, 95%, 70% and
water). The slides were then stained with Masson’s trichrome method for visualizing the
collagen-rich ossifying regions. The light microscope images were taken with Olympus
Vanox microscope equipped with Qimaging Micropublisher 5.0 RTV 5 megapixel CCD

camera.

4.3.7. Statistical Analysis

The ossified volume in the loaded samples (n=5) and the controls (n=9) was

compared statistically with Mann-Whitney U-test with a significance threshold was set at
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0.05 (p <0.05). The levels of GFs produced by control (n=4) and loaded (n=4) samples at
various time points (days 7, 14, 21 and 28) were statistically analyzed by using General
Linear Model with Tukey’s posthoc test with statistical significance threshold set at 0.05.
Relations between the GF concentrations and the final ossified volume were analyzed by
calculating the Pearson product moment correlation coefficient (PCC) with a significance

threshold of 0.01 (p<0.01). Error bars in the figures were displayed as standard error.

4.4. Results

4.4.1. The Effect of Mechanical Stimulation on Marrow Explants

The ossified volume in the loaded samples was significantly greater (about 4
times) than the control samples (Fig.4.3). At the end of the 28 day culture period, the
ossification of the bone marrow explants was visible through light microscopy (Fig.4.4A
and 4B). The ossified center of the loaded samples (Fig.4.4B) was observed to appear
darker under light microscope compared to control samples (Fig.4.4A). The ossified

volume was further visualized and quantified by uCT. Three dimensional reconstructed
images obtained from uCT scans revealed a smaller ossified area and volume in the

control samples (Fig.4.4C, a well ossified sample in the control group is shown)
compared to loaded samples (Fig.4.4D, a well-ossified sample in the loaded group is

shown).
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Figure 4.3: Effect of mechanical loading on ossified volume. The final mineralized
(ossified) volume of the loaded samples (n=5) was significantly more compared to
controls (n=9). The bracket connecting the control and loaded groups indicates statistical
significance (p<0.05, Mann-Whitney U test).

4.4.2. Morphological Characterization of Ossified Marrow

Histological assessment of marrow explants at day-28 (Fig.4.4E) displayed a
multi-cellular composition. Masson’s trichrome stain revealed high density collagen
regions (blue color) starting day-14 at the bottom of the explants (the figure is not
shown), which is the surface in contact with the porous membrane. The collagen density
increased and covered a large portion of the sample by day-28 (Fig.4.4E). Viable cells
with osteoblast-like morphology (arrows in Fig.4.4E) above and below the collagen-rich
regions were observed. In addition, viable cells with osteocyte-like morphology (* in

Fig.4.4E) could be seen embedded in the collagen-rich sections.
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Figure 4.4: Typical appearance of ossified marrow under light microscope (at day-28)
which were cultured in the absence (A) and in the presence (B) of mechanical
stimulation. Corresponding three dimensional reconstructed images (from pCT scans) of
the ossified explants for a control sample (C) and a loaded sample (D). E) Masson’s
Trichrome stained section of a bone marrow explant that underwent mechanical
stimulation. Blue color indicates the collagen-rich regions where ossification took place.
Arrows indicate viable cells with osteoblast-like morphology which are in the process of
laying the ossified matrix and getting ready to be engulfed by the ossified matrix. *
indicates viable cells with osteocyte-like morphology trapped in the ossified matrix.
indicates the 0.4 um pore sized supporting membrane located below the explants.
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Figure 4.5: Effect of mechanical stimulation on the production of BMP-2, VEGF, IGF-1
and TGF-B1 by ossifying marrow explants. A) BMP-2 production was not affected
significantly from mechanical stimulation. B) VEGF production in the loaded samples
was significantly higher at days 21 and 28. C) IGF-1 production at day-28 was
significantly greater in the loaded samples compared to controls. D) TGF-B1 production
was significantly higher in the loaded samples than the controls at day-28. * indicates
statistical significance (p<0.05) between the loaded samples and the controls at marked
time points (n=4 for each sample at each time point, General Linear Model with Tukey
post-hoc comparisons).

4.4.3. The Effect of Mechanical Stimulation on the Production of Factors
Even though BMP-2 was observed to be produced by both groups of samples,
mechanical loading of the ossifying marrow explants did not have a significant effect on
the production of BMP-2 at any time point (Fig.4.5A). VEGF production by the non-
loaded ossifying marrow explants declined after day-14. However, loaded marrow
explants sustained VEGF production after day-14 which was significantly greater

(Fig.4.5B) on day-21 (about 3 times) and on day-28 (about 4 times) in the loaded samples
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compared to controls. IGF-1 production was increased about 6 times on day-28 by
mechanical stimulation (Fig.4.5C) in the loaded samples. Similarly, TGF-1 production

was also increased about 1.5 times on day-28 by mechanical loading (Fig.4.5D).
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Figure 4.6: Correlation between the growth factor levels and the ossified volume (OV) of
marrow explants. A) IGF-1 level at day 21 correlated with OV (Pearson product moment
correlation coefficient, PCC: 0.899, p<0.01). B) BMP-2 level at day 28 correlated with
OV (PCC: 0.850, p<0.01). C) TGF-B1 level at day 28 correlated with OV (PCC: 0.907,
p<0.01). Triangles indicate control (non-loaded) samples, and hollow circles indicate
loaded samples.

4.4 4. Correlation between the Levels of Factors and the Ossified Volume

IGF-1 level at day-21 was observed to correlate significantly (PCC: 0.899,
p<0.01) with the final ossified volume (Fig.4.6A). Similarly, final ossified volume
correlated significantly with the day-28 levels of BMP-2 (Fig.4.6B, PCC: 0.850, p<0.01)

and TGF-B1 (Fig.4.6C, PCC: 0.907, p<0.01).
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4.5. Discussion and Conclusion

It was shown that in vitro ossifying marrow explants were mechanoresponsive
since compressive mechanical stimulation induced significantly more bone formation in
the loaded samples. In addition, mechanical loading sustained the production level of
VEGF between days 21 and 28 and enhanced production levels of IGF-1 and TGF-1
after day-21 by in vitro ossifying bone marrow explants compared to non-loaded
controls. However mechanical stimulation did not induce a statistically significant effect

on BMP-2 production level at any time point.

Histological assessment of the Masson’s Trichrome stained ossified marrow
sections revealed collagen-rich regions in the central regions of the explants (Fig.4.4E)
which corresponded to the ossified volume of the explants as detected by nCT. Viable
cells with osteoblast-like morphology were observed surrounding the lower and upper
surfaces of the ossification site, which were in the process of laying the mineralized
matrix and getting trapped within the ossified matrix as cells with osteocyte-like
morphology. Therefore it can be suggested that the applied compressive mechanical load
is experienced by the resident cells in different forms. Mechanical stimulation
information is acquired by bone and bone marrow cells in different forms: compression,
tension and fluid shear. These different types of stimulation and their effects on bone
marrow cells has been discussed before in a detailed review [49]. Even though the in
vitro loading model presented in this study is predominantly compression based, it would
be reasonable to suggest that there may be other forms of stimulation experienced by the

resident cells. A potential secondary stimulation mechanism induced by this loading
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system may be through fluid flow induced shear due to compressive deformation of the
ossifying matrix [30, 50]. It was previously shown that unconfined compression of
fibrous tissues resulted in loading-induced convection inside the tissue [51]. Therefore,
the in vitro loading system combined with 3D marrow ossification presented in this study
may possibly result in a more complex stress-strain field (compression and fluid shear)
for the resident cells. It can be suggested that the cells with osteoblast-like morphology
surrounding the ossifying site may be experiencing predominantly compressive stress as
they are either positioned at the interface of the ossifying site with the actuator tip; or,
between the ossifying site and the bottom support. On the other hand, the cells with
osteocyte-like morphology encapsulated in the ossified matrix may be undergoing
compression induced fluid flow based shear stress. This stress-strain field may be similar
to the stress-strain field experienced by bone and bone marrow cells under natural
conditions [49, 52]. Therefore the results of this study should be interpreted considering

the possibly complex stress-strain field experienced by the resident cells.

The results indicated that the VEGF production was sustained over time due to
mechanical loading. VEGF plays a critical role in BMP-induced osteogenesis [53]. In
addition, the effectiveness of low level sustained VEGF release over burst-release for
effective blood vessel formation in ischemic tissues was shown before [54]. Therefore,
sustained production of VEGF in response to mechanical stimulation may be valuable for
enhanced vascularization of newly forming bone tissue. In attestation, it was previously
shown with an in vivo animal model (employing VEGF inhibitory antibody in the

experimental animals) that VEGF signaling is essential for bone formation induced by
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mechanical strain [55]. In addition, VEGF gene expression was shown to be upregulated
by pulsatile fluid shear stress in osteoblasts [56] and in bone marrow stromal cells [57].
Therefore it can be suggested that the sustained VEGF production in the loaded ossifying
explants was maintained by the resident marrow stromal cells and osteoblasts
experiencing a complex stress-train field of compression and fluid shear. This proposition
requires further verification via immunohistochemical methods and computational

simulations.

There is evidence suggesting that marrow stromal cells regulate osteoblast
proliferation with the involvement of IGF-1 and IGF-2 [58]. It was shown that
compressive loading enhanced IGF-1 gene expression in MSCs [59]. Similarly, tensile
stretch increased the mRNA expression of IGF-1 in human osteoblastic cell cultures [19].
The synergistic involvement of IGF-1 and mechanical loading was studied with an in
vivo transgenic mouse study with osteoblasts selectively overexpressing IGF-1 [26]. It
was shown that bone formation in the transgenic mouse was elevated in response to
mechanical loading in comparison to wild-type animals. The marrow platform presented
here allowed quantification of IGF-1 production and indicated that IGF-1 was one of the
most responsive GFs to mechanical loading. IGF-1 level increased substantially after
day-21, during the second week of loading. Furthermore, there was a correlation between
the amount of IGF-1 production level at day-21 and the final ossified matrix volume.
Therefore, mechanical anabolism in this model seems to occur through mediation of IGF-
1; however, this assertion needs to be proven by targeted inhibition of IGF in this culture

model.
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TGF-f is considered to enhance proliferation of osteoprogenitor cells at all stages
of bone regeneration [1]. It was also shown that cyclic strain induced TGF-31 production
in human osteoblasts [60]. Similarly, fluid flow induced shear increased the gene
expression of TGF-PB1 in rat calvarial osteoblastic cultures [61] and in bone marrow
stromal cells [57]. Furthermore, equibiaxial strain enhanced the expression of both TGF-
B1 and VEGF (short term: 3 hours) in calvarial osteoblasts [62]. The current study was
able to investigate longer term response of GFs. Unlike VEGF which readily responded
to mechanical loading without delay, it took about one more week for TGF-B1 production
to respond to mechanical stimulation. The level of TGF-B1 at day-28 was observed to be
highly correlated with the final ossified volume of the explants which supports the

importance of TGF-B1 in osteogenesis.

BMP-2 has been shown to play an important role in bone regeneration by means
ofits capacity to promote the differentiation of MSCs to osteochondroblastic phenotype
[1, 63]. It was previously observed that compressive stimulation of osteoblasts in 3-
dimensional electrospun poly(e-caprolactone) (PCL) scaffolds resulted in up-regulation
of BMP-2 mRNA at both 10% and 20% strain compression levels [20]. However, in this
study, BMP-2 production by in vitro ossifying marrow explants was not observed to be
affected significantly by an estimated 5% compressive strain level. This may be due to
the presence of other cell types in the presented ossification model or the differences in
loading regime and intensity employed. Even though BMP-2 production level was not
significantly affected from mechanical stimulation, BMP-2 level at day-28 was observed

to be highly correlating with the final ossified volume of the explants.
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The majority of the in vitro studies investigating the bone cell mechano-
responsiveness have used 2D monolayer cultures. There have been attempts to develop 3-
dimensional in vitro models to better mimic the natural microenvironment of bone
formation site by seeding cells in collagen-based matrices or scaffolds [20, 30, 50, 64].
Even though these studies offer improvements over the traditional 2D models, they still
neglect the coexistent multi-cellular composition of the bone formation environment (i.e.
HSCs, MSCs and OAC:s). It has long been considered that the microenvironment of the
MSC:s is the most critical parameter affecting the lineage decisions. However it has
recently been shown that HSCs are able to induce osteoblastic differentiation of MSCs
under basal conditions [31]. Therefore the inherent ossification of bone marrow explants
under basal conditions presented in this study can be attributed to the coexistence of

MSCs and HSCs in addition to the other resident cells of bone marrow.

It is known that mechanical stimulation has osteogenic effects on fracture repair
[5, 65-67] and has anabolic effect on healthy bone in vivo [26, 27, 68]. Strains employed
in fracture healing models (5% range) are greater than those employed in anabolic
stimulation of healthy bone (0.5%-2% range). However, commonly, these studies employ
loading bouts with rest periods in between and frequency levels at about 0.5-2 Hz are
applied. A particular loading model for enhancing fracture healing demonstrated that the
mechanical stimulation applied after about 10 days following fracture has an accelerating
effect on bone healing, whereas the mechanical stimulation applied after 3 days of
fracture has a deleterious effect on bone healing [65]. Therefore, in the light of the

existing in vivo loading models, we have adopted a 5% strain and 0.5 Hz loading regime
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applied 900 cycles every 2 days beginning from the 12" day after the initiation of
culturing, which provided sufficient time for the early formation of a partially ossified
matrix. In attestation, histological assessment (Masson’s trichrome) of earlier time-points
(data not reported) indicated that high collagen production was evident (emergence of
blue color) by day-14, which can be considered as the indicator of earlier stages of

ossification.

It should be noted that, in this study, the response of the GF production levels to
mechanical stimulation is an accumulated response spread over a 2 day period (i.e. GF
levels were quantified 2 days after mechanical stimulation, Fig.4.2). Therefore, the results
presented here should be considered accordingly and should not be confused with the
short term response of these factors. A detailed analysis of short term responses of BMP-
2, VEGF, IGF-1 and TGF-B1 to mechanical stimulation with this ossification model
warrants further investigation. The correlations reported between the GF levels and the
final ossified volume can be used to study the temporal involvement of the GFs in bone
formation. However, it should be noted that the correlations presented here do not
necessarily imply causations, which require further targeted inhibition studies of the

specific factors.

