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Summary

How periosteum is involved in long bone growth

Skeletal growth is a tightly controlled phenomenon. In general, it is difficult to correct
for skeletal malformations that develop during growth. One of the tissues that is
proposed to be of major importance in regulating long bone growth is the periosteum.
Previously, it was proposed that periosteum regulates growth via a direct mechanical
feedback mechanism where pressure in growing cartilage, balanced by tension in the
periosteum, modulates growth processes of chondrocytes. The presence of this tension
is attributed to the periosteal collagen. We support the existence of a load-dependent
feedback mechanism between cartilage pressure and periosteum tension by showing
that the global orientation of collagen in perichondrium and periosteum concurs with
the assessed growth directions of cartilage. Nevertheless, the absolute magnitude of
periosteum tension determines the extent to which regulation by this mechanical
feedback mechanism is present. From measurements described in this thesis, it is
concluded that residual periosteum force does not directly dominate modulation of
cartilage growth. Hence, a mechano-biological feedback mechanism must prevail. We
demonstrate this mechano-biological feedback mechanism between growing cartilage
and tension in the periosteum, whereby the expression of soluble growth-inhibiting
factors by periosteum cells is dependent on intracellular tension. Because cartilage
growth lengthens the periosteum at a very high rate, a mechanism of fibrous tissue
adaptation that preserves low periosteum tension is required. We show that this
mechanism is through adaptation towards a state of equilibrium, characterized by a
residual tissue strain that corresponds to the strain in between the pliant and stiffer
region of the force-strain curve. This process is cell-mediated and involves a structural
reorganization of the collagen network, determining tissue stiffness, which is not
directly coupled to collagen content or HP crosslink density. This thesis takes us closer
towards understanding the regulation of bone growth, by not only demonstrating the
critical involvement of the periosteum, but also by exposing mechanisms for the

interaction between periosteum and growing cartilage, and for periosteum adaptation.
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General Introduction



Chapter 1

Long bones are the supporting structures of the skeleton. A developing long bone
consists of a diaphysis, metaphyses, and epiphyses (figure 1.1). These regions develop
during the embryonic stage and go through proportional changes in size until skeletal
maturity (Forriol and Shapiro, 2005). During early growth, the bone extremities are
composed of cartilage where the diaphysis is mainly composed of a mineralized bone
shaft. The epiphyses are responsible for the transverse and spherical growth of the

bone extremities and the shaping of the articular surfaces (Forriol and Shapiro, 2005).
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Figure 1.1: On the left, a schematic representation of the structure of a long bone. Image adapted
from Kronenberg (Kronenberg, 2003). The fluorescent microscopy image represents the attachment
of the periosteum collagen fibers to the cartilage of the epiphyseal base (origin of the image is
indicated with a green square in the left image). On the right, histology of the tibiotarsus of an e13

chick embryo, in which the different tissue types are indicated.

Longitudinal growth predominantly results from chondrocytic proliferation and
hypertrophy in the metaphyses (Noonan et al., 1998). The diaphysis and metaphyses of
long bones are surrounded by periosteum, a fibrous tissue that spans the bone
extremities. It attaches to the epiphyseal base, beyond the proliferating metaphyseal
cartilage (figure 1.1). Periosteum increases radial growth of the diaphysis and parts of

the metaphyses by direct apposition of cortical bone (Forriol and Shapiro, 2005).
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Perichondrium surrounds the epiphyseal cartilage and increases cartilage transverse
diameter by interstitial growth (Shapiro et al, 1977). Both the periosteum and
perichondrium are composed of an inner cambium layer, involved in the apposition of
new tissue and biochemical regulation of growth processes (Alvarez et al., 2002;
Kronenberg, 2003); and a fibrous outer layer, associated with mechanical modulation of
cartilage growth (Crilly, 1972; Forriol and Shapiro, 2005; Moss, 1972).

Periosteum is proposed to interfere with a mechanical feedback mechanism that exists
between pressure in growing cartilage and tension in the periosteum (Crilly, 1972;
Moss, 1972) (figure 1.2). Extracellular matrix formation, and chondrocytic proliferation
and hypertrophy in the growth plate result in elongation of the bone and movement of
the epiphysis away from the mid-diaphysis, thereby stretching and thus tensioning the
periosteum. Consequently, growth plate cartilage is statically compressed, which is
known to inhibit chondrocyte activity. Triggered by the tensioning, periosteum cells
synthesize matrix allowing the periosteum to grow, whereby the compressive force on

the cartilage is released and further bone lengthening becomes possible.

The hypothesis of a mechanical feedback mechanism is supported by the observation
that extracellular matrix production, and chondrocytic proliferation and hypertrophy
are stimulated by mechanical tension and retarded by compression (Bonnel et al., 1983;
Stokes et al., 2006; Stokes et al.,, 2007). Morphogenesis of developing long bones may
therefore be influenced by tensile and compressive forces exerted on cartilage via
insertion of periosteum, tendons, ligaments and muscle contractions (Henderson and
Carter, 2002), in combination with localized variations in mechanical restraint of

perichondrium (Wolpert, 1981).

The potential of growth modulation by the perichondrium and periosteum was shown
both in vitro and in vivo in different species. Removal of the perichondrium from a stage
32 chick ulna in vitro results in an overall increase in rudiment length (Rooney and
Archer, 1992), proposed to be a direct effect of the elimination of mechanical
perichondrium restraint (Henderson and Carter, 2002). Cutting the perichondrium in
an arbitrary direction results in protrusions containing typical cartilage cells (Wolpert,

1981). Circumferentially cutting the periosteum or completely stripping the tissue
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results in increased longitudinal growth rates (Bertram et al., 1991; Chan and Hodgson,
1970; Crilly, 1972; Dimitriou et al., 1988; Hernandez et al., 1995; Houghton and Rooker,
1979; Jenkins et al., 1975; Lynch and Taylor, 1987; Sola et al., 1963; Taillard, 1959;
Taylor et al, 1987; Warrell and Taylor, 1979; Wilde and Baker, 1987). Contrary,
longitudinal incision of the periosteum has no effect on growth (Crilly, 1972; Dimitriou
et al, 1988; Houghton and Rooker, 1979; Warrell and Taylor, 1979). Therefore, it is
likely that a structural component with morphological anisotropy, such as collagen, is

responsible for the modulation of growth.

a b C d e f

Figure 1.2: Proposed mechanical feedback mechanism that exists between pressure in growing
cartilage and tension in the periosteum (Crilly, 1972; Moss, 1972). (a) to (b) Extracellular matrix
formation, and chondrocytic proliferation and hypertrophy in the growth plate are postulated to
result in movement of the epiphyses away from the mid-diaphysis, (c) thereby stretching and thus
tensioning the periosteum. (d) Consequently, growth plate cartilage is statically compressed, which
inhibits chondrocyte activity. (e) Triggered by the tensioning, periosteum cells synthesize matrix
allowing the periosteum to grow, whereby the compressive force on the cartilage is released and (f)

further bone lengthening becomes possible. Image adapted from Kronenberg (Kronenberg, 2003).

Consider the case where perichondrium and periosteum forces are substantial enough
to modulate cartilage growth mechanically. Then, the direction of increased growth

upon disruption of perichondrium or periosteum is expected to coincide with the
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direction in which the tissue is stiffest, i.e. with the orientation of collagen. Hence, for a
load-dependent feedback mechanism to exist between the growing cartilage and
perichondrium and/or periosteum, their global collagen orientation should match long
bone growth directions (this thesis: chapter 2). As longitudinal bone growth is only
affected upon circumferential division, and not upon longitudinal incision of the
periosteum (Crilly, 1972; Warrell and Taylor, 1979), the periosteal collagen network is
expected to be primarily in the longitudinal direction. Perichondrium however, is
expected to contain a random organization of collagen fibers, as developing protrusions
were observed after incision in an arbitrary direction (Wolpert, 1981). Demonstrating
these relationships is a first step in validating the concept that a load-dependent
feedback mechanism prevails between different tissue types in growing bones.

The hypothesis by both Moss (Moss, 1972) and Crilly (Crilly, 1972), states that cartilage
expansion results in moving the epiphyses away from the mid-diaphysis. Thereby,
periosteum tension is induced that compresses the growing cartilage, which decreases
cartilage growth rates. Indeed compressive stresses have been shown to decrease
cartilage growth rates (Bonnel et al., 1983; Stokes et al., 2005; Wilson-MacDonald et al.,
1990). The linear relationship found between cartilage growth rate and imposed stress
(Bonnel et al.,, 1983; Stokes et al, 2006) implies that that any residual periosteum
tension, present during long bone development, modulates cartilage growth rates.
However, the magnitude of periosteum tension determines the extent to which
regulation by this mechanical feedback mechanism, hypothesized by both Moss (Moss,
1972) and Crilly (Crilly, 1972), is present. More specifically, the increase in cartilage
growth rate measured upon circumferential periosteum cutting should be equivalent to
the amount of cartilage growth rate suppression, originating from compressive stresses
induced by periosteum tension (this thesis: chapter 3). If periosteum tension is high
enough to explain the magnitude of increased growth rates upon circumferential
periosteum cutting, it is likely that periosteum growth is a key regulator of longitudinal
long bone growth. However, if periosteum force is too low to decrease cartilage growth
rates, it seems plausible that cartilage expansion triggers periosteum growth. The latter
postulate is supported by the observation that periosteum in adolescent chicks is

loaded even below its elastic region in vivo (Bertram et al., 1991).
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If low periosteum tension is preserved, while cartilage growth lengthens the periosteum
at a very high rate, a fast tissue adaptation mechanism is required (this thesis: chapter
5). As periosteum growth is homogenous over its complete length (Warwick and Wiles,
1934) and adhesion properties to the underlying bone in the diaphyseal region are
absent (Bertram et al., 1998), the adaptive response likely applies to the periosteum
tissue as a whole. In search of an adaptation mechanism of periosteum and fibrous
tissues in general, the embedded contractile cells appear to play a crucial role. Tensional
homeostasis is driving these cells to increase contraction upon decreased external
loading, and reduce contraction upon increased external loading (Brown et al., 1998;
Petroll et al., 2004; Tomasek et al., 1992). This property is essential for the ability of
fibrous tissues to adapt to their mechanical environment (Bell et al., 1979; Eastwood et
al,, 1996; Grinnell and Lamke, 1984; Guidry and Grinnell, 1985).

This tensional homeostasis of contractile cells has been shown to be involved in fibrous
tissue adaptation. Increased tissue load is dissipated via cell-mediated active translation
and reorientation of existing collagen fibers with respect to each other and the
(proteoglycan) matrix they are embedded in (Brown et al., 1998; Grinnell and Lamke,
1984; Guidry and Grinnell, 1985; Harris et al., 1981; Meshel et al,, 2005; Sawhney and
Howard, 2002; Stopak and Harris, 1982). Furthermore, dissipation of increased load
results from viscous properties of collagen fibers and reorientation of these fibers in
their matrix (Puxkandl et al., 2002; Sawhney and Howard, 2002). Additional collagen is
synthesized and dispersed in the matrix by the cells, in a load-dependent manner
(Curwin et al., 1988; Kim et al., 2002; Parsons et al., 1999; Wang et al., 2003; Yang et al,,
2004), to meet the new demands.