Mechanical stimulation was previously shown to enhance cellular proliferation in
osteogenesis with in vitro studies [15, 16, 18, 21, 60]. Therefore, the increase in the final
ossified volume of marrow explants observed in this study in response to mechanical
stimulation (Fig.4.3 and Fig.4.4) can be attributed to two factors: 1) enhanced cellular

proliferation, and 2) enhanced total collagenous matrix production by the increased cell
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population. Therefore, the effect of mechanical stimulation on cellular proliferation and
non-mineralized matrix production (that was not detected by uCT scans in this study)

dynamics in marrow ossification model warrants further investigation.

GFs control cell division, differentiation and extracellular matrix synthesis. They
are also known to play an important role in bone formation, and regeneration [1, 8, 10,
69]. It has been suggested that there is a crosstalk between the GF signaling pathways and
the overall osteogenic outcome may be a synergistic contribution [1, 9, 10, 53, 69-74].
Therefore it is critical to investigate the effect of mechanical cues on the expression of
multiple factors to better understand their individual and cooperative involvement in bone
regeneration. GFs involved in osteogenesis are many and they are not limited to the ones
studied here. A comprehensive analysis of other potent factors that are affected from
mechanical stimulation can be investigated using the inherently ossifying marrow explant

platform.

In conclusion, it was demonstrated that the in vitro ossifying marrow explants are
mechanoresponsive and can be used to study the effect of mechanical stimulation on the
production of various GFs. It was shown that the final ossified volume increased in the
mechanically stimulated marrow samples. The production levels of VEGF, IGF-1 and
TGF-B1 were enhanced or sustained in response to compressive mechanical stimulation.
The outcomes of this study are essential for understanding the nature’s way of
regenerating bone tissue in terms of the complex involvement of multiple GFs in a

multicellular 3D environment and the effect of mechanical stimulation on this process.
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CONCLUSIONS

The major findings of this doctoral dissertation can be listed as:

1.

The changes in the bone marrow mechanical environment is likely to be effective
on the occupant precursor and progenitor cells, which are accepted to be
responsive to mechanical factors such as hydrostatic pressure, fluid shear and the
viscosity of their environment.

Rat marrow tissue inherently ossifies in vitro without addition of excipient
osteoinductive factors and forms a plate-like bone tissue with viable osteocyte-
like cells embedded in the matrix and osteoblast-like cells laying the mineralized
matrix.

Marrow ossification supports the residency of STRO-1+ MSCs and CD45+
hematopoietic cells throughout the culture period.

In in vitro marrow ossification model, hematopoietic cell residency decreases
over time whereas MSC cell residency peaks around day-14.

Ossified marrow tissue displays all the characteristic Raman peaks of bone tissue
with a lower mineral to matrix ratio.

Ca/P ratio of ossified marrow tissue is comparable to newly forming bone tissue
(periosteal rat tibia) and significantly less than mature bone tissue (i.e.

intracortical rat tibia and human bone).
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Marrow ossification process displayed the typical characteristics of
intramembranous ossification and therefore, the inherent in vitro ossification of
bone marrow tissue can be a useful as a scaffold-free, multicellular and 3D model
to study the intramembranous osteogenesis process in terms of morphological
differentiation, cellular composition, mechanoresponsiveness and gene and
protein expression.

It was demonstrated for the first time that inherent ossification of marrow tissue
can be achieved under serum free culture conditions without any excipient
osteoinductive factors.

It was shown that BMP-2, IGF-1, TGF-B1 and VEGF are expressed differentially
over time by the ossifying marrow explants and the concentration of IGF-1 and
VEGF correlate at different time points with the final ossified volume.

The growth factor levels and the production of bone markers (alkaline
phosphatase and osteocalcin) are highly interdependent due to correlations to each
other at same time points as well as across various time points.

The results presented in this study provide a more robust understanding of the
osteogenesis process in terms of the involvement of BMP-2, IGF-1, TGF-f1,
VEGF, AP and OC in marrow explants and the secretion sequence and the
amounts of key osteoinductive factors involved in this osteogenesis model.

It was shown that in vitro ossifying marrow explants are mechanoresponsive since
compressive mechanical stimulation induced significantly more bone formation in

the loaded samples.
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The information obtained from the marrow ossification model can be used to
develop multi-factor and multi-phase GF delivery strategies for fracture healing
and bone tissue engineering applications.

Mechanical stimulation sustained the production level of VEGF between days 21
and 28 and enhanced production levels of IGF-1 and TGF-1 after day-21 by in
vitro ossifying bone marrow explants compared to non-loaded controls.
Mechanical stimulation did not induce a significant effect on BMP-2 production
level at any time point in ossifying marrow tissue.

GFs involved in osteogenesis are many and they are not limited to the ones
studied here. A comprehensive analysis of other potent factors that are affected
from mechanical stimulation can be investigated using the inherently ossifying

marrow explant platform.
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Rat Bone Marrow Culture Protocols

Bone Marrow Organ Culture Materials
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Name Order Info Package Addn. Info Storage
a-MEM Sigma, M4526 500 ml ForFBS g
growth media
For serum-
DMEM low glucose | Sigma, D5546 500 ml free growth R
media (60%)
For serum-
MCDB 201 Sigma, M6770 500 ml free growth R
media (40%)
For serum-
ITS+1 Sigma, 12521 Sml free growth R
media
Fetal Bovine Serum | Invitrogen 12662- MSC
(FBS) 011 100 ml qualified F
MW=176.12
. . Solubility: 10
Ascorbic Acid Sigma, A4544 25 mg/ml RT
(Vitamin C)
5.0mg/ml
stock
L-glutamine Sigma, G8540 25¢g MW=146.5 F
o
Glucose (45%in | i1 ha, G8769 100 ml MW=180.16 | RT
water)
Penicillin- Lilly (Invitrogen, 100 ml 10,000U/ml F
Streptomycin 15140-122) stock
. . 5,000 pm/ml
Fungizone Sigma A9528 50 mg stock F
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DMSO, Hybrimax Sigma, D2650 S5 ml Glass vial RT
BTGI}{cerophosphate MP Biomedicals, MW=2 l 6.04
disodium salt 195206 10 g Solubility: 50 | R

pentahydrate (B-GP)

mg/ml

R: Refrigerator (4°C), F: Freezer (-20°C), RT: room temperature

e Media without L-glutamine lasts 6-9 months at 4°C.

Storage Notes for Culture Materials

¢ Once glutamine, antibiotics and serum are added the storage time of medium is

reduced to 2-3 weeks, or it can be stored at -20°C. The half-life of glutamine at

37°C1is 1 week.

e Ascorbic acid can be stored at -20°C in 1mg ascorbic acid / 1ml o-MEM form.

1. Glycerol 2-phosphate disodium salt hydrate can be stored at -20°C in 1 M

solution form.
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Standard Procedures for Using Laminar Flow Hood

Remove the unnecessary things off the hood and minimize the number of items in the
hood to allow better air circulation.

Turn on the hood UV light and keep it on for at least 30 minutes for sterilization
before each use.

While waiting for the UV sterilization of the hood, thaw the frozen components by
placing them in the 37°C water bath.

Turn off the UV light; turn on the blower and the normal light in the hood.

Swab the work surface and all other inside surfaces of the laminar-flow hood with
70% ethanol and a lint-free swab or tissue, from back to front.

When extracting solutions from the bottles, tilt the bottles towards the pipette so that
your hand will not be over the opening of the bottle.

When a bottle is uncapped, place the cap in the back of the work place open side
down.

Do not let your hand, your arm or any other items to be hovering above open cell

culture containers.



Preparation of Bone Marrow Extraction Medium

Lab-ware to be autoclaved beforehand:

1 x 100 ml medium bottle

1 ml pipettes

Sterile:

Chemicals

a-MEM

Penicillin-streptomycin stock

Lab ware

10 ml pipettes, 1 ml pipettes

50 ml centrifuge tubes

Non-sterile:

Pipettor, Pipette aid

70% Ethanol in spray bottle

Lint-free swabs

Marker pen, Lab notebook, pen, protocols
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Protocol:

1)

2)

3)

4)

5)

6)

7)

8)

9)

Follow the regular cleaning/sterilization procedures before starting to work in the
hood.

Take the chemicals to the hood with the other supplements and additions.

Place the pipettes at the side of the work place in an accessible position.

Unwrap the bottles if polythene wrapped and swap with 70% ethanol.

Slacken, but do not remove the caps of all bottles about to be used.

Remove the cap of the a-MEM bottle and place the cap open side down behind the
bottle so that your hand will not be passing over it.

Uncap a 100 ml sterile medium bottle and place the cap open side down behind the
bottle so that your hand will not be passing over it.

Tilt the a-MEM bottle towards the pipette or the syringe so that your hand will not be
over the opening of the bottle.

Mix the following in the laminar-flow hood in sterile conditions into a 100 ml
medium bottle:

e o-MEM 100 ml (Sigma, M4526)

e 50 U/ml Penicillin-streptomycin (Invitrogen, 15140-122)

o Use 0.5 ml of 10000 U/ml of Penicillin-streptomycin

10) Cap the 100 ml medium bottle and shake it to mix the ingredients.

11) Fill sterile 50ml centrifuge tubes with 25 ml of the rinsing media.



Preparation of Regular Growth Medium
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This medium is used for culturing bone marrow tissue. Media is changed 3 times

a week (based on Luria, 1987 [1]).

Lab ware to be autoclaved beforehand:

1 x 500 ml medium bottles

Sterile:

Chemicals:

a-MEM

MSC qualified FBS

Ascorbic Acid stock solution (5 mg/ml)

L-glutamine

Glucose solution (45%)

Penicillin-streptomycin stock solution (10,000 U/ml)

Fungizone stock solution (5 mg/ml)

B-Glycerophosphate disodium salt pentahydrate (f-GP)

Lab ware:

Pipettes, 10 ml, 30 ml syringes and needles
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50 ml centrifuge tubes

500 ml bottle top filter

Non-sterile:

Pipettor, pipetting aid

70% Ethanol in spray bottle

Lint-free swabs, Absorbent paper tissues

Marker pen, Lab notebook, pen, protocols, labeling tapes

Protocol:

1. Follow the regular cleaning/sterilization procedures before starting to work in the
hood.
2. Take the chemicals into the hood with the other supplements and additions.
3. Unwrap the bottles if polythene wrapped and swap with 70% ethanol.
4. Slacken, but do not remove the caps of all bottles about to be used.
5. Mix the following in a 500 ml bottom-top filter fitted on a 500 ml medium bottle
in sterile conditions (Per 500 ml of medium):
e o-MEM 450 ml
e MSC qualified FBS (10%) 50 ml
e 50 pg/ml Vitamin-C
o Use 5 ml of 5.0mg/ml stock solution

e 200 mM L-glutamine
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o Use0.146 g L-glutamine for 500 ml of medium
e 3.5 mg/ml Glucose
o Use 3.9 ml of Glucose stock solution (45%)
e 60 IU/ml penicillin-streptomycin
o Use 3 ml of 10000 U/ml stock solution of Penicillin-streptomycin
e 2.5 ug/ml Fungizone
o Use 250 pl of 5.0 mg/ml stock Fungizone solution
e 5 mM B-Glycerophosphate

o Use0.765 g of powder 3-GP

. Filter the mixed solution by applying vacuum.

. After filtration, aliquot the media into 50ml centrifuge tubes in appropriate
volumes, seal with parafilm and label the tubes with labeling tape.

. Freeze the 50 ml centrifuge tubes at -20°C freezer for future use.



Preparation of Serum-Free Growth Medium
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This medium is used for culturing bone marrow tissue under serum-free culture

conditions (based on [1] and [2]). Media is changed 3 times a week.

Lab ware to be autoclaved beforehand:

1 x 500 ml medium bottles

Sterile:

Chemicals:

DMEM low glucose

MCDB-201

ITS+1

Ascorbic Acid stock solution (5 mg/ml)

Glucose solution (45%)

Penicillin-streptomycin stock solution (10,000 U/ml)

Fungizone stock solution (5 mg/ml)

B-Glycerophosphate disodium salt pentahydrate (B-GP)

Lab ware:

Pipettes, 10 ml, 30 ml syringes and needles
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50 ml centrifuge tubes

500 ml bottle top filter

Non-sterile:

Pipettor, pipetting aid

70% Ethanol in spray bottle

Lint-free swabs, Absorbent paper tissues

Marker pen, Lab notebook, pen, protocols, labeling tapes

Protocol:

9. Follow the regular cleaning/sterilization procedures before starting to work in the
hood.

10. Take the chemicals into the hood with the other supplements and additions.

11. Unwrap the bottles if polythene wrapped and swap with 70% ethanol.

12. Slacken, but do not remove the caps of all bottles about to be used.

13. Mix the following in a 500 ml bottom-top filter fitted on a 500 ml medium bottle
in sterile conditions (Per 500 ml of medium):
e DMEM (60%) 300 ml
e MCDB-201 (40%) 200 ml
e ITS+1(1%)5 ml
e 50 pg/ml Vitamin-C

o Use 5 ml of 5.0mg/ml stock solution
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e 3.5 mg/ml Glucose

o Use 3.9 ml of Glucose stock solution (45%)
e 40 IU/ml penicillin-streptomycin
o Use2 ml of 10000 U/ml stock solution of Penicillin-streptomycin
e 1.5 pug/ml Fungizone
o Use 150 ul of 5.0 mg/ml stock Fungizone solution
e 5 mM B-Glycerophosphate
o Use0.765 g of powder B-GP
14. Filter the mixed solution by applying vacuum.
15. After filtration, aliquot the media into 50ml centrifuge tubes in appropriate
volumes, seal with parafilm and label the tubes with labeling tape.

16. Freeze the 50 ml centrifuge tubes at -20°C freezer for future use.
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Extraction of Bone Marrow from Rat

Lab-ware to be autoclaved beforehand:

20mm radius diamond bit for Dremel rotary tool

2 x 100 ml containers with white lids

Multiple forceps in sterilization pouches (2 forceps in 1 pouch, multiple pouches needed)

1.5 ml micro centrifuge tubes with silicon stoppers for bones

200 ul, wide orifice, low binding pipette tips.

Sterile:

Chemicals

Bone marrow extraction rinsing medium (25 ml) in a 50 ml centrifuge tube

Lab ware

Petri dishes (at least 3)

Non-sterile:

Dremel 7700 high speed rotary cutting tool

70% Ethanol in spray bottle

Lint-free swabs, Absorbent paper tissues

Marker pen, Lab notebook, pen, protocols
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Ice in a foam container (rinsing media in 50 ml tube is placed on ice)

Note: Large laminar flow hood should be used for this procedure due to space

requirements.

Bone marrow extraction Protocol:

1. THE CO; SACRIFICE OF RATS SHOULD BE CARRIED OUT BY
AUTHORIZED PERSONNEL WITH APPROPRIATE TRAINING. THE
PRCEDURE SHOULD BE CARRIED OUT ACCORDING TO THE
APPROVED PACUC PROTOCOL. THE AUTHORIZED PERSONNEL
SHOULD BE LISTED IN THE APPROVED PACUC PROTOCOL. IF YOU DO
NOT HAVE THE APPROPRIATE TRAINING, CONTACT THE
DEPARTMENT’S ANIMAL HANDLING PERSONNEL.

2. Therat is taken from the animal husbandry room in the basement and transported
to the operation room of BME on a cart. DURING TRANSPORTATION, THE
ANIMAL CAGE SHOULD BE COVERED WITH A CLOTH OR TOWEL.

3. Therat is placed in the induction chamber, which is connected to the CO; line and
activated carbon air filter.

4. CO; gas is turned on quarter-turn and the hissing sound of the gas is checked.

5. The animal is observed and once it becomes motionless, CO, gas is kept on for 5

more minutes.
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The COs, line is turned off, the line is disconnected and the CO2 rich air in the
chamber is allowed to equilibrate through the activated carbon filter for 5
minutes.

The induction chamber is opened and the heartbeat of the animal is checked
inside the induction chamber.

The euthanized animal is transferred onto a lab bench which is covered with a
layer of absorbing pad.

The hind limbs and the chest of the animal are shaved with clippers.

Thoracic puncture of the chest cavity is performed with scalpels and surgical
scissors. THIS PROCEDURE SHOULD BE PERFORMED BY TRAINED
PERSONNEL.

The animal is wrapped in a towel or cloth and transferred to sample preparation
room for dissection.

The animal is placed in a clean dissection tray, face down and the feet are fixed
with dissection pins.

The skin is cleaned with 70% ethanol and swabs.

Using tweezers lift the skin above the femur on the hind leg.

Cut lifted skin using scalpels to expose the underlying muscles and bones.

. Using fresh instruments cut the overlying muscle to expose the femur and tibia

Remove muscles surrounding the femur and tibia using scissors and/or scalpels.
Dissect out tibia first followed by femur.
Once the tibia and the femur are dissected out, place them in the rinsing media in

50 ml tube which was previously placed on ice.
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19. When the dissection is complete, take the ice box to cell culture room.

20. Carry out the standard cleaning and preparation procedures for the large laminar

flow hood.

21. Spend 2 minutes to plan your actions strategically in the hood and place the

22.

23.

24.

25

following at strategic locations based on your plan:

a.

€.

f.

Two Sterile 100 ml containers with white lids. One of them is filled with
50 ml of 70% ethanol.

Three petri dishes. Three Gauze pads are placed in one of them for drying
the extracted bones.

The sterile forceps in pouches.

The container of the sterile 1.5 ml tubes.

Dremel tool with the sterile diamond bit attached.

Corning culture wells with inserts (6 well inserts).

Pour the rinsing media with the bones into the sterile container.

Pick the bones with sterile forceps and drop them into the 70% ethanol container.

Count to 15.

After counting to 15, remove the bones from 70% ethanol container and place

them onto the sterile gauze pads in the Petri dish. Let them dry for 2 minutes.

. Hold the bones with sterile forceps and cut the ends of the femur and tibia at the

locations shown below (the cut locations were chosen strategically to minimize

the amount of trabecular bone pieces in the extracted bone marrow):
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CUT -

Femur Tibia

26. After cutting the ends of the bones, place them immediately in the sterile, labeled
(F or T) 1.5 ml tubes with the silicon stoppers as shown below and spin them at

2000RPM for 2 minutes (as seen below).

CUT -Hisasssssls:.....

CAUTION:
Trabecular
bone
fragments

Femur Tibia

27. After centrifugation, the bone marrow tissue will be accumulated at the tip of the
centrifuge tube. If there is very little (approximately less than 50 pl) marrow

tissue in the tube, it means that all the marrow tissue was not extracted efficiently.
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Increase the centrifuge speed to 3000 RPM and spin one more time for 1 minute.
Caution should be use as some bone fragments may also be present in the marrow
tissue as seen in the above figure.

The bones and the silicon stoppers are removed from the tubes.

By using sterile 200 ul low binding wide orifice pipette tips, combine femur and
tibia marrow in individually labeled (F or T) 1.5 ml tubes each and mix them by
gently pipetting and mixing.

Spin the combined and mixed tube at 1000RPM for 1 minute to settle the bone
fragments.

The marrow tissue in the tubes is ready for seeding on the culture inserts. Start

seeding immediately.
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Seeding and Culturing Bone Marrow Explants

Note: 6 well plates with inserts require 1 ml of media underneath to provide a
medium-air interface. This volume of medium provides a reasonable liquid level in the

wells without flooding the upper surface of the insert.

Sterile:

Chemicals

Growth media

Lab ware

Corning Transwell Cell Inserts, 6 well, 24 mm, Polyester, Clear, 0.4pm pore size, #3450.

1 ml pipette tips

Non-sterile:

Pipettor, pipetting aid

70% Ethanol in spray bottle

Lint-free swabs, Absorbent paper tissues

Marker pen, Lab notebook, pen, protocols
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Protocol:

1. Follow the regular cleaning/sterilization procedures before starting to work in the
hood.

2. Thaw and take the mediums to the hood.

3. Follow the bone marrow extraction protocol to obtain the marrow tissue.

4. Transfer 7 pul of marrow tissue onto the culture inserts.

5. When aspirating marrow from the 1.5ml centrifuge tube, pay attention to the bone
fragments and do not aspirate them. Aspiration should be done from the top of the
marrow layer.

6. Spread the marrow tissue with the tip of the pipette to obtain a 5 mm diameter
uniform layer.

7. Add 1m ml of regular growth medium underneath the culture insert, label the wells
accordingly (pay attention to samples that are coming from tibia and femur)

8. Close the lid of the 6-well plate and transfer it into the incubator immediately.

9. After all the seeding is complete, inspect the samples and note down the ones which

contain bone fragments.



Cryopreservation Protocol
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Note: Bone marrow in a mice femur contains about 1.5 to 2.0 x10” [3], whereas

rat femur contains 6 x107 nucleated cells [4]. For cryopreservation it is recommended to

have 1x10° - 1x107 cells/ml of freezing medium [3].

Sterile:

Chemicals

FBS (Sigma, F6178)

DMSO

Lab ware

15 ml centrifuge tubes

1 x 100 ml medium bottle

Cryo vials

Non-sterile:

Extracted rat femurs

70% Ethanol in spray bottle

Lint-free swabs, Absorbent paper tissues,

Marker pen, Lab notebook, pen, protocols
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Freezing container with isopropyl alcohol

Protocol:
1. Follow the standard sterilization procedures in the laminar-flow hood.
2. Thaw the FBS for 30 minutes at 37°C water bath.
3. Add 13.5 ml of FBS to a 15 ml centrifuge tube.
4. Add 1.5 ml of DMSO to the centrifuge tube and mix by repeated pipetting.
5. Ifthe cells are in suspension tentrifuge at 1200 RPM for 5 minutes.
6. Discard the supernatant.
7. Add the freezing medium onto the pellet.
8. Disperse the mixture to a suspension by pipetting through a 10 ml pipette.
9. Aliquot 1.8 ml of the mixture to the cryo vials.
10. Put the cryo vials into freeze container and place it at -80°C freezer overnight.
11. The next day, take out the cryo vials and immediately transfer to the liquid
nitrogen tank.
12. Do not forget to take note in the frozen cell inventory.
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Protocol for Thawing Frozen Cells

Note: Bone marrow in a mice femur contains about 1.5 to 2.0 x10” [3], whereas
rat femur contains 6 x107 nucleated cells [4]. For cryopreservation it is recommended to

have 1x10° - 1x107 cells/ml of freezing medium [3].
Sterile:

Chemicals

Regular growth medium that contains 10% FBS
Lab ware

15 ml centrifuge tubes

1 x 100 ml medium bottle

Culture flask

Non-sterile:

70% Ethanol in spray bottle

Lint-free swabs, Absorbent paper tissues

Marker pen, Lab notebook, pen, protocols
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Protocol:

l.

10.

11.

12.

Retrieve the vial from the freezer and check that it is the correct one, carry it with
glove.

Take note in the frozen cell inventory.

Place the vial immediately in water bath at 37°C and close the lid.

When the vial is completely thawed, wipe down outside of the vial with 70%

ethanol.

. Measure 9 ml of regular plating media into a 15ml centrifuge tube.

Draw up 1.5 ml of media from 15ml tube then draw up cells from vial into this
1.5 ml slowly. This gradual process is particularly important with DMSO, with
which sudden dilution can cause severe osmotic damage to the cells.

Pipette up and down a few times into cell vial to ensure all cells are taken. Be
careful not to overflow the contents.

Put the contents of the cell vial into the 15ml tube with media slowly.

Spin the centrifuge tube at 1200rpm for Smin.

Decant media and resuspend the pellet in a volume of regular growth medium
appropriate for a flask or a macrowell.

Transfer the cells to a flask or macrowell and incubate at 37°C and 5% CO,.
Change the media the next day to remove residual DMSO. No need to tyrpsinize,
just pour off media and replace with Sml of fresh media. Pass cells as normal after

that.
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The Mechanical Environment of Bone Marrow: A Review
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Abstract—Bone marrow is a viscous tissue that resides in the
confines of bones and houses the vitally important pluripo-
tent stem cells, Due to its confinement by bones, the marrow
has a unigue mechanical environment which has been shown
to be affected from external factors, such as physiological
activity and disuse. The mechanical environment of bone
marrow can be defined by determining hydrostatic pressure,
fluid flow induced shear stress, and viscosity. The hydrostatic
pressure values of bone marrow reported in the literature
vary in the range of 10.7-120 mmHg for mammals, which is
generally accepted to be around one fourth of the systemic
blood pressure. Viscosity values of bone marrow have been
reporied to be between 37.5 and 400 ¢P for mammals, which
is dependent on the marrow composition and temperature.
Marrow’s mechanical and compositional properties have
been implicated to be changing during common bone
diseases, aging or disnse. fn vitre experiments have demon-
strated that the resident mesenchymal stem and progenitor
cells in adult marrow are responsive to hydrostatic pressure,
fluid shear or to local compositional factors such as medinm
viscosity. Therefore. the changes in the mechanical and
compositional microenvironment of marrow may affect the
fate of resident stem cells @ vive as well, which in turn may
alter the homeostasis of bone. The aim of this review is to
highlight the marrow tissue within the context of ils
mechanical environment during normal physiology and
underline perturbations during disease.

Keywords—Mesenchymal stem cells, Marrow progenitor
cells, Physiological activity, Osteoporosis, Disuse, Aging,
Pressure, Fluid shear, Rheology, Viscosity.

INTRODUCTION

Bone marrow is the soft tissue residing in the cavi-
ties of the bones housing the essential pluripotent
precursor cells for the living organism. It is the major
source of hematopoietic stem cells (HSCs) which
have the role of renewing the elements (monocytes,
macrophages, neutrophils, eosinophils, erythroblasts,

Address correspondence to Ozan Akkus, Weldon School of
Biomedical Engineering, Purdue University, 206 5. Martin
Jischke Drive, West Lafayette, IN 47907-2032, USA. Electronic
mail: ozan@purdue.edu

BO-696408/1200-1978 0 € 2008 Biomedical Engincering Sty

erythrocytes, megakaryocytes, platelets) in the blood.™
Adult bone marrow also contains the mesenchymal
stem cells which contribute to the regeneration of tis-
sues such as bone, cartilage, muscle, adipose, tendon,
ligament and stroma by differentiating into osteo-
blasts, chondrocytes, myocytes, adipocytes, tenocytes
and neuronal cells in vive and in vitro,S'STTETEE
Mesenchymal stem cells have been proven to be
responsive to mechanical signals such as hydrostatic
pressure,” "7 fluid flow induced shear stress™ and
the rheological properties (viscosity) of their environ-
ment 21895

Bones are primarily responsible for countering
physiological loads. The close proxmmity of marrow
within medullary cavities of bones subject the marrow
to physiological loads as well 79218 The key
variables of the mechanical environment of marrow
due to the external factors can be listed as the intra-
medullary pressure and the fluid flow generated by
pressure gradients. These wvariables change during
regular physical activities.?>™97123  Intramedullary
pressure elevations are reported in response to drugs
and steroids.>**¥9%% Composition and rheological
properties of marrow are also reported to change
during aging and drug use.”™ Studies also suggest
these properties of marrow to change during aging,
osteoporosis or disuse.”™™™*! Since these anomalies
have the common hallmark of bone loss, the possibility
arises that the mechanical environment of marrow may
be a key player in homeostasis of bone by way of the
mechanically responsive resident stem cells.""”

Structure and Function of Bone Marrow

In adults, marrow tissue located in the mid-diaph-
yseal portions of peripheral bones in the body mostly
consists of adipose tissue which imparts a vellowish
color (fatty marmw)_'m In the axial skeleton however,
the adipose tissue coexist with the hematopoietic
tissue in a wvariable but roughly equal proportion.
Bones provide a confined environment for marrow.
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Therefore, changes in the volume of active marrow
(where hematopoiesis occurs) should be compensated
by the expansion of a space-occupying component.™
This component is commonly accepted to be the adi-
pose tissue. When the marrow hematopoietic activity
increases, adipose tissue undergoes resorption to pro-
vide more space, or vice versa.