Decreased tissue strain is restored via cell-mediated tissue contraction (Brown et al.,
1998; Petroll et al,, 2004; Tomasek et al., 1992), preferential cleavage of unstrained
fibers (Ellsmere et al.,, 1999; Huang and Yannas, 1977; Nabeshima et al., 1996; Ruberti
and Hallab, 2005), and tissue compaction via the presence of residual strain (Bertram et
al,, 1998; Popowics et al., 2002).

The adverse response of fibrous tissues to imposed load suggests that adaptation of
periosteum, and likely fibrous tissues in general, might therefore be driven towards

specific load equilibrium (this thesis: chapter 5). If such equilibrium is found, more
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insight would be gained in the adaptation mechanism of fibrous tissues upon changes in
applied load.

The question that emerges when periosteum tension is not the dominant mechanism
for the modulation of cartilage, obviously is: ‘then what is?’ (this thesis: chapter 4). In
absence of a direct mechanical effect, biochemical pathways might be involved. It has
been shown that a large amount of growth factors from perichondrium and periosteum
can modulate growth plate behavior (Alvarez et al., 2001; Alvarez et al., 2002; Hinoi et
al,, 2006; Kronenberg, 2003; Long and Linsenmayer, 1998; Serra et al., 1999; Simon et
al, 2003). More specifically, increased growth after periosteum stripping can be
counteracted precisely when the correct concentration of TGF-B1 is supplied to the
medium (Crochiere et al., 2008). Also, extended growth upon periosteum removal could
be counteracted when conditioned medium was added either from a mixed population
of cells from perichondrium and periosteum or from cells at the border region of
periosteum and perichondrium (Di Nino et al., 2001). Not surprisingly, the border
region of perichondrium and periosteum covers the growing cartilage in which
chondrocytes proliferate and differentiate into hypertrophic cells. This can explain how
increased growth, observed after periosteum removal (Hernandez et al., 1995; Jenkins
et al., 1975; Lynch and Taylor, 1987; Warrell and Taylor, 1979), is regulated. However,
increased growth is also observed after circumferential periosteum cutting (Bertram et
al, 1991; Crilly, 1972; Lynch and Taylor, 1987; Warrell and Taylor, 1979), when the
cells are not removed. It can therefore be questioned if decreased intracellular tension
in periosteum cells is the key mechanism in the modulation of longitudinal bone growth?
Presence of intracellular tension might regulate production of a specific growth factor
pool, in a mechanobiological manner. The ability of cells to generate intracellular
tension is dependent on the properties of the substrate, on which they are cultured.
Cells cultured on stiff substrates generally display more spreading (Engler et al., 2004),
express more focal adhesions (Engler et al.,, 2006), and contain a more developed actin
filament network (Discher et al., 2005; Engler et al., 2004; Engler et al., 2006; Schwarz
and Bischofs, 2005). Expression of the actin filament network has been qualitatively
related to generation of force (Nekouzadeh et al, 2008). It should be noted that
conditioned medium in the study by Di Nino and coworkers (Di Nino et al, 2001)

originates from cells cultured on well plates, i.e. stiff substrates on which the cells are

-7-
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able to attach and generate intracellular tension. Culturing these cells on substrates
with lower stiffness might result in an altered potential to modulate bone growth (this
thesis: chapter 4). If intracellular tension is the key regulator, the underlying

mechanobiological pathway could be exposed and responsible growth factors identified.

This introduction has highlighted questions, which will be dealt with in the following
chapters of this thesis.

Chapter 2: Does periosteum and perichondrium fiber orientation match directions
of growth?
Chapter 3: Can periosteum tension create stresses in embryonic chick cartilage of

the magnitude demonstrated to have a direct effect on cartilage growth?
Chapter 4: Does the magnitude of intracellular tension in perichondrium and
periosteum regulate cartilage growth?
Chapter 5: Does a growing fibrous tissue attain a specific mechanical state and is
that equilibrium restored upon disturbance via cell-mediated adaptive

processes?

Answering these questions will result in a more comprehensive insight in the way bone
morphogenesis is regulated, and how the periosteum is involved in this process. This
thesis attempts to fill these knowledge gaps and discuss the future prospective related

to our understanding of long bone growth regulation.



Chapter 2

Collagen Orientation in Periosteum and
Perichondrium is Aligned With

Predominant Directions of Tissue Growth

This chapter is based on: Jasper Foolen, Corrinus C van Donkelaar, Niamh Nowlan,
Paula Murphy, Rik Huiskes, Keita Ito. (2008). Collagen orientation in periosteum and
perichondrium is aligned with preferential directions of tissue growth. journal of

Orthopaedic Research. 26,1263 - 1268.



Chapter 2

2.1 Abstract

A feedback mechanism between different tissues in a growing bone is hypothesized to
determine the bone’s morphogenesis. Cartilage growth strains the surrounding tissues,
eliciting alterations of its matrix, which in turn, creates anisotropic stresses, guiding
directionality of cartilage growth. The purpose of this study was to evaluate this
hypothesis by determining whether collagen fiber directions in the perichondrium and
periosteum align with the predominant directions of long bone growth. Tibiotarsi from
chick embryos across developmental stages were scanned using optical projection
tomography to assess predominant directions of growth at characteristic sites in
perichondrium and periosteum. Quantified morphometric data were compared with
multiphoton microscopy images of the three-dimensional collagen network in these
fibrous tissues. The diaphyseal periosteum contained longitudinally oriented collagen
fibers that aligned with the predominant growth direction. Longitudinal growth at both
metaphyses was twice the circumferential growth. This concurred with well-developed
circumferential fibers, which covered and were partly interwoven with a dominant
network of longitudinally oriented fibers in the outer layer of the
perichondrium/periosteum at the metaphysis. Toward both articulations, the collagen
network of the epiphyseal surface was randomly oriented, and growth was
approximately biaxial. These findings support the hypothesis that the anisotropic
architecture of the collagen network, detected in periosteum and perichondrium,

concurs with the assessed growth directions.
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2.2 Introduction