Hematopoietic tissue imparts a reddish color to
marrow (red marrow) due to the high content of heme
chromogen.'™ Red marrow houses the red blood cells,
platelets and white blood cells and resides in the flat
bones such as skull, ribs, vertebrae, the proximal
halves and the endosteal surfaces of the long bones.
Red marrow tissue is rich in a variety of cellular
components comprised mostly of hematopoietic cells.
The hematopoietic cells give rise to monocytes, mac-
rophages, neutrophils, eosinophils, erythroblasts,
erythrocytes, megakaryocytes, platelets, and osteo-
clasts. ' 21579 Marrow's other cellular component
is a highly organized stroma that supports the prolif-
eration of the hematopoietic cells.'"” The organized
stroma is composed of reticular cells which form a
spongy {ramework on which hematopoietic cells are
arranged. Upon maturation, hematopoietic cells
migrate into the blood stream. Therefore, hematopoi-
etic cells are temporary residents of marrow. Con-
versely, the stroma remains as a scaffold for the

differentiation and maturation of the hematopoietic
cells."™ Bone marrow also contains mesenchymal stem
cells which have been shown to differentiate into
osteoblasts, chondrocytes, myocytes, adipocytes and
neuronal cells i vivo and in vitro,&1557T6TEET

The organization of the marrow can be best under-
stood by following its vascular layout. In a tubular
bone, the nutrient artery enters the marrow cavity, runs
longitudinally in the center, then branches out toward
the endosteum of the surrounding bone, leading to
specialized vascular structures known as sinuses or
sinusoids (Fig. 1)."'" Several of these sinuses may then
combine to form collecting sinuses which lead to the
central sinus or vein. This vein runs longitudinally next
to the nutrient artery. Blood in marrow flows from the
center toward the bone and then returns back to the
center.'™!™ This structural configuration vields high
numbers of vessels and sinuses in the periphery
(resulting in a slower flow rate of blood and higher
surface area) where most of the exchange occurs.
Therefore, hematopoiesis is maximal in the closer
proximities to the bone surface leaving the central parts
with relatively little hematopoietic activity (Fig. 1).'™
Due to this fact, it is possible to observe a transition
region between red marrow and fatty marrow radially
(red marrow being closer to the endosteal surfaces,
Fig. 1)."™  Similarly, a longitudinal macroscopic
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distribution is observed as red marrow in the proximal
half and fatty marrow in the distal half of the bones.'™
Bone and marrow are connected by vasculature. Bone
nutrient vessels enter the marrow cavity to make con-
nections with marrow vessels. Small arteries of marrow
also enter the bone, make a loop and return back to
where they originated from.'™'™ A more detailed
description of the structural organization and function
of marrow can be found elsewhere,'"*1%

THE MECHANICAL ENVIRONMENT
OF BONE MARROW

Hydrostatic Pressure

One of the first studies on the bone medullary
pressure reported extensive necrosis of the bone after
intramedullary nfusion of high pressure saline solu-
tion.* Numerous subsequent studies tried to elucidate
the possible relationship between the medullary pres-
sure and the hemodynamics of the bone (Table 1). The
systemic blood pressure in animals has been reported
to be in the range of 110 140 mmHg, whereas the
normal intramedullary pressure (IMP) was generally
about 30 mmHg which is approximately one fourth of
the svstemic blood pressure (Table 1). This general-
ization is known as the one-forth rule,””"

It was observed that intramedullary blood flow is
directly related to the IMP and was suggested that the
IMP is the resultant of the total blood flow entering the
bone and the total blood flow leaving it In addi-
tion, marrow pressure depends on the relative degree
of resistance to flow between arteries and marrow
blood vessels, and between marrow blood vessels and
veins. Moreover, IMP and blood-pressure has varia-
tions with the phases of respiration such that IMP
increases with inspiration and decreases with respira-
tion.”” Tondevold e al.'® investigated the changes in
IMP in relation to mean arterial pressure. Interest-
ingly, they observed that the medullary pressure
remained essentially constant and independent of the
mean arterial pressure as long as the latter remained
above 81 mmHg Therefore, it was suggested that
there has to be a regulatory system trying to keep the
medullary pressure constant, which may be the arte-
rioles of the bone marrow that are supplied by sym-
pathetic nerve fibers with a vasoconstrictor function.”
Shim er al.”® observed the relationship between IMP
and hemodynamics of bone by focusing on the blood
supplies of bone. This approach was in contrast to
previous studies, which focused on systemic blood
circulation. Experiments carried oul by Shim et al.
indicated that IMP rises if the arterial blood supply to
the bone increases or venous congestion occurs in the

TABLE 1. Blood § and | dullary pressure (IMP) values reported In the literature.
Blood pressure IMP
Animal Location Value (mmHg) Location Value (mmHg)
Stain ef 4/ Dog Femaoral artery 110-140 Tibial diaphysis 25-T75
Shaw™™* Cat Contralateral femoral or carotid artery 130 Femoral diaphysis a7
Azuma™® Rabbit Carotid arnery 100-110 Femur or tihia 25 (4-70)
Michelsen®s* Rabbit Carotid anery 73-118 Tibia 18-36
Harrelson and Hill®®® Mongrel dogs  Fernoral artery contralateral 110-140 Mid-diaphysis of femur 35
Femoral vein contralateral 2
Shim et al " Rabbit Carotid artery 120 Femur 20-60
Dog Carotid artary 130 Femur A0-120
Wilkes and Visscher'*"® Dag Femoral artery 134.0 (£13.2) Tihia 23 (£53)
Mutrient vein 19.3 (+6.3)
Tondevold et al.'™* Mangrel dogs  Left brachial arery 112.9 (+0.8)  Femoral epiphysis 30.7 (+2.6)
Femoral metaphysis 205 (£1.5)
Femoral diaphysis 25.7 (£1.7)

Thomas et al'%"™® Rabbit Not measured
Bauer and Walkar™® Daog Mot measurad
Stevens ef al¥ Mouse Not measured

- Lower femoral diaphysis 33 (7-81)

- Femoral diaphysis 276 (£15.4)
Femoral metaphysis 17.6 (£10.5)
Tibial diaphysis 26.4 (+13.0)
Tibial metaphysis 17.9 (+11.8)
Humeral diaphysis 26.2 (+15.8)
Humeral metaphysis 134 (£7.7)
Radial diaphysis 15.4 (£18.9)

- Famur 10.7 (£1.4)

“IMP was measured with a cannula inserted into the bone in anesthetized animals.
"IMP was measured with a tonometric pressure transducer in anesthetized dogs.
“IMP was measured by radiotelemetry in unanesthetized ambulatory mouse.
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TABLE 2. The effects of occlusion, epinephrine, norepinephrine, vasodilators, vasoconstrictors and skeletal muscle contraction
on intramedullary pressure (IMP) and systemic blood pressure.

Skaletal muscle

Dcclusion Drugs contraction

Arterial  Venous  Epinephrine  Narepinephrine Vasodilator Vasoconstrictor  Abdominal  Lower limb
Stein ef al %2 T T Ll TT
Shaw%* Il T - ur ur Ll mr
Azuma™? [ T = Tl bLiT— = »
Michalsen®*® [ T br M= 1T
Shim ef al ¥t I - = L ur I - T -
Stavens af al*"* T

Tl =: Increase, decrease or no change in IMP; T.L, - : Increase. decrease or no change in systemic blood pressure; Tl or T1: First
increase, then decrease or vice versa; vasodilator: acetylcholine, benzyl-imidazoline; vasoconstrictor: amphetamine, histamine,

“IMP was measured with a cannula inserted into the bone in anesthetized animals.

"Blood pressure was measured at the femoral artery; vasadilator (acetylcholing) was injected into femaral artery.

“IMP was measured by radiotelemetry in unanesthetized ambulatory mouse.

All injections were made intravenously; systemic blood pressures were measured at the carotid artery.

limb (Table 2). It was further demonstrated that
increased marrow cavity pressure due to venous
congestion decreases the blood supply to the bone.” It
was also snggested that the elevation of the IMP due to
muscle contraction, which mimics physiological activ-
ity, may have significance in the maintenance of
structural integrity of the bone. Although some
researchers claimed to be able to define a relationship
between the IMP and the blood circulation in bones,
there is neither an agreement nor a consistency in the
findings as it can be seen in Table 1. Nevertheless, a
common finding in these studies is that the IMP has a
pulsatile regime synchronous with the arterial blood
pressure and respiration.

There was a significant variation in the intramed-
ullary pressure measurements reported by various au-
thors in the hiterature (Table 1). This could be due to
the differences in the marrow tissue of different spe-
cies.” Another explanation to these variations was that
the blood channels in the bone marrow were damaged
by the insertion of the cannula and it was quite pos-
sible that there was a blood pool forming at the tip of
the cannula. Therefore, sizes of the damaged channels,
the amount of the damage in blood channels and in the
extravascular tissue could be causing the variation.’
Similar concerns related to variations in pressure
measurements due to lesions formed at the tip of the
cannula were raised by wvarious researchers.”"> In
order to eliminate the negative effects of hemorrhage
or lesions forming, a tonometric pressure transducer
was employed which was positioned on the intact
endosteal membrane through a cortical hole of about
7.3 mm in diameter.'” Although the enhancing char-
acteristics of the measurement technique were not
discussed in detail, less variation was observed in the
IMP measurements (Table 1). However, the difficulties
in the surgical techniques used in this study cansed

punciure of the endosteal membrane and gross trauma
in half of the animals. Due to the advances in sensing
electronics and telemetry, it has been recently possible
to conduct i vivo IMP pressure measurements on
unanesthetized ambulatory mice by implantation of a
radiotelemetry pressure transducer.”™” The transducer
was composed of a 0.4 mm diameter catheter, which
was inserted through a 0.5 mm hoele in the femoral
cortex and sealed with tissue cement. The catheter was
connected to a transmitter, which was secured in the
peritoneal cavity, onto the abdominal wall. The new
technique was successfully emploved for long term,
in vivo measurements of IMP in venous ligation and
hindlimb suspension mice models (Tables 1 and 2).
This new technique has proved to be more efficient in
yielding in vive pressure measurements with more
accurate readings.

The response of the mechanical environment of the
bone medullary cavity to various factors has revealed
that the marrow environment is quite susceptible to
external factors. In addition, this response has been
shown to be quite robust in its recovery towards its
normal state after its dynamics were disturbed. The
studies in this regard aimed to elucidate the hemody-
namic changes in bone marrow due to external effects
such as occlusion of regional vessels, injection of
epinephrine, norepinephrine, acetylcholine, pressor
and depressor drugs, and skeletal muscle contraction
(Table 2).

It is commonly anticipated that physiological
loading (i.e. walking or running) perturbs the
IMP 37880916 This  supposition was tested by
externally stimulating skeletal muscles of anesthetized
animals to mimic the physiological loading conditions.
The results (Table 2) showed that IMP rises due to
muscle contraction. In a more recent in vive study, the
effect of hindlimb suspension and venous ligation on
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the medullary pressure was successfully measured by
telemetry in ambulatory mice.”” In this study, surgical
venous ligation increased the IMP by 25%. In
addition, IMP decreased by 23% in normal mice and
decreased by 33% in ligated mice upon hindlimb sus-
pension (Table 2). In general, arterial occlusion vielded
a decrease while venous occlusion yielded a rise in the
medullary pressure, both of which verify the direct
relationship between the blood flow into the bone and
the IMP (Table 2). The effects of vasodilator, vaso-
constrictor drugs and steroids on marrow pressure
were investigated on anesthetized animals, > 3%90:%
Vasodilator drugs tend to lower both the marrow and
the systemic blood pressure while vasoconstrictor
drugs tend to increase both of them (Table 2).
Miyanishi ef al.”” attempted to relate steroid-induced
osteonecrosis with intraosseous pressure rise in rabbits.
They observed that steroid treatment significantly
increased marrow pressure, decreased bone blood flow
and also cansed fat cell enlargement.

Rheology

It has recently been indicated that marrow viscosity
is a critical parameter modulating the shear stresses
experienced by the trabecular surfaces in the vertebral
bodies due to vibratory loads."” Since the potential
rheological changes in the marrow due to bone dis-
cases and aging is likely to affect the shear stresses
experienced by the progenitor cells in marrow, it is
essential to quantify and characterize these parame-
ters. Bone marrow (bovine) has been shown to present
Mewtonian fluid characteristics (i.e. constant viscosity
which is independent of shear rate) at near body
temperatures.'” It should be noted that marrow has a
slightly lower temperature (1.6 4.8 °C below) than
normal body temperature in humans.” Bryant ef al.'”
observed the dependence of bovine bone marrow’s
rheological properties on temperature and anatomical
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location. The measured viscosity of the proximal
marrow at 35 °C (=400 cP, viscosity of water is 1 cP)
was found to be about ten times that of the distal
samples (=40 cP) which can be associated with com-
positional variations of marrow along the bones
{Table 3).°" Noting that the proximal ends of bones
contain red marrow, whereas the distal ends contain
vellow (fatty) marrow'™; it is reasonable to infer that
the increased fat content in marrow may reduce its
viscosity. Interestingly, removal of cell debris, blood
cells and other granular matter from the marrow by
centrifugation decreased the dependence of its viscos-
ity on temperature." Considering the durations of
viscosity measurement intervals of as long as 6 h; the
potential effect of coagulation of marrow samples was
not discussed in this study.'” In a more recent study on
the measurement of femoral bovine marrow viscosity
with an implantable wireless method, a viscosity
value of 123 cP was reported.’’ The only study on the
viscosity of human bone marrow (calcaneal marrow
which was reported to be mainly vellow or fatty)
reports values in the range of 37.5 cP (at 36 °C) and
Mewtonian fluid characteristics (i.e. viscosity is not
dependent on the shear rate).'” However the authors
report non-Mewtonian behavior for the bone marrow
specimens with red components (i.e. higher blood cell
concentration).'” This finding is not surprising as it is
known that human blood displays non-MNewtonian
characteristics.>® In addition, the density of red bone
marrow (1.06 g/cm?)'** has been reported to be com-
parable to that of blood (1.05 g/em™).*® It should be
noted that there is limited information available
in the literature on the density of fatty marrow
(0.89 g/cm”)*! which is comparable to that of fat tissue
(0.92 g/em”)."™ The viscosity values reported in the
literature for bone marrow and blood are summarized
in Table 3.

The wvariation of marrow composition along the
bones and in the different parts of the body is still a

TABLE 3. Viscosity measurement values reported in the literature for bone marrow and blood.
Subject Location Temperature (°C) Value (cP)
Bone marrow
Bryant of al'® Boving Proximal radius 35 4002
Bovine Distal radius 35 44"
Gurkan and Akkus™ Bovine Femur a7 1237
Davis and Praveen'” Human Calcaneus 36 375"
Blood
Eguchi and Karino®® Human - a7 667

Measurement was obtained with cone and plate viscometer.
“Measurement was obtained with parallel plate theometer,
“Measurement was obtained with controlled oscillatory flow within a straight, cylindrical tube with circular cross

saction.