Morphogenesis of developing long bones is the result of cartilage growth. The growing
bone is enclosed by the perichondrium in the epiphyses and by the periosteum in
metaphyses and diaphysis. The anisotropy in growth, determining its shape, is believed
to be due to the influence of the surrounding tissues, which continuously adapt to the
changing mechanical environment. This concept was formulated in the so-called
‘direction dilation’ theory (Wolpert, 1981) according to which bone morphogenesis
results from the combination of pressure-induced tissue dilation and spatial variations
in the resistance against deformation. Ample evidence exists to support this theory. In
developing porcine femora, radial expansion only occurs until a perichondrium is
formed. From this point longitudinal elongation predominates (Carey, 1922). In
embryonic chicks, the best organized perichondrium is co-localized with the narrowest
parts of the developing bone (Rooney and Archer, 1992). Disruption of the epiphyseal
perichondrium by incision or collagenase treatment results in the development of small
protrusions and increased epiphyseal width, respectively (Rooney, 1984; Wolpert,
1981). The ‘direction dilation’ theory also seems applicable to the periosteum, which
spans the metaphyseal and diaphyseal cartilage. Circumferentially cutting the
periosteum, just below the epiphysis, enhances longitudinal growth (Crilly, 1972;
Rooney and Archer, 1992) and reduces the force (by 80%) needed for epiphysiolysis
(Shapiro, 2001). Likewise, a hemi-circumferential cut induces longitudinal overgrowth
at the incised side (Dimitriou et al., 1988).

During growth, the volume of cartilage increases, resulting in ‘growth-generated strains
and stresses’ in the enclosing tissues (Henderson and Carter, 2002). Hence, the cells and
extracellular matrix of the perichondrium and periosteum are strained. In turn, because
of this external restraint to epiphyseal growth by perichondrium and periosteum,
hydrostatic pressure is maintained in the epiphyseal cartilage. Hydrostatic pressure is
known to modulate the development of cartilage, through stimulation or inhibition of
proliferation and proteoglycan synthesis, depending on the nature of the pressure (Hall

etal.,, 1991; Hansen et al., 2001; Parkkinen et al., 1993).
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If the enclosing tissues would not adapt to the elongation during growth, they would be
elongated beyond failure strain. Hence, to allow growth, adaptation of the collagen
network in the enclosing tissues is required. The mechanical environment controls
fibrous tissue remodeling by regulating the expression and synthesis of collagen (Kim et
al,, 2002; Parsons et al., 1999; Yang et al., 2004), the production of proteases (Prajapati
et al, 2000), and the alignment of cells and collagen parallel to the strain direction
(Henshaw et al., 2006). Additionally, the susceptibility of collagen fibers to enzymatic
degradation by collagenase is strain-dependent. At an optimal stretch of 4%, collagen
degradation is minimized (Huang and Yannas, 1977). The diffusion rate of collagenase is
not significantly different in 4% strained samples, compared to unloaded controls.
Therefore, it is suggested that the degradation pattern depends on altered kinetics of
the collagenase-matrix interaction (Nabeshima et al., 1996). In favor of this suggestion,
it is found that collagen fibrils, perpendicular to the direction of tensile loading, degrade
more easily compared to fibrils aligned with the loading direction. This phenomenon is
called ‘strain-stabilization’ (Ruberti and Hallab, 2005). The direction of the load can
therefore influence the anisotropy of a collagen network by synthesizing new collagen
and degrading existing collagen in a strain-dependent manner. Hereby, a tissue adapts
its mechanical properties to the load it experiences (Feng et al., 2006b).

These mechanisms can explain the alignment of collagen to the direction in which a
tissue is strained, which is known to occur in dynamically loaded fibrous tissues.
However, it is unknown whether the quasi-static growth-generated strain can also
modulate the direction of a collagen network. Hence, our aims were to determine the
three-dimensional collagen orientation in periosteum and perichondrium of embryonic
chick tibiotarsi from developmental stages 39 to 40, and to determine whether they are
aligned with the directions of growth from stage 38 to 41. This is the first step in
validating the concept that a load-dependent feedback mechanism prevails between

periosteum and growing cartilage.

-12 -
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2.3 Materials and methods

2.3.1 Animals

Fertilized eggs of White Leghorn chickens ('t Anker, Ochten, The Netherlands) were
placed in a polyhatch incubator (Brisnea, Sandfort, UK). After a 12 to 15 day period of
incubation, chick embryos were removed from the eggs and euthanized by decapitation.
This incubation period corresponded to embryos ranging from Hamburger and
Hamilton stage 38 to 41 (Hamburger and Hamilton, 1992). Tibiotarsi were carefully

dissected, without damaging periosteum or perichondrium.

2.3.2 Growth by Optical Projection Tomography

For whole-mount staining, 28 chick tibiotarsi from embryonic day e12 to e15 were fixed
immediately upon dissection in 95% ethanol for 4 days at 4°C. The tissue was cleared in
1% potassium hydroxide and stained for 8 hours with 0.1 % Alcian Blue (Sigma, St.
Louis, MO, USA) for cartilage and for 3 hours with 0.014 % Alizarin Red (Fluka, USA) for
bone, consecutively. After staining, the tissue was embedded in 1% low melting point
agarose (Invitrogen, Breda, The Netherlands). Embedded samples were dehydrated in
100% methanol and cleared in a solution of benzyl benzoate and benzyl alcohol (2:1;
Sigma). Samples were scanned using Optical Projection Tomography (OPT), as
described by Sharpe and coworkers (Sharpe et al, 2002), using a prototype OPT
scanning device, constructed at the Medical Research Council Human Genetics Unit
(Edinburgh, UK) and installed in the Zoology Department, Trinity College Dublin. A 3-
dimensional (3D) computer representation of each bone rudiment was produced by
integrating 400 serial visible light transmission images from each scanned specimen
(Sharpe et al., 2002). The 3D representations could be virtually sectioned in any
orientation and comparable sections were used to measure a total of 10 morphometric
parameters, i.e. lengths, for each specimen (figure 2.1). Data for each parameter were
pooled per embryonic age. A linear regression fit between length and age was taken as

the quantitative growth rate in mm/day.
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Figure 2.1: Morphometric parameters from OPT data. (a) Raw OPT image of an e14 chick tibiotarsus.
Continuous lines represent the end of the bone shaft where the perichondrium begins, visible in the
raw data. Dashed lines represent periosteum attachments to the epiphyses, at the location where the
epiphysis widens. (b) Mid-frontal and (c) mid-sagittal sections through the bone, in which perimeter
dimensions (Px) represent the length of the perichondrium in the sagittal and frontal sections,
indicated by arrowed continuous lines. (d) Transverse sections through locations indicated in (c).
Circumferential dimensions (Cx) represent the circumference of the perichondrium or periosteum in
transverse sections. Red areas represent the cut-planes of the section and blue represents adjacent
tissue, located in deeper planes. The longitudinal dimension (L¢ia) was measured between
attachments of the periosteum to the epiphyses (indicated by dashed lines in (a)). Circumference of
the diaphysis (Cdia) was measured at the midshaft. Circumference of the distal (Cmetadist) and proximal
metaphysis (Cmetaprox) Were measured in between the bone shaft and periosteum attachment.
Circumference at the distal (Cepiqist) and proximal epiphysis (Cepiprox) Were measured near the largest
transverse section. Perimeters of the perichondrium at the proximal epiphysis in the sagittal
(Psagprox) and frontal (Pfontprox) Section were measured from the medial to the lateral end of the bone
shaft. Corresponding parameters in the distal epiphysis (Psigdist and Pgontdist) were measured

similarly.
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2.3.3 Collagen orientation by Multiphoton Microscopy

Chick tibiotarsi from embryonic day 13 to 14 (n=16) were used for visualization of the
perichondrial and periosteal collagen network. Upon dissection, tibiotarsi were
incubated in phosphate buffered saline (PBS), supplemented with a collagen probe (2.5
uM) (Krahn et al., 2006) for one hour at 37°C, 5% COz. The CNA35 protein is known to
have a high affinity for collagen I relative to other collagen types and shows very little
cross reactivity with noncollagenous extracellular matrix proteins. Conjugation of this
protein to a fluorescent dye yields the formation of a highly specific probe for collagen
imaging (Krahn et al., 2006). After incubation, samples were washed in PBS to remove
excessive dye and kept in PBS for the remainder of the experiment. During visualization,
tibiotarsi were immersed in PBS and put in a chambered coverglass (Lab-Tek II, Nunc,
Roskilde, Denmark). Both the proximal and distal sides of the bones were examined,
using a multiphoton microscope (Zeiss LSM 510 META NLO, Darmstadt, Germany) in
Two-Photon-LSM (TPLSM) mode. The excitation source was a Coherent Chameleon
Ultra Ti:Sapphire laser, tuned and mode-locked at 763 nm. This wavelength resulted in
the highest intensity profile for the collagen probe. Laser light was focused on the tissue
with a Plan-Apochromat 20x/0.8 numerical aperture (NA) objective or C-Apochromat
63x/1.2 NA water objective, connected to a Zeiss Axiovert 200M. The pinhole of the
photo-multiplier was fully opened. The photo-multiplier accepted a wavelength region
of 500 - 530 nm. All single images shown in this chapter were obtained from Z-stacks,
taken through the perichondrium or periosteum. No additional image processing was

performed.

2.3.4 Statistics

Two-Way ANOVA was used to determine the effect of the selected independent variable
(embryonic day, which is taken as an ordinal variable referring to the selected
embryonic stage) and its interaction with the morphometric dimensions (Ldia, Cdia, Cmeta,
dist ANd Cieta, prox; Cepi, dist, Psagdist and Prontdist; Cepi, prox, Psagprox and Prontprox) of the tibiotarsi.
If an interaction was found, Two-Way ANOVA was repeated for individual parameters
and the p-value was corrected with the Bonferroni criterion. P-values < 0.05 were

considered statistically significant.
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2.4 Results

2.4.1 Growth

Growth in the epiphyseal perichondrium is shown in figure 2.2. The linear regressions
had R-squared values that ranged from 0.86 to 0.93. Statistically significant differences
were assessed for growth rates in the distal and proximal epiphyses separately. A
significant difference was found in the comparison between the slopes (table 2.1) of the
circumferential parameters (Cepi, dist and Cepi, prox) and the perimeters (Psag, dist, Psag, prox
Pfront, dist and Prront, prox). At both extremities, circumferential growth exceeded growth of
the perimeter. The ratio between them ranged from 1.54 - 1.97 (table 2.2). Perimeter
growth in both epiphyses (Psag, dist and Ptront, dist; Ptront, prox and Psag, prox) was not different.

Growth in the metaphysis and diaphysis is shown in figure 2.3. The linear regressions
had R-squared values that ranged from 0.92 to 0.96. A significant difference was found
in the comparison between the slopes (table 2.1) of the longitudinal parameter (Ldia)
and all circumferential parameters (Cdia, Cmeta, dist, Cmeta, prox) as well as circumferential
growth at both metaphyses (Cmeta, dist Cmeta, prox) With circumferential growth at the
diaphysis (Cdia). At the metaphyses, circumferential growth was approximately half the

longitudinal growth, whereas at the diaphysis this ratio was one to four (table 2.2).