“Measurement was obtained with falling ball viscometer at a shear rate of 0.189 s~ on a blood sample with a

hemacrit value of 41%, and a density of 1.05 glem®,
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question to be answered. This variation can be
explained by the temperature dependence of marrow.
Marrow composition is highly affected from variations
in temperature. Huggins ef al. 35 evidenced that the
fat content of bone marrow in the limb bones (femur,
radius) are higher than the bones in the central parts of
the body (ribs, vertebra). This was suggested to be
associated with greater body temperatures in central
bones. Similarly, Weiss ef al. demonstrated that in
summer times, the bony exoskeleton of the nine-
banded armadillo (Dasypus novemcinetus) displayed a
red or erythropoietic marrow; whereas in winter times,
when the ambient temperature is low, the marrow was
vellow or fatty.'"®

The rheological properties of bone marrow in dif-
ferent parts of the body and in osteoporotic, disused or
aged bones are not known. fn vive monitoring of
marrow in bone disease and disuse models can provide
more realistic values due to the elimination of effects of
extraction. The outcomes of future investigations in
this area may prove to be valuable for researchers
trying to simulate the natural environment of stem and
progenitor cells in mechanically stimulated cell cultures
in an effort to better understand bone loss.

While the intramedullary pressure and the rheology
of marrow are relatively well investigated, the shear
stress in the marrow during ambulation is largely
unknown. Shear stress within the marrow as well as
between the marrow and the endosteal bone may play
a role in terms of modulating the biological response of
marrow resident cells and the endosteal lining. The
deformation and flow of marrow due to mechanical
loading and associated effects on the stromal cells is an
area open to investigation and it needs to be studied
further.” 1%

EXTERNAL INFLUENCES TO THE
MECHANICAL ENVIRONMENT
OF BONE MARROW

Effects of Physiological Activity and Loading

When the mechanical loading on bones is removed
due to extended periods of inactivity, such as bed rest
or during space-flights, bone mineral density
decreases."**1*2 On the other hand, elevated amounts
of loading on bones due to exercise causes increased
bone mass and bone turnover,'®*HCLERESIZ pyen
though there is én vive evidence that exercise induced
mechanical loading enhances bone mass, the cellular
and molecular mechanisms underlying this fact are still
being studied. Bone homeostasis is a balanced system
of formation by osteoblasts and resorption by osteo-
clasts. Osteoblasts are the bone forming cells that
originate from mesenchymal stem cells residing in

marrow. Whereas osteoclasts are the bone resorbing
cells that originate from the hematopoietic stem cells in
marrow."? Bone marrow mechanical environment is
known to be affected from loading of bones with
variations in intramedullary pressure, intramedullary
and interstitial fluid flow.™™**%%11® Since marrow is
housing the precursors of osteoblasts and osteoclasts,
the changes in the mechanical environment of marrow
due to physiological activity and loading may play a
role in bone homeostasis.

The earlier studies on the effects of loading on the
mechanical environment of bone marrow tried to elu-
cidate the strengthening characteristics of marrow as a
slightly compressed liquid in the trabecular regions. It
has been suggested that intertrabecular fluid (marrow)
pressurized by compressive deformation of the bone
may provide load bearing capabilities.”***' The
related ex vivo and in vivo studies proved that marrow
inside the trabecular regions of femoral head provides
stiffness to subchondral trabecular bone.”™™" It was
also suggested that bone marrow acts as an interme-
diate transferring the external loads by means of
pressurization to trabecular bones, which are acting as
trusses in subchondral regions. Therefore, the trabec-
ulum bears only the modest pressure difference across
it as a tensile load.”®

Researchers have used both in wive and in vitro
models to study the effects of physiological loading
and activity on bone marrow. Kumar et a/.** loaded
the fixed femurs of rats i vive applying loads ranging
from 0 to 12.25 kg for 1 min. They observed pressure
values to rise about two-fold (12 14 mmHg increase)
upon loading. They also studied contraction of the
quadriceps muscles with electrical stimulation, result-
ing in a pressure increase of 60 mmHg*® Another
study loaded the tibiae of the sheep in impact in vitro
with loads of 2000 N for durations of 0.015 s and
observed elevations up to 300 mmHg.” Downey ef al.”
studied the effects of in vifro compressive loading in the
human femoral head. The extracted human hips from
cadavers were subjected to load by means of a
mechanical testing device. They observed the IMP rise
by 55 (+66) mmHg per 980 N of load applied over
0.1 s. The load values and the application durations
were estimated to be comparable to physiologic con-
ditions. They also presented an interesting finding
about an osteoporotic bone with a much higher pres-
sure rise of about 220 mmHg as a result of a relatively
less load of 390 M. However, due to the lack of blood
flow in the bone resting IMP of the bones was zero and
the resemblance of these loading conditions and
models to natural physiological loading conditions are
disputable. These studies, regardless they are in vive or
in vitro, apply artificial external loads with assumed
similarity to physiological loads. Moreover, in vitro
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studies lack blood circulation in the bone and in the
muscle tissue, both of which may have potent effects
on the pressure of bone marrow during physiological
loading. An ideal study investigating the effects of
physiological loading on the mechanical environment
of bone marrow should employ slightly invasive or
noninvasive instrumentation which at the same time
facilitates continuous measurements in unanesthetized
ambulatory animal models. Furthermore it should be
noted that the magnitudes of the loading induced IMP
is dependent on factors such as loading rate, viscosity
of marrow and porosity of the surrounding bone.'**°
Therefore these factors should be taken into consid-
eration when evaluating the relative magnitudes of
loading induced IMP.

An explanation for bone loss due to lack of exercise
and physical activity 1s decreased medullary cavity
pressurization.™ It has been reported that bone loss is
not equal throughout the skeleton in long-term bed
rest. Bone loss is the greatest in lower extremities, where
the medullary pressure is significantly decreased due to
lack of activity. On the other hand, bone formation is
observed in the head, where the intracranial pressure is
increased due to body orientation and shift of body
fluids.™® This suggestion has recently been supported by
a mouse hind limb suspension model with in vivo fem-
oral IMP measurements for extended durations.”” The
study aimed to infer the interstitial fluid flow changes
due to pressure gradients between the endosteum and
periosteum. A decrease of 23% in the IMP was ob-
served upon hindlimb suspension. Although the cor-
relation between the IMP and the bone formation or
bone loss was not reported, it was shown that medul-
lary pressure is sensitive to disuse with an in vive,
unanesthetized and ambulatory animal model. Corre-
spondingly, a strengthening treatment technique for
osteoporotic long bones has recently been put forward,
which elicits cortical bone formation in the femoral
neck region of mice by means of knee loading in
sitw 123 Tt has been verified by a following study that
the intramedullary pressure is altered in synchrony with
the knee loading.'™ Tt should be noted that 2/3 of the
blood supply of cortical bone is provided by the end-
osteal surface.*™® Tt has also been shown that the
variations and oscillations in IMP play an important
role on the loading induced fluid flow developed in the
interstices of the cortical bones as well as of the tra-
becular bones.” """ Therefore it is likely that the
variations in the IMP not only affect the resident plhu-
ripotent stem cells but also serve as one of the playvers
which are driving the fluid flow within the intersticies of
cortical bone by way of generating pressure gradients
between the envelopes of bone. This flow is essential to
provide nutrients and to remove the metabolic
byproducts of osteocytes resident in mineralized cortex.

Effects of Osteoporosis and Aging

Osteoporosis is a disease of bone in which fracture
susceptibility is compromised by decreased bone min-
eral density. It mostly involves the hip, the wrist and
the lumbar vertebrae.®! It is estimated that over 20%
of women and 7% of men over the age of 50 have
osteoporosis.  Osteoporosis is responsible for over
1.5 million fractures in the United States annually.” Tt
has been evidenced that there is a significant change in
marrow composition and mechanics due to osteopo-
rosis and aging.****"!''* The only study in this regard
stated that the IMP in the tibial diaphysis of children
with paralytic osteoporosis approximates the arterial
blood pressure. Whereas the tibial IMP of the healthy
children with the same age was only about one quarter
of the arterial blood pressure.”™”! In addition, the
adipose tissue fraction in marrow increases signifi-
cantly with osteoporosis,”''® which may be vielding
to obstruction of blood circulation.® Increased
adipose fraction, thus decreased viscosity may be
causing the overall shear stress in the medullary cavity
to decrease in osteoporosis. Potential elevations in
pressure or decrease in shear stress in osteoporotic
bones may contribute to osteoporosis by way of
altering the milien of the bone marrow progenitor,
precursor and stem cells.

Osteoblasts and adipocyte cells both originate from
the mesenchymal stem cells.’® It has been suggested
that the commitment of stem cell fate is integral with
mechanical cues experienced in developmental and
adult contexts, embodied in cell shape, cytoskeletal
tension and RhoA signaling.®® RhoA is a small
GTPase protein known to regulate the actin cytoskel-
eton in the formation of stress fibers. It has been shown
that human mesenchymal stem cells subjected to dif-
ferent mechanical environments differentiate into ei-
ther osteoblasts or adipocytes depending on the RhoA
activity (RhoA active: osteogenesis, RhoA negative:
adipogenesis).” Likewise, adipocyte tissue volume in
bone marrow has been shown to increase with aging
and in patients with osteoporosis.’®''® Therefore, it
can be hypothesized that osteoporosis may be due to a
greater portion of mesenchymal stem cells differenti-
ating into adipocytes than osteoblasts due to the
changes in the cell properties and/or the mechanical
environment of the marrow.

EFFECTS OF THE MECHANICAL
ENVIRONMENT ON STEM
AND PROGENITOR CELLS

It should be noted that the responses of the marrow
derived progenitor cells to physical factors such as
hydrostatic pressure, fluid shear and the rheology of
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the enviromment have been extensively studied in vitro.
The question about the natural physiological and al-
tered mechanical conditions of these cells in the bone
marrow remains to be answered. Therefore, the review
focuses on the effects of mechanical loading to stem
and progenitor cells in vitre to illustrate that stem cells
are responsive to mechanical cues. However, it remains
to be determined as to whether this mechanical
responsiveness exists in vivo,

It is commonly accepted that stem cells’ microen-
vironment, which includes biochemical and biome-
chanical factors, has an important role on their
differentiation and phenotypic expression. Even
though most studies in the literature place an emphasis
on growth factors and cytokines, it has been evidenced
that the differentiation of precursor, progenitor and
stem cells are also significantly influenced by mechan-
ical factors.”’ The main mechanical signals that are
accepted to be effective on marrow precursor cell
proliferation and function are: hydrostatic pressure
and fluid-low induced shear™™ The viscosity of
marrow is also important since it directly relates to the
fluid shear stress magnitudes experienced by the cells.
The influences of these factors are considered to be
significant in regulating the stem cell phenotvpe and
may have synergistic and/or supplemental effects in
combination with the biochemical factors. The
employment of such mechanical effects in specially
designed “bioreactors™ may enhance current standard
biochemical signaling pathways for promoting engi-
neered tissue growth,”*%

Marrow-derived mesenchymal stem andfor pro-
genitor cells offer novel treatment techniques in tissue
engineering research. They are already cultured ex vivo
in mechanically active environments for various pur-
poses, such as tissue engineering of bone and carti-
lage,5154789.77.939499014 The main goal of moving
from conventional 2-D methods to 3-D mechanically
active systems is to attain more physiological (or nat-
ural) culture environments for the cells. Although these
studies prove improvements over conventional cultur-
ing techniques, they are far from i vivo conditions in
efficiency.

Hydrostatic Pressure

There are two main reasons why hydrostatic pres-
sure is considerad as an important stimulating factor
for bone marrow progenitor and stem cells. First of all,
marrow derived mesenchymal progenitor cells can ex-
press chondrogenic phenotypes under appropriate
hydrostatic pressure conditions. There are numerous in
vitro studies subjecting marrow-derived mesenchymal
stem  cells to high hydrostatic pressures (750
75,000 mmHg) in an effort to induce chondrogenic

phenotype.'*3557 Even though the chondrogenic
differentiation of the progenitor cells does not take
place in marrow cavity, those studies are related in
indicating the sensitivity of the progenitors to the
magnitude and the mode (cyelic, intermittent or static)
of loading. In general, higher pressure (75,000 mmHg)
over lower (~750 mmHg) and intermittent loading over
static have proved to be more effective in chondro-
genesis.” * Second, hydrostatic pressures in the med-
ullary cavities of long bones due to physiological
loading (50 200 mmHg rise)®* 46310 have osteo-
genic effects.® It has been shown that constant
hydrostatic pressure applied im-vitro at physiologic
levels (30 60 mmHg) decreases osteoclast formation.®
Similarly, cychic pressures of 75 300 mmHg in magni-
tude decreases formation of osteoclasts from their
progenitors and decreases bone resorptive activity by
osteoclasts in vitro.*> Furthermore, this loading scheme
enhances osteoblast functions pertinent to new bone
formation by stimulating both synthesis and deposition
of collagen accompanied by increased accumulation of
calcium-containing crystals."** A general conclusion
that can be drawn from those in vitro studies is that the
osteogenic response of the cells are not always linearly
proportional to the value of the mechanical signals,
rather there is an optimal amplitude interval for each
loading pattern and frequency. Limited number of
in-vive studies in this regard report similar results.
Oscillatory hydrostatic pressure (60 mmHg, 20 Hz)
applied in-vive for 10 min per day for 4 weeks to avian
ulnae elicited new bone formation on the periosteal
surface’” possibly due to increased intracortical fluid
flow as suggested by the authors. It was also suggested
that since the applied loading regime has bone forming
effects; it should be similar to the physiological loading
conditions. Similarly, intramedullary hypertension due
to venous occlusion (pressure increased to about
28.7 mmHg from 15.5 mmHg) has periosteal (138%),
endocortical (369%) and cancellous (889%) bone
forming effects at the caprine tibial metaphysis.'" One
of the suggestions on how the marrow pressure affects
bone formation is that the progenitors in the marrow
may be directly reacting to marrow pressure or extra-
cellular fluid flow (developed by pressure gradients) by
differentiating into osteoblasts and forming new
bone.*'''? On the other hand, it is suggested that nitric
oxide is imperative in signaling of mechanically induced
bone formation.”™ " Nitric oxide is a signaling
molecule and it is synthesized by nitric oxide synthase
which is produced by osteoprogenitor cells in bone
marrow, by osteocytes in bone and bone lining cells.”
Therefore, it is probable that the production of this
signaling molecule by the osteoprogenitor cells in the
marrow 1s mediated by bone marrow pressure or
pressure gradients.''”
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Fluid Shear