117 —e- Cepi, dist - © = Cep, prox 20 7 -e— Ly, - 0 - Coeta, dist
—_ 10 A —u- Pfront, dist -o- Pfront, prox —_ -<- Cmeta, prox
E 9 7 —— Py dist - 0 = Pag. prox E 15
I S 10
571 o g
5] £ s
5 .
P : : ‘ 0 : : ‘
12 13 14 15 12 13 14 15
Embryonic day Embryonic day
Figure 2.2. Growth in the epiphysis. Figure 2.3: Growth in the metaphysis and
Circumferential (Cepi, prox and Cepi aist) and diaphysis. Circumferential (Cmeta, disty Cmeta, prox and

perimeter dimensions in the frontal and sagittal
sections (Psag, dist, Psag, prox, Pfront, dist and Pfont, prox)

against embryonic age (n=28).
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Table 2.1: Growth rates in the diaphysis, Table 2.2: Growth ratios between growth rates
metaphysis and epiphysis. n=28. Values (table 2.1) in the diaphysis, metaphysis and
represent the slopes of the linear regression lines  epiphysis (n=28).

depicted in figure 2.1 and 2.2.

*Statistical differences, p < 0.05.

Growth rate +S.D. R2 Growth ratio [-]
[mm/day] Diaphysis / Metaphysis
Diaphysis / Metaphysis Corves i/ L 0.54
Ly 2.42+0.14 J 0.92 Cm:pmx /L 0.46
€ 0.67 +0.03 } *]* 0.96 Co/ Ly, 0.28
Crneta,dist 1.30+£0.07 }‘ 0.93 Epiphysis distal
Cepi,dist/ Psag,dist 1.67
Copidist 1.60+0.10 }*J 0.91 Psag,dist/ Prrontaist 0.92
Ptrontist 1.04+0.08 * 0.87 Epiphysis proximal
Pygat 0.96 + 0.08 0.86 Conron/ Pronsoro 1.97
Epiphysis proximal o — 1.72
epi,prox 1.60+0.09 }} 0.93 pfmnt’pmx/ g prox 0.87
Pront,prox 0.81+0.05 * 0.90
P 0.93+0.05 0.92

sag,prox

2.4.2 Collagen fiber orientation

At the diaphysis, the outer layer of the periosteum (figure 2.4b) contained some random
oriented collagen fibers. Deeper into the tissue (figure 2.4c & d) the orientation was
highly anisotropic with almost all oriented longitudinally. In the metaphysis, the outer
layer of the perichondrium was composed of a thin, random fiber network (indicated by
arrows in figure 2.4f & g). Underneath this layer, thicker circumferential fibers (dashed
circles in figures 2.4f - h), presumably originating from the perichondrium, were
entangled with longitudinal fibers. The latter fibers (asterisks in figures 2.4g & h)
comprising the inner fibrous layer, were continuous with the well-developed
longitudinal fibers in the diaphyseal periosteum. The collagen network in the
perichondrium covering the epiphyses had no predominant orientation (figure 2.4j - 1),
and was therefore considered random. Sporadically, locations were identified where
groups of fibers ran in parallel (asterisk in figure 2.41). No differences in collagen

orientation were observed between the examined tibiotarsi.
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h (-14 mm)

1]

Figure 2.4: TPLSM images of collagen in the perichondrium and periosteum of an el13 chick
tibiotarsus. Red squares indicate the location of the z-stack in (a) the diaphyseal periosteum, (e)
metaphyseal periosteum/perichondrium and (i) epiphyseal perichondrium. (b - d) Fiber orientation
in the diaphyseal periosteum. (b) A thin layer of collagen without a preferential orientation covers (c)
longitudinal collagen fibers. (f - h) Fiber orientation in the metaphyseal periosteum/perichondrium.
Asterisk: longitudinal periosteal fibers extending from the diaphysis. Dashed circles: circumferential
fibers interwoven with the longitudinally organized deeper network. Arrows: random fiber
orientation in the outer layer. (j - 1) Fiber orientation in the epiphyseal perichondrium is random.
Arrowhead: sparse areas with few parallel fibers. (b - d): Objective 20x, NA 0.8. (f - h & j - I):
Objective 63x, NA 1.2. Scale bars: 50 um. Image depth is indicated on images.
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An overview of the results is depicted in figure 2.5. (diaphysis) Longitudinal periosteum
fibers spanned the diaphysis and the metaphyses, and attached to the epiphyseal base.
Growth in the diaphysis was predominantly in the longitudinal direction (ratio 4:1) and
all periosteum fibers aligned with that direction. (metaphysis) The outer layer of the
perichondrium/periosteum contained well-developed circumferential fibers which
covered, and were partly interwoven with, a dominant network of longitudinally-
oriented fibers. Longitudinal metaphyseal growth was twice the circumferential growth.
(epiphysis) Towards the articulations, the collagen network of the epiphyseal surface
was randomly oriented and growth was approximately equibiaxial at both the distal

and proximal sides.

1 1
@ o ()

0.92

1

0.46

epiphysis metaphysis diaphysis metaphysis epiphysis

0.87
1

1 " § N Y0.92
1.97 1.54
1 1

Figure 2.5: Overview of normalized growth ratios (see table 2.2) and corresponding collagen

orientation in the diaphysis, metaphysis and epiphysis of the developing tibiotarsus (e13-e14).

Sagittal view on top, frontal view below. Proximal left, distal right.
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2.5 Discussion

The 3D collagen orientation in embryonic chick tibiotarsi periosteum and
perichondrium were compared to the directions of tibiotarsi growth. The results (figure
2.5) revealed that epiphyseal growth was isotropic at the bone-extremity surfaces,
whereas at the epiphyseal center, circumferential growth dominated. This
corresponded to a random collagen network in the epiphyseal perichondrium.
Longitudinal periosteum fibers spanned the metaphysis and diaphysis, and aligned with
the dominant longitudinal growth in the diaphysis. Circumferential growth was larger
at the metaphysis compared to the diaphysis, which concurred with the finding that
longitudinal fibers were covered by a layer of circumferentially-oriented fibers at the
metaphysis, but not at the diaphysis. The biaxial collagen network of the metaphysis
was found to originate from the dominant longitudinally-oriented periosteal fibers at
the diaphysis. These fibers were continuous with fibers at both metaphyses and were
fixed at the epiphyseal base only. Adhesion of the periosteum to the underlying cartilage
and bone at other locations was poor (Bertram et al., 1998). The longitudinal fibers
spanned the complete metaphysis and diaphysis and were loaded in this direction.
Their insertions are unfavorable for acting against circumferential growth, therefore
another sheet of fibers was found perpendicular to the longitudinal direction. These
finding support our hypothesis that predominant directions of growth, generate strain
in corresponding directions, which aligns collagen fibers in the perichondrium and
periosteum. Hence, growth is proposed to trigger collagen-fiber orientation.

We compared growth at characteristic sites to local orientations of collagen at
corresponding sites. A limitation to this study is that the exact location of the TPLSM
scans cannot be assessed. It remains experimentally challenging to compare detailed
quantified growth at a small scale with collagen orientations at matching locations.

This study shows that collagen orientation coincides with the ratio between different
directions of absolute growth (in mm/day). However, growth is defined as a
combination of tissue strain and remodeling. The actual strain the collagen fibers
experience, which is the genuine trigger for collagen alignment, may differ from the
growth rate. Knowledge of such would provide additional insight in the mechanism of

collagen turnover by mechanical stimulation. One preliminary study (Chen et al., 2007)
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estimated residual strain in mid-diaphyseal periosteum of similarly aged chicks as high
as 105% in the longitudinal direction and 10% in the circumferential direction.

In 7- to 8-week-old rabbit metatarsals, collagen orientation in the
periosteum/perichondrium is predominantly longitudinal, with some distinct groups of
fibers lying in a circumferential orientation or oblique to the long axis (Speer, 1982).
The periosteum of the rabbit femur also displayed longitudinally-oriented collagen
fibers (Dejonge, 1983). In ribs of 5-months-old rabbits, collagen is oriented parallel to
the longitudinal axis of the rib, while in the outer zone of the cartilage, collagen layers
are mostly arranged circumferentially (Bairati et al., 1996). The observations in these
studies are in agreement with fiber orientations found in the present study. In a
crossbreed of New Hampshire and Barred Rock chickens, growth in length and
diaphyseal diameter of tibias is linear during the first 3 weeks after fertilization (Church
and Johnson, 1964). All corresponding growth dimensions in this crossbreed exceed
those of the White-Leghorn chickens from this study by a factor of approximately 2.
However, the linear increase of the bone dimensions during the second week after
fertilization is in agreement with this study. To the knowledge of the authors, collagen
orientation has never been related to growth-directions in developing tissues.

Many studies (Caruso and Dunn, 2004; Ellsmere et al.,, 1999; Guidry and Grinnell, 1985;
Henshaw et al,, 2006; Huang and Yannas, 1977; Nabeshima et al., 1996; Ruberti and
Hallab, 2005; Sawhney and Howard, 2002; Wang et al., 2003) relate mechanical load to
direction dependent degradation and alignment of collagen. The orientation of collagen
has been assessed in fibroblast-seeded collagen gels, subjected to different loading
regimes. Unloaded gels display a disorganized collagen distribution (Henshaw et al,,
2006). Uniaxially constrained gels develop high degrees of fiber alignment and
mechanical anisotropy, while collagen gels constrained biaxially remain mechanically
isotropic with randomly-distributed collagen fibers (Henshaw et al, 2006;
Thomopoulos et al., 2005). Using the same set-up, static uniaxial load induces greater
ultimate stress and material modulus compared to dynamic load (Feng et al., 2006b).
Differences in collagen alignment between statically and dynamically loaded samples
have not been reported. Compaction force of the tethered collagen samples increased

immediately, reaching a maximum after 2 days of culturing (Feng et al., 2006a). These
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studies all suggest a relationship between strain and collagen orientation; however,
they do not indicate what the relationship implies.

Driessen and coworkers (Driessen et al., 2004) hypothesized that collagen fibers align
with the direction in between the principal tensile strains, dependent on the strain
magnitudes. Predicted collagen architectures with this theory concur with the collagen
orientation in various dynamically loaded tissues, including heart valves (Driessen et al.,
2005), blood vessels (Driessen et al., 2004), and articular cartilage (Wilson et al.,, 2006).
The present chapter shows that collagen orientations in the perichondrium and
periosteum align with the directions of growth. Growth is a combination of mechanical
tissue strain and the synthesis of new tissue matrix. Exactly how growth relates to
mechanical tissue strain is yet unknown. Hence, it is difficult to correlate the measured
collagen orientation in periosteum and perichondrium to predictions by these theories.
Possibly, the mechanism for collagen orientation is different in growing tissues that are
quasi-statically loaded, compared to dynamically loaded tissues.