Mechanical loading and bending of bones cause
strain gradients as well as local pressure gradients in the
bone and in the medullary cavity that can drive the
interstitial fluid fAow™"*5%11® and can result in shear
stresses on the endosteal surface. Fluid flow induced
fluid shear on bone marrow derived cells has been
investigated extensively to assess its effects on cell dif-
ferentiation, proliferation and function,®'%31.6%.%4

Besides, it has been evidenced by a number of

researchers that interstitial fluid flow may play an
important role in bone remodeling, formation and
adaptation.'137S37%7% L The mechanisms of flow-
induced remodeling have been studied in vitro by
subjecting  osteoblasts, ™ *  asteocytes™ ™ and
osteoclasts™** to fluid shear. The studies on osteoblasts
and osteocytes showed that several osseoactive
agents are stimulated by fluid flow such as nitric
oxide,* " prostaglandins E2 and [2,452666752 cuelic
adenosine rnf.m%ph{_}z.j:nhaI.{:,S2 intracellular free cal-
L:ium,“‘x"”'ﬂ‘“‘ ¢ jnositol 11'i1:ih|.::-;1:;ha1u,36'32‘$3 and
transforming growth factor £.°7**%* On the other
hand, osteoblast-mediated mineralization is preceded
by osteoclast-mediated resorption with osteoclast
resorption rates being about 20 times higher than
osteoblast deposition rates.'™ Therefore, osteoclast
function may dominate the dynamic osteoclast-osteo-
blast balance that regulates bone turnover and degra-
dation. Moreover, it is suggested that physiological load
induced fluid flow in cortical bone is radially outward
from endosteal surface to the periosteal surface,®*"
which makes it difficult for osteoblast or osteocyte
secreted mediators to diffuse against the current and
reach the osteoclasts or osteoclast progenitors in the
MAarrow ca\-‘it),-‘.51 The osteoprogenitor cells are reported
to be residing in bone marrow, one to three cell layers
away from the endosteal surface.'”® Accordingly, it has
been suggested that osteoclasts and their precursors,
which are located in the close vicinity of endosteal
surface, may be fluid flow induced shear sensitive and
that osteoclast remodeling activities may be under the
control of autocrine factors.>> Bone marrow derived
osteoclast-like cells are mechanosensitive to fluid flow
induced shear and secrete autocrine factors, such as
nitric oxide, prostaglandins E2 and 12, which can reg-
ulate local resorptive activity.” Therefore, fluid flow
induced shear developing on the endosteal surface in the
medullary cavity may be the significant stimulant for
osteoprogenitors in the marrow that recruits them to
bone formation sites. Human marrow stromal cells
subjected to oscillatory fluid flow of 1 Hz are shown to
have increased proliferation rates,” which means more
osteoprogenitor cells to participate bone formation
process. Similarly, the sensitivity of the cells in fluidic

environment to flow frequency has been studied to find
the potent optimal frequency values for cell phenotype
determination.* However, the flow mode that is natu-
rally experienced by osteoprogenitors in marrow has
not been revealed yet.

Rheology

Viscosity of the environment in which cells reside is
important since it directly affects the shear stresses
experienced by cells if the medium is flowing. The
studies in this field investigate the viscosity of the
environment in mechanically active cell cultures or
perfusion bioreactors.”'*** In one such study, the ef-
fect of medium viscosity on marrow stromal osteo-
blastic cells seeded on 3D fiber meshes was studied by
adding dextran (a complex, branched polysaccharide)
to flowing medium in a perfusion bioreactor.”
Increasing medium viscosity with constant flow rates
resulted in 2- to 3-fold increases in the shear stresses
experienced by the cultured cells without changing
chemotransport characteristics significantly. It was re-
ported that increased medium viscosity not only en-
hances mineralized matrix deposition but also provided
a better matrix distribution in the porosity of the 3D
scaffolds. In a similar study, the effect of fAuid flow
induced shear and chemotransport on bone cells was
studied in oscillatory flow.” The medium viscosity was
varied to obtain different shear stress values on the
cultured cells under constant flow rates. It was shown
that fluid flow induced chemotransport and shear stress
acting on the cells play a synergistic role to elicit cell
response to oscillatory fluid flow induced shear stress.
In an effort to control the cell aggregate sizes in neural
stem cell cultures, researchers tried to alter the kine-
matic viscosity of culture medium by adding dextran
and carboxymethyleellulose.® The results indicate that
viscosity is an important parameter to consider for
scale-up of stem cell bioreactors. The viscosity values of
the media emploved in these studies were in the range of
1 4 cP, whereas the reported viscosity values for bovine
marrow was in the range of 44 400 cP.'" Therefore
there is a need to revisit these studies and assess stem
cell response at these higher viscosity media.

CONCLUSION

Bone marrow mechanical environment is susceptible
to external effects such as physiological activity and
disuse. Moreover, there is a potential relation between
the bone diseases such as osteoporosis, and aging or
disuse-related bone loss and the marrow composition
and mechanics. The changes in the bone marrow
mechanical environment is likely to be effective on the
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occupant precursor and progenitor cells, which are
accepted to be responsive to mechanical factors such as
hydrostatic pressure, fluid shear and the viscosity of
their environment. Although the effects of these
mechanical factors and viscosity on mesenchymal stem
and progenitor cells are being widely investigated in
vitro, the naturally occurring and altered cues in the
cells” natural environment (bone marrow) have not
been well characterized vet.

Bone marrow mechanical environment can be
completely defined by quantifying and characterizing
the hydrostatic pressure, fluid flow induced shear and
viscosity in natural and altered conditions. The results
of these studies can be compiled to generate physio-
logically relevant in vitro mechanical environments for
cell cultures, stem cell bioreactors and computational
models to better understand the effects of mechanical
signals on stem, progenitor and precursor cells; and
potentially the nature of associated bone diseases.
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Osteogenesis is a complex process that involves the synergistic contribution of multiple cell types and numerous
growth factors (GFs). To develop effective bone tissue engineering strategies employing GFs, it is essential to
delineate the complex and interconnected role of GFs in osteogenesis. The studies investigating the temporal
involvemnent of GFs in osteogenesis are limited to in vitro studies with single cell types or complex i vivo studies.
There is a need for platforms that embody the physiological characteristics and the multicellular environment of
natural osteogenesis. Marrow tissue houses various cell types that are known to be invelved in osteogenesis, and
in vifro cultures of marrow inherently undergo osteogenesis process. Self-inductive ossification of marrow
explants in vifro can be employed as a representative multicellular and three-dimensional model of osteogenesis.
Therefore, the aims of this study were to employ the rat bone marrow explant ossification model to determine (1)
the temporal production profiles of key GFs involved in osteogenesis, (2) the relation between GF production
and ossification, and (3) the relations between the GF levels throughout ossification. Temporal production
profiles of transforming GF p-1 (TGF-fil), bone morphogenetic protein-2 (BMP-2), vascular endothelial GF
(VEGF), and insulin-like GF-1 (IGF-1) and the bone-related proteins alkaline phosphatase and osteocalcin were
obtained by enzyme-linked immunosorbent assays conducted at days 2, 7, 12, 14, 19, and 21. The final amount of
ossification (ossified volume [OV]) was measured by microcomputed tomography at day 21. TGF-p1, BMP-2,
VEGF, IGF-1, alkaline phosphatase, and osteocalcin were produced by the ossifying marrow explants differ-
entially over time. The early production of IGF-1 (day 2) correlated positively (r=0.868) with OV; however,
latent production of IGF-1 correlated negatively (day 14: r=—0.813; day 19: r=-0.865) with OV. OV also
correlated with VEGF levels at day 12 (r=0.988) and at day 14 (r =0.970). Production of GFs also correlated to
each other across time points, which indicates the complex and interconnected contribution of various GFs in
osteogenesis. Therefore, tissue engineering strategies toward bone regeneration should consider the richness of
GFs involved in osteogenesis and their dynamically varying participation over time.

Introduction strategies that can control and modulate bone formation, it is
essential to investigate the temporal and interconnected in-

OSTEOGENESI‘S IS A COMPLEX PROCESS that involves the volvement of GFs in osteogenesis 6510121015 However,
contribution of multiple cell types and numerous cy-  the studies investigating osteogenesis-related GF expression,
tokines or growth factors (GFs). GFs are known to influence  production, and secretion are limited to two-dimensional
cell division, differentiation, and matrix synthesis and to play  in vitro studies with single cell types (i.e., osteoblasts and
an important role in bone regeneration, fracture healing, and  marrow stromal cells)*'*'% or complex in vivo studies with
repair of other musculoskeletal tissues.”™ It was suggested  associated experimental hurdles.>**?! To study the com-
that there is a crosstalk between the GF signaling pathways  plex and interconnected involvement of multiple GFs, there
in osteogenesis, and the overall osteogenic outcome may  is a need for a multicellular and three-dimensional in vitro
be resulting from the synergistic contribution of numerous  platform that embodies the intricate physiology of natural
GFs' % To develop effective bone tissue engineering osteogenesis. Bone marrow tissue houses multiple cell types
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(i.e., hematopoietic stem cells, mesenchymal stem cells, and
accessory cells) that are known to be collaboratively involved
in nsbﬂ)genesis.n'n Therefore, bone marrow plays a critical
role in bone regene’ratinn” and has been shown to have
osteogenic pntential.m Marrow explants inherently ossify
in vitro™ without the addition of excipient osteoinductive
factors (under basal conditions) and throughout the ossifi-
cation process, osteoinductive factors are produced by the
ossifying marrow tissue.”’ Therefore, in vitro bone marrow
explant cultures reflect the physiological diversity of bone
formation and hold the potential to be used as a platform to
study osteogenesis in a more realistic and natural context.
This model is conveniently situated between the two-di-
mensional in vifro culture systems employing single cell
types and the complex in vive animal models.

The most potent GFs known to be involved in osteogen-
esis are transforming GF -1 (TGF-f1), bone morphogenetic
proteins (BMPs; 2, 4, and 7), fibroblast growth factor-2,
vascular endothelial GF (VEGF), insulin-like GF-1 (IGF-1),
and platelet-derived growth factor.' #1433 BMP-2 and — 7
have been introduced clinically for treatment of open tibial
fractures.”>*% Although there is some appreciation of se-
quential expression of these potent GFs in fracture heal-
ing®*!%* and in single-type cell culture models,"*'*'* little
is known about their associations with the final amount of
bone formation during osteogenesis. Moreover, the knowl-
edge on the relationships between the production levels of
GFs during osteogenesis is limited as well. We hypothesized
that in vitro bone marrow self-inductive ossification model
can be used as a platform to delineate the temporal in-
volvement of multiple GFs, and their relations with the os-
sification level and with each other in osteogenesis.
Therefore, the aims of this study were (1) to analyze the
temporal production patterns of the key GFs in osteogenesis,
TGF-f1, BMP-2, VEGF, and IGF-1, using the inherently os-
sifying bone marrow explant model, (2) to investigate the
relations between the temporal concentrations of GFs and the
final ossified volume (OV) of marrow explants, and (3) to
investigate relations between the production of GFs, bone-
related proteins, and between the GFs themselves through-
out the ossification process. These aims were accomplished
by (1) measuring the concentrations of GFs in the condi-
tioned medium via quantitative enzyme-linked immuno-
sorbent assay (ELISA) at days 2, 7, 12, 14, 19, and 21, (2)
quantifying the end point of ossification (day 21, OV) of
marrow explants and correlating OV with temporal con-
centrations of the GFs, and (3) correlating the concentration
levels of the GFs and bone-related proteins to each other at
all time points and across time points.

Materials and Methods
Extraction and culture of bone marrow explants

Bone marrow was isolated from the tibiae of 80-90-
day-old male Long-Evans rats (Harlan) under Purdue
Animal Care and Use Committee approval with a
centrifugation-based extraction technique. Briefly, one of the
diaphyseal end of the bones was cut with a high-speed cir-
cular saw, the medullary components (marrow) were exuded
with a brief centrifugation of the cut bone, and the cen-
trifugate was gently pipetted onto the culture inserts
(Transwell, Corning) at a 7uL volume with a low protein
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binding pipette tip. Bone marrow isolation procedure did not
involve dispersion of the marrow contents in a solution, and
therefore entailed minimal manipulation and processing of
the tissue to preserve the cellular integrity (both adherent
and nonadherent) and structural composition of the ex-
tracted marrow explant. The growth medium was added
underneath the culture insert (below the membrane with
0.4 um pore size), which resulted in an air-medium interface
culture system (Fig. 1). The membrane allowed the attach-
ment and the growth of cells. Explants were cultured under
serum-free conditions to identify the baseline ability of
marrow explants to ossify. The serum-free growth medium
was modified from Lennon ef al.*® and composed of 60%
Dulbecco’s modified Eagle’s medium, 40% MCDB-201 sup-
plemented with 1% ITS+ 1 (Sigma), 50 pg,/mL ascorbic acid,
5mM Na--glycerophosphate, 3.5 mg/mL glucose, 40 U/mL
penicillin, 40pg/mL streptomycin, and 1.5 pg/mL Fungi-
zone. No osteoinductive factors (e.g., dexamethasone and
BMP-2) were added into the culture medium at any point in
time. The explants were cultured for 21 days and the me-
dium was changed on days 2, 5, 7, 10, 12, 14, 17, 19, and 21.
Since the inserts carrying the explants were set aside during
culture medium change, the cellular and compositional in-
tegrity of the marrow explants were maintained, which kept
the adherent and nonadherent cells together throughout the
culture period (Fig. 1). Due to the small pore size (0.4 pm) of
the membrane above which the marrow explants were cul-
tured, the cells were not able to migrate through the pores
and hence were contained within the insert. This feature of
the culture system kept the bone marrow cells above the
membrane and allowed the secreted products to be released

PET Porous
Membrane (0.4pum)

Marrow
Explant

1 t

Culture Media BG-well plate

FIG. 1. Cross-sectional view of air-medium interface cul-
ture system designed to preserve the adherent and non-
adherent cellular composition of marrow tissue throughout
the culture period. Marrow explants were placed on PET
porous membrane (0.4 pm pore size) of culture inserts and
supplemented with a sufficient amount of culture medium
underneath the membrane. Culture medium was not added
above the membrane, therefore marrow explants were not in
direct contact nor were they dispersed in the medium, which
prevented the nonadherent marrow cells from being washed
away during medium changes.
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into the culture medium. The medium conditioned by bone
marrow explants was collected from each ossifying explant
before each fresh medium addition and stored in sterile low
protein binding tubes (LoBind; Eppendorf) separately. The
samples were stored at —80°C freezer for ELISA measure-
ments, which were performed at the end of the experiment
collectively. Repeated freezing and thawing of the collected
conditioned medium was eliminated with appropriate ali-
quoting.

To test the effect of dispersion or disruption of the cellular
integrity of marrow explants on their sell-inductive ossifi-
cation potential, an additional experimental group was in-
cluded in which marrow explants above the porous
membrane were dispersed with the addition of the culture
medium inside the culture insert (Fig. 1). In this group, same
volume of marrow tissue (7 pl) was utilized in the same
culture setting with the culture medium added above the
membrane (Fig, 1} submerging and disrupting the marrow
explants. This group was similar to the ones used in regular
marrow culture studies, in which nonadherent marrow cells
are gradually washed away with each medium change, pu-
rifying the adherent marrow stromal cells. In this experi-
mental group, the same culture conditions and the same
culture medium were used for the same duration as the
regrular intact marrow explant culture described above. The
mineralization of submerged (dispersed) marrow culture
samples was evaluated with Raman microspectroscopy and
microcomputed tomography., Raman microspectroscopy
analysis (LabRam, Horiba Jobin-Yvon) was performed on the
randomly selected nodule-like structures (eight samples, six
nodule-like structure per sample) observed in the dispersed
marrow culture samples. The presence of apatitic mineral
peak (located at 959 cm 1y was evaluated by performing a
scan in the wavenumber range of 250-1800 cm et

Microcomputed tomography of ossifying
marrow explants

The ossified marrow samples and the dispersed marrow
cultures were fixed with 10% formalin and kept in the fixa-
tive before and throughout the scans. The OV of the marrow
explants was measured by microcomputed tomography
(nCT 40; SCANCO Medical AG) with a 16 um voxel resolu-
tion (I=145pA, E=55kVp, integration time = 200ms). The
porous membranes supporting the dispersed marrow cul-
tures were cut out of the culture inserts and scanned with
pCT with the same settings. The scanned images were re-
constructed and  analyzed with commercial software
(SCANCO evaluation software), and the segmentation pa-
rameters of 0.8 (sigma), 1 (support), and 100 (threshold) were
used. ™ The total bone volume (mm?) calculated by soft-
ware was used and reported as the final OV of the marrow
explants,

Quantification of baseline levels of alkaline
phosphatase, osteocalcin, BMP-2, IGF-1, VEGF, and
TGF-fi1 in freshly isolated bone marrow tissue at day 0

Two male Long-Evans rats, 80-90 days old, were eutha-
nized under Purdue Animal Care and Use Committee ap-
proval. Bone marrow was removed from the tibiae using a
centrifugation-based extraction technique explained in the
previous section. Extracted marrow tissue (7 ul) was diluted

in tubes that allow minimal protein binding (protein LoBind;
Eppendorf) with the same serum-free growth medium de-
scribed above, Marrow extracts were incubated for 30 min at
37°C to allow the soluble factors to solubilize in the medium.
The suspension was then centrifuged for 10min at 300 g to
precipitate the cells as a pellet at the bottom of the tube. The
supernatant was aspirated and filtered through a 0.2 um fil-
ter using a syringe to remove the remaining cells. The solu-
bilized bone marrow deficient of cells was then aliquoted
and stored at —80°C for the quantitative ELISA assays de-
scribed below. Appropriate conversion of the quantified
concentrations of the factors was performed based on the
dilution ratios employed.

Histology of ossified marrow explants
for matrix typification

At the end of the culture period, the ossified explants were
fixed in 10% formalin. Samples were decalcified in formic
acid solution (1:1 solution of 50% aqueous formic acid and
20% sodium citrate) for 8-12h, washed in tap water for
30-45min, embedded in paraffin, sectioned, and dried
overnight in 37°C oven. For all staining procedures, the
sections were deparaffinized and hydrated in gradually de-
creasing percentages of aleohol solutions (100%, 95%, 70%,
and water). The sections were stained with safranin-0/ fast
green for assessing the presence of proteoglycans and he-
matoxylin and eosin according to standard procedures. Sa-
franin-0/ fast green staining is a common method used for
staining cartilage-bone interface. Alkaline phosphatase (AP)
achivity in the histological sections was stained with naph-
thol AS5-MX-based commercial AP staining kit (85L1; Sig-
ma). After staining, the sections were dehydrated, cleared in
xylene, and cover-slipped.

Quantification of AP, osteocalcin, BMP-2, IGF-1,
VEGF, and TGF-§1

The quantification of these factors was performed on the
medium conditioned by ossifying explants (days 2,7, 12, 14,
19, and 21) and the fresh marrow tissue (day 0). AP level was
measured with the colorimetric p-nitrophenyl phosphate
substrate AP assay kit (SensoLyte™; Anaspec Corp.). Fifty
microliters of samples and standards was added to each well
of a 96-well plate. Fifty microliters of p-nitrophenyl phos-
phate reaction mixture was added to each well and incu-
bated 2-3h until color developed. Optical density was
determined using a microplate reader (Spectramax M5;
Molecular Devices) set to 405 nm. Absorbance values were
converted o AP concentration with the utilization of the
calibration curve. Osteocalcin (OC) levels were measured
using a Rat Osteocalcin EIA kit (Biomedical Technologies).
One hundred microliters of samples and standards were
added to a 96-well plate precoated with OC capture anti-
body, incubated for 20h at 4°C, and washed three times with
phosphate saline wash buffer, and 100 uL of OC antiserum
was added to each well and incubated at 37°C for 1 h. After
another set of washes, 100uL of diluted donkey anti-goat
[gG peroxidase was added to each well, incubated for 1h at
room temperature, and rerinsed, and then 100 uL of substrate
mix (1:1 of hydrogen peroxide solution and tetramethyl
benzidine) was added and incubated at room temperature
for 30min, avoiding direct light. One hundred microliters of
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stop solution was added to each well, and the absorbance
was measured using a microplate reader set at 450 nm with a
wavelength correction set at 540nm. The concentrations of
BMP-2, VEGF, TGF-$1, and IGF-1 in the conditioned me-
dium were measured by quantitative ELISA development
kits (BMP-2: PeproTech; VEGF, IGF-1, and TGF-fil: R&D
Systems). Briefly, 96-well microplates (MaxiSorp; Nalge)}
were coated with capture antibody, the wells were blocked
for at least 1h, and 100 pL of samples or standards was ad-
ded to wells followed by incubation for 2-3h at room tem-
perature. After thorough washing, detection antibody was
added at the specified concentration for each kit and incu-
bated for 2h at room temperature, The peroxidase substrate
solution was added (protected from direct light) and incu-
bated at room temperature for 20min, and the enzyme re-
action was stopped with 2N HCI solution. The color product
was detected by a microplate reader set at 450nm with
wavelength correction set at 540 nm. Quantification was also
carried out on the nonconditioned serum-free medium to
determine baseline levels of the GFs, OC, and AP. TGF-fil in
the samples was activated to its immunoreactive form using
1N HCI followed by the addition of 12N NaOH/0.5M
HEPES before being used in ELISA.

Statistical analysis

The measured concentration profiles were analyzed sta-
tistically with Kruskal-Wallis one-way analysis of variance
followed by a post e Mann-Whitney U-test with Bonferroni
correction for multiple comparisons. Statistical significance
threshold was set at p< 0,05, and the p-value obtained for
each test was adjusted based on the number of comparisons
according to Bonferroni correction (p-value obtained from
the test multiplied by number of comparisons). Error bars in
the figures were displayed as standard error. Relations be-
tween the concentrations and the final OV and between the
measured concentrations themselves were analyzed by cal-
culating the Pearson product moment correlation coefficient.
The statistical significance between the day 0 baseline con-
centrations (n=10-12) of the bone-related proteins and GFs
and their day 2 levels (1 =6) produced by the ossifying ex-
plants was tested with a Mann-Whitney U-test with the
significance threshold set at p < (0L05.

Results

Bone marrow explants inherently ossified without
the addition of any osteoinductive factors

Bone marrow explants cultured under serum-free condi-
tions without any osteoinductive factors (dexamethasone,
BMP-2, etc) inherently ossified to form a matrix that was
visible through low magnification light microscopy (Fig. 2A).
uCT scans of ossified explants revealed a plate-like ossified
structure (Fig. 2B). The absence of orange-red stain in safranin-
o/fast green-stained sections was an indication of proteo-
glycan deficiency, indicating the absence of cartilaginous
matrix (Fig. 2C). Hematoxylin and eosin staining displayed
viable cells embedded in the matrix (Fig. 2D). Naphthol AS-
MX-based AP staining indicated that AP activity (dark pur-
ple-red regions, Fig. 2E) was concentrated in the lower and the
upper surfaces of the ossified maltrix, indicating the locations
of the actively ossifying regions in the marrow explant.
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However, when the marrow explants were dispersed and
submerged in the culture medium, which gradually elimi-
nated the nonadherent cell population with each medium
change, no indication of mineralization was observed as per
Raman microspectroscopy (absence of apatitic mineral peak)
and pCT (no detectable mineralized volume).

AF and OC were produced by in vitro
ossifying marrow explants

The baseline levels of AP and OC in day 0 marrow Hssue
were quantified as 148 ng/mL (SD: 3.8ng/mL) and 514pg/
mL (SD: 212pg/mL), respectively (Fig. 3). Both of these
baseline concentrations were significantly lower than the day
2 production levels of these bone-related proteins by in vitro
ossifying marrow explants as seen in Figure 3. AP concen-
tration measured in the conditioned medium displayed a
high level at the beginning of the culture period and de-
creased significantly at day 7 and further decreased after day
12 (Fig. 3A). The decrease in AP concentration was signifi-
cant by day 21 relative to day 12. OC concentration profile
displayed a similar pattern at the beginning of the culture
period, which was significantly greater on day 2 than all the
following time points (Fig. 3B). A significant decrease in OC
concentration was observed on day 7. There was no statis-
tically significant decrease in OC concentration between day
12 and day 21.

Osteoinductive GFs (BMP-2, IGF-1, TGF-§1, and
VEGF) were produced by ossifying marrow explants

The baseline levels of BMP-2, IGF-1, TGF-$1, and VEGF in
day 0 marrow tissue were significantly lower than the day 2
production levels of these factors by i vitro ossifying mar-
row explants (Fig. 4). BMP-2 concentration in the condi-
tioned medium was at a high level early on at days 2 and 7
(Fig. 4A). BMP-2 concentration decreased significantly by
day 12 and displayed further significant decrease on days 19
and 21 (Fig. 4A). IGF-1 concentration was significantly
higher on day 2 than the later time points, which decreased
significantly and stayed around 50 pg/mL between days 7
and 14 (Fig. 4B). A significant increase in IGF-1 concentration
was observed in the later stage, starting day 19 and beyond.
TGE-f1 concentration displayed a significantly high level on
days 2, 7, and 12 than all of the subsequent time points (Fig.
4C). TGF-B1 concentration decreased significantly by day 14
and stayed constant around 50pg/mL tll the end of the
culture period. Similarly, VEGF concentration was signifi-
cantly higher at the early and mid phase of the culture period
(days 2, 7, 12, and 14) than all the following time points (Fig.
40). VEGF concentration displayed a significant steady de-
crease during the entire culture period.

Levels of OC, AF, BMP-2, IGF-1, TGF-§1, VEGF,
and final OV display significant correlations
at specific time points

The rightmost column of Table 1 displays the correlation
between the levels of measured GFs and the bone markers
(OC and AP) at different time points and the final OV
measured at day 21. VEGF concentration in the conditioned
medium displayed a high correlation (Table 1) with the final
OV on days 12 {0.988) and 14 (0.970). IGF-1 concentration
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FIG. 2. The appearance of a marrow explant cultured for 21 days. (A) Light microscope image of the ossified explant. (B)
The reconstructed three-dimensional view of the ossified regions of the explant from microcomputed tomography scan
indicates a plate-like ossified structure, (C) Safranin-O/fast green—stained histological section image of an ossified region in
the marrow explant and the magnified inset. The absence of orange-red stain indicates that the extracellular matrix does not
contain proteoglycans, and thus it is not a cartilaginous matrix. (D) Hematoxylin and ecsin-stained histological section image
and the magnitied insct, displaying viable osteocyte-like cells {arrows). (E) Alkaline phosphatase (AP)-stained {dark purple-
red regions; counter stain, hematoxylin) hnslologmal section image. AP activity is observed in the upper and lower sections of
the ossified plate-like structures. The membrane (*) is visible in the image, which lines the bottom of the ossified matrix. Color
images available online at www.licbertonline.com/ ten.

222



6 GURKAN ET AL.
Alkaline Phosphatase
3
E 30 * E
] i P 4
< £ 2 T
s S
E=3 E—4
SNEA £ -
8 ¥ o]
5 : :
0 —T———e] ©,
0 2 7 12 1 19 2 12 14 19 21
Days Days

B Osteocalcin
= 1500 = 250
-E-. * E
P b
& 1200 4o P &200 — -
& 900 _5150
®
£ 600 £ 100
S & \ §
[*]
£ 300 g s0
8 }9\@_,0—-—0—-—9 G

0 . T “ o ; : , .

o 2 7 12 14 18 21 12 14 19 21
Days Days

FIG. 3. Concentration profiles of AP and osteocalcin measured in the conditioned medium (1 =6 per time-point). A close-
up view of days 12-21 highlighted by insets is dnplaycd on the right. The triangular marker at day 0 indicates the baseline
concentration in bone marrow tissue at day 0 ("p < 0.05 between the baseline concentration in bone marrow tissue at day 0
and expression of that ﬁttor on day 2). (A) AP concentration profile in the conditioned medium; *p < 0.05 for day 2 versus
days 7,12, 14, 19, and 21; "p < 0.05 for day 7 versus days 12, 14, 19, and 21; 'p < 0.05 for day 12 versus day 21. (B) Osteocalcin
concentration profile in the conditioned medium; *p < 0.05 for day 2 versus days 7, 12, 14, 19, and 21.

in the conditioned medium early on in the culture (day 2) sequential expression of GFs in osteogenesis are either lim-

correlated positively with OV (0.868; Table 1), whereas latent 11517
IGF-1 concentration correlated negatively on days 14
(—0.813) and 19 (—0.865) with OV. OC level displayed a high
negative correlation with OV on day 19 (~0.931; Table 1).

Discussion

The importance of the GFs included in this study (BMP-2,
VEGF, TGF-p1, OC, and IGF-1) and their synergistic

ited to two-dimensional single-type cell culture studies
or complex animal models of fracture healing. 231921 The
current model of marrow explant cultures is situated in be-
tween single-type cell culture studies and animal models and
present several unique advantages. First, it encompasses
multiple cell types (adherent and nonadherent, hematopoi-
etic, and mesenchymal stem cells). Second, it displays a
natural osteogenic potential (under serum-free conditions
without any excipient ostecinductive factors), which results

combinatorial role on bone regeneration is widely ac- ina significant volume of bone formation. Third, it presents a
cepted,! 1017192234142 O the other hand, data on  platform in which the protein production can be quantified

FIG. 4. Concentration profiles of potent ostecinductive factors (bone morphogenetic protein-2 [BMP-2], insulin-like growth
factor-1 (IGF-1), transforming growth factor -1 [TGF-p1], and vascular endothelial growth factor [VEGF]) measured in the
conditioned medium (n = 6 per time-point). A close-up view of days 12-21 highlighted by insets is displayed on the right. The
triangular marker at day 0 indicates the baseline concentration in bone marrow tissue at day 0 (“p < (.05 between the baseline
concentration in bone marrow tissue at day 0 and expression of that factor on day 2). (A) Bone murphogenehc protein-2
concentration profile in the conditioned medium; *p < 0.05 for day 2 versus days 12, 14, 19, and 21; p < (.05 for day 7 versus
days 12, 14, 19, and 21; *p < 0.05 for day 12 versus days 19 and 21; "p < 0.05 for day 14 versus day 21. (B) Insulm like growth
factor-1 concentration profile in the conditioned medium; * p < 0.05 for day 2 versus days 7, 12, 14, 19, and 21; p < 0.05 for day
12 versus days 19 and 21, and for day 14 versus days 19 and 21. (C) Traannrmmg growth factor fi-1 concentration profile in
the conditioned medium; *p < (.05 for day 2 versus days 7, 12, 14, 19, and 21; "p < 0.05 for day 7 versus days 12,14,19, and 21;
‘p < 0.05 for day 12 versus days 14, 19, and 21. (D) Vascular endothelial growth factor concentration profile in the conditioned
medium; *p < 0.05 for day 2 versus dws 7,12, 14,19, and 21; 'p < 0.05 for day 7 versus days 12, 14, 19, and 21; *p < 0.05 for
day 12 versus days 14, 19, and 21; *p = 0.05 for day 14 versus days 19 and 21.
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SEQUENTIAL PRODUCTION PROFILES OF GROWTH FACTORS 9

via the conditioned medium. In the future, this model would
also allow interrogation with silencing-RNA or gene trans-
fection to control GF production to assess their ultimate ef-
fect on the amount of bone formation. Therefore, in vitro
bone marrow explant culture model presented here is a
useful model for studying the temporal production profiles
of the osteogenic factors and their synergistic combinatorial
roles on bone generation/regeneration process.

The importance of preserving the cellular integrity of
marrow tissue in terms of osteogenic potential was verified
by including an experimental group in which marrow ex-
plants were dispersed in the culture medium. This condition
allowed the gradual elimination of nonadherent cells (ie,
hematopoietic cells) with each medium change and left the
adherent cells (i.e., marrow stromal cells) in the culture. The
absence of mineralization (as per Raman microspectroscopy
and pCT) in this group indicated that the multicellular nature
of marrow tissue needs to be preserved to achieve self-
mductive ossification. On the other hand, bone marrow ex-
plants whose integrity was maintained ossified to varying
extents. Therefore, the final OV of the marrow explants was
used as an indicator of the osteogenic capacity of individual
samples, which may be directly related to levels of os-
teoinductive factors produced. The varying ossification lev-
els of the samples allowed us to evaluate the correlation
between the final OV and the concentration levels of indi-
vidual factors at different time points (Table 1). To the best of
our knowledge, the correlation between the levels of os-
teoinductive factors at different time points, across time
points, and the final OV in an i vifro ossification model is
being reported for the first time in this study. This infor-
mation can be used to determine the most critical os-
teoinductive factors, as well as the most critical time of
application of these factors to obtain a more efficient and
natural ossification mechanism. In addition, the correlation
between the levels of factors at different time points and
across time points can be used to delineate the synergistic
involvement of multiple osteoinductive factors in the ossifi-
cation process.

GFs present in the serum that is commonly used as a
supplement in in vitre cell culture studies confound the pic-
ture and make it hard to study the involvement of GFs in
various processes such as osteogenesis. Therefore, we con-

firmed the ability of marrow explants to ossify in serum-free
culture conditions and without application of any excipient
osteoinductive factors. This property facilitates carrying out
more comprehensive in vitre analysis of various proteins
involved in osteogenesis without the inhibiting and/or in-
terfering effects of serum supplements.

The histochemical analysis on the iz vitro ossified marrow
explants with safranin-o/fast green staining displayed (Fig.
2C) the absence of proteoglycans, which can be found
abundantly in cartilaginous matrix. In addition, the presence
of AP activity on the lower and upper surfaces of the
ossifying explants indicated the presence of differentiated
osteoblast-like cells forming a mineralized matrix. Therefore,
the absence of a cartilaginous matrix and the presence of AP
activity indicate that the ossification mechanism in this

m witre bone marrow culture model resembles the in-
tramembranous ossification mechanism.

The baseline levels of AP, OC, BMP-2, IGF-1, TGF-$1, and
VEGF in day 0 marrow tissue have been quantified, and all

of them have been observed to be significantly lower than
the day 2 production levels of these proteins by ossifying
marrow explants (Figs, 3 and 4, triangular markers at day 0}
Therefore, the presented concentration profiles of these
quantified proteins could not be related merely to the base-
line concentrations in fresh marrow tissue.

AP and OC are commonly accepted bone markers.'® AP is
expressed by many cell types to some extent. AP is also as-
sociated with osteoblast differentiation and its production is
high in preosteoblasts and osteoblasts.™ Using AP as an
ossification marker with a heterogeneous population of
marrow cells is complicated since only a small population of
the cells in marrow stroma are AP-positive osteoblast pre-
cursors and many other cell types in marrow express AP,
such as adipocytic cells. ™ The marrow explants employed in
this study were handled minimally, which preserved the
natural compaonents together, including all the resident cell
types, the extracellular matrix, as well as the soluble proteins
and factors. Therefore, the early high production of AP in
this study (Fig. 3A) may be attributed to the other cell types
in the marrow tissue that are in high concentration, such as
adipocytes. Due to the difficulties with quantifying ossifica-
tion-related AP activity, a secondary ossification marker
(OC) was used to assess ossification, OC is a specific marker
of mature osteoblast |'JI1('1mty'I,'J(-.."S Previously, OC level was
observed to be increasing after about 10 days with in vitro
mineralization models that employed marrow cells.!*'* A
peak in OC level around day 14 was also reported when the
marrow stromal cells were stimulated with dexamethasone
and 1,25[0H}-_.D_‘.w However, the high OC level observed
early on in this study (Fig. 3B) is not in agreement with the
previous findings. At the earlier stage of the marrow explant
culture, the high level of OC at day 2 decreased dramatically
by day 7 and did not increase significantly between day 12
and day 21 (Fig. 3B). This observation may be attributed to
the complex nature of the current model due to the presence
of multiple cell types.

In vivo studies indicate that BMP-2 expression in the
fracture site displays an early increase during the phase in
which mesenchymal stem cells are recruited to the injury
site. > The high level of BMP-2 production in the early
phase of fracture healing is followed by a decrease as it was
also observed in this study (Fig. 4A). A similar trend, in
which upregulation of BMP-2 around day 4 followed by
downregulation around day 12 was previously observed
during mineralization of osteoprogenitors in vitro."* BMP-2
level measured at day 14 highly correlated with the IGF-1
level on day 14 (Table 1; Fig. 4C), which may be an indi-
cation of interaction or a similarity in terms of source cells
for these two factors at this phase. Similarly, it was previ-
ously shown that early application of BMP-2 (day 1) fol-
lowed by later application of combination of BMP-2 and
IGF-1 {after day 5) resulted in the highest amount of cell
number and AP activity in pluripotent C3H10T1/2 cells.”®
The high positive correlation between the OC level and the
BMP-2 concentration at days 14 and 19 may be an indica-
tion on the role of BMP-2 in mature osteoblast function in
mineralization. On the other hand, BMP-2 production on
day 2 was observed to correlate negatively with AP level on
day 2 (Table 1). This could be due to the early high levels of
AP, which suppressed the production of BMP-2, which later
peaked at day 7 when AP level decreased significantly. The
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early level of BMP-2 (days 2-7) also correlated with later
levels of OC (at days 7, 14, and 19) and [GF-1 (at day 14}.
This observation suggests that an early involvement of
BMP-2 has repercussions on the latent stages of osteogen-
esis. The early involvement of BMP-2 in osteogenesis has
recently been shown in sequential growth factor delivery
studies with BMP-2 and BMP-7.%%% In these studies, early
release of BMP-2 and latent release of BMP-7 were achieved
with nanocapsules in an in vitro study with M5Cs. Superior
osteoinductive effects of the sequential application of BMP-2
and BMP-7 were demonstrated over individual and simul-
taneous applications based on elevated AP activity on days
14 and 21,

IGF-1 production by in vifre ossifying marrow explants in
this study was bimodal. It displayed a high level at the early
stage, followed by a decrease during days 7-14, and then a
latent increase during days 19-21 (Fig. 4B). A similar pattern
of IGF-1 production in the later stage was observed in frac-
ture healing in an in vivo model by Wildemann et al® As the
earliest time point included in the study by Wildemann et al.
was day 5, it is not possible to compare the early level of IGF-
1 to that was observed in our study. However, in an in vifro
mineralization model utilizing osteoprogenitor cells, a high
level of IGF-1 was observed early on, followed by a decrease
between days 5-12, and then followed by an increase starting
day 13! Therefore, the results presented in this study in
terms of IGF-1 concentration profile agree with the previous
findings in the literature, The high IGF-1 level at day 2 was
observed to correlate positively with OV (Table 1), which
may be an indication that early application of IGF-1 is critical
in bone regeneration. On the other hand, we observed that
IGE-1 levels at later stages (days 1419} correlated negatively
with OV (Table 1), which may be an indication that IGF-1
application in the later stages may have a deterring role in
ossification. IGF-1 concentration was also observed to cor-
relate with OC level positively on days 14 and 19 (Table 1).
When this information is combined with the findings pre-
sented above (IGF-1 correlated negatively with OV on days
14-19) and the fact that OC correlated negatively with OV on
day 19 (Table 1), it is reasonable to suggest a connection
between IGF-1 and OC in curbing further ossification of the
marrow explants starting day 14 and allowing the mineral-
ization to reach a steady state. In attestation, OC is known to
curb mineralization™ and current results imply that IGF-1
may be associated in this pathway.

Early involvement of TGF-fil during the proliferation
phase in fracture-healing process has been shown previ-
aus:ly.z"’”” Similarly, TGF-p1 was observed at a high level
early on in the marrow explant culture model and decreased
continually to reach a steady-state level by day 14 (Fig. 4C).
Therefore, TGE-$1 production profile presented here agrees
with the previous findings. However, TGF-fil levels at var-
ious time points displayed a limited number of correlations
with other factors. The only TGF-fil level that has displayed
a significant correlation was day 7 level, which correlated
positively with day 2 levels of VEGF and OC. Therefore, a
link between VEGF and TGF-f1 involvement could be
present between days 2 and 7 during ossification.

VEGF is considered to play its most important role in
fracture healing in the earlier stages.” Therefore, the high
concentration of VEGF observed in this study during day 2,
which gradually decreased starting day 7 up to day 21 (Fig.

GURKAN ET AL.

40y, agrees with the previous findings. A similar trend of
VEGF expression during mineralization by osteoprogenitors
was also observed in an in vitro study.'* Even though VEGF
concentration was high at the earlier stage of ossification and
decreased gradually Hll day 21 (Fig. 4D), VEGF concentra-
tion and OV was observed to highly correlate only during
days 12-14 (Table 1}. This high correlation between VEGF
concentration and OV indicates that the presence of VEGF
during days 12-14 was associated with final amowunt of os-
sification. Importance of VEGF at the mid-phase of fracture
repair was also shown and emphasized before.*

The correlations that were reported between the GF
levels and the final OV are useful for identifying the tem-
poral involvement of the GFs in osteogenesis. However,
these correlations do not necessarily imply causations. The
correlations observed in this study require further analysis
with studies employing targeted inhibition of GFs at specific
time points to assess the overall effect in the ossification of
marrow tissue,

There are many GFs involved in osteogenesis, and they
are not limited to the four factors (BMP-2, VEGF, IGF-1, and
TGE-pl) studied here. Other factors that are known to be
actively involved in osteogenesis are BMPs (4, 6, 7, and 13),
fibroblast gmwlh factor-2, Wnt, growth/differentiation fac-
tor-5, and platelet-derived growth factor, 4215 8 doetailed
characterization of the involvement of many GFs and sig-
naling molecules is necessary, and proteomic analysis could
be used for high-throughput screening of all the proteins,
Therefore, we are currently conducting experiments to ana-
lyze a myriad of proteins and their temporal expression
profiles during inherent in vitro ossification of bone marrow
explants.

Conclusions

It was shown that BMP-2, IGF-1, TGF-B1, and VEGF are
expressed differentially over time by the ossifying marrow
explants and the concentration of IGF-1 and VEGF correlate
at different time points with the final OV, IGF-1 has di-
chotomous effect on the final OV, which is indicated by a
positive correlation on day 2 and negative correlations on
days 14 and 19. The GF levels and the production of bone
markers (AP and OC) have been shown to be highly inter-
dependent due to correlations to each other at same time
points as well as across various time points. The results
presented in this study provide a more robust understanding
of the osteogenesis process in terms of the involvement of
BMP-2, IGF-1, TGF-1, VEGF, AP, and OC in marrow ex-
plants and the secretion sequence and the amounts of key
osteoinductive factors involved in this osteogenesis model.
The information obtained from the marrow ossification
model can be used to develop multifactor and multiphase GF
delivery strategies for fracture healing and bone tissue en-
gineering applications.
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