We conclude that the local anisotropy in the periosteum and perichondrium concurs
with predominant growth directions. This agrees with the concept that a load-
dependent feed-back mechanism prevails between different tissue types in growing

bones.
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3.1 Abstract

Periosteal division is one of the less severe interventions used to correct mild long bone
growth pathologies. The mechanism responsible for this growth modulation is still
unclear. A generally adopted hypothesis is that division releases compressive force
created by tensioned periosteum. We set out to evaluate the feasibility of this
hypothesis by quantifying the stress level imposed on cartilage by periosteum tension
in the rapid growth phase of chick embryos and evaluating if tension release could be
responsible for modulating growth. Residual force in embryonic periosteum was
measured in a tensile tester. A finite element model was developed, based on geometry
determined using optical projection tomography in combination with histology. This
model was then used to calculate the stress-distribution throughout the cartilage
imposed by the periosteum force and to evaluate its possible contribution in modulating
growth. Residual periosteal force in el7 chick tibiotarsi resulted in compressive
stresses of 6 kPa in the proliferative zone and tensile stresses up to 9 kPa in the
epiphyseal cartilage. Based on the literature, these compressive stresses are estimated
to reduce growth rates by 1.1% and calculated tensile stresses increase growth rates by
1.7%. However, growth rate modulations between 8% and 28% are reported in the
literature upon periosteum release. We therefore conclude that the increased growth,
initiated by periosteal division, is unlikely to be predominantly the result of mechanical
release of cartilage compression by periosteum tension. However, increased epiphyseal
growth rates due to periosteal tension, may contribute to bone morphogenesis by

widening the epiphysis.
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3.2 Introduction

Skeletal growth is a tightly controlled phenomenon. In general, it is difficult to correct
for skeletal malformations that develop during growth. Periosteal division is one of the
less severe interventions that have been used to, for instance, correct unilateral long
bone growth retardation. It is proposed that it interferes with a mechanical feedback
mechanism that exists between pressure in growing cartilage and tension in the
periosteum (Crilly, 1972; Moss, 1972). In this feedback mechanism, extracellular matrix
formation, and chondrocytic proliferation and hypertrophy in the growth plate are
postulated to result in movement of the epiphysis away from the diaphysis, thereby
stretching and thus tensioning the periosteum. Consequently, growth plate cartilage is
statically compressed. Static compression on growing cartilage is known to inhibit
chondrocyte activity. Triggered by the tensioning, periosteum cells synthesize matrix
allowing the periosteum to grow, whereby the compressive force on the cartilage is
released and further bone lengthening becomes possible.

Extensive data exists to support the hypothesis that mechanics is involved in growth
modulation (Arriola et al., 2001; Bonnel et al,, 1983; Robling et al., 2001; Stokes et al.,
2005; Stokes et al,, 2006; Stokes et al.,, 2007; Wilson-MacDonald et al.,, 1990). Static
compression applied to growth plates decreases longitudinal growth rates (Bonnel et al.,
1983; Stokes et al., 2005; Wilson-MacDonald et al., 1990). Consistently, static tension
increases longitudinal growth rates (Arriola et al., 2001; Stokes et al., 2006; Stokes et al.,
2007; Wilson-MacDonald et al., 1990). The effect of applied stress level is linearly
related to the percentage growth modulation (Bonnel et al,, 1983; Stokes et al., 2006).
Proportional modulation of growth was quantified after compression (100 and 200 kPa)
and distraction (100 kPa) of growth plates in the proximal tibia of rabbit (aged 48 and
69 days), rat (aged 45 and 65 days) and calf (aged 55 days). Growth-rate sensitivity to
stress (the regression relationship between proportional modulation of growth and
actual stress) in tibiae was found to be 18.6% per 100 kPa and did not significantly
differ between species or age of animals (Stokes et al., 2006). The effect of mechanical
loading on growth was related to alterations in the number of proliferative

chondrocytes and chondrocyte height in the hypertrophic zone (Stokes et al., 2007).

-25-



Chapter 3

Furthermore, it is suggested that the periosteum mechanically modulates cartilage
growth. Circumferential periosteal division results in increased longitudinal growth in
28- (Warrell and Taylor, 1979) and 60-day-old rats (Lynch and Taylor, 1987), 16- to 20-
day-old fowls (Crilly, 1972), and 14- to 16-day old quails (Bertram et al., 1991).
Periosteal stripping also increases longitudinal bone growth in young monkeys, 3- to 4-
months-old dogs (Sola et al.,, 1963), 30- (Hernandez et al., 1995) and 60-day-old rats
(Lynch and Taylor, 1987) and 6- to 14-year-old humans (Jenkins et al., 1975; Taillard,
1959). Circumferential division supplemented with stripping in 28-day-old rats
produces the greatest increase in tibial length (Warrell and Taylor, 1979). Hemi-
circumferential periosteal division produces an increase in valgus deformity,
longitudinal overgrowth and an S-shaped tibia (Dimitriou et al., 1988; Houghton and
Rooker, 1979). On the contrary, longitudinal periosteal incision, which damages the
tissue but does not compromise the physical connection to both epiphyses, has no effect
on longitudinal growth (Crilly, 1972; Dimitriou et al., 1988; Houghton and Rooker, 1979;
Warrell and Taylor, 1979).

According to the above, it appears that mechanics can modulate growth plate growth
rates, and increased growth rates as a result of circumferential periosteal division may
act through this mechanism. This concurs with the aforementioned hypothesis of Moss
(Moss, 1972) and Crilly (Crilly, 1972). However, the hypothesis has never been tested
directly. We therefore set out to answer the question whether periosteum tension can
create stresses in embryonic chick cartilage of the magnitude demonstrated to have a

direct effect on cartilage growth.

3.3 Materials and Methods

We quantified the stress levels imposed on the cartilage by periosteum tension in the
rapid growth phase of chick embryos between embryonic day 15 and 17. Since it is
impossible to measure stress levels in growing cartilage experimentally, we adopted a
combined experimental-numerical approach. Residual force in fast growing chick
periosteum was assessed experimentally, using a setup similar to Bertram and
coworkers (Bertram et al., 1998). This residual force served as input for finite element

analysis, used to calculate the resulting stress-distribution throughout the cartilage.
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Bone geometry and boundary conditions for the finite element analysis were obtained
from histology in combination with optical projection tomography (OPT). The stresses
in cartilage were then compared to the aforementioned growth rate sensitivity to stress
of 18.6% per 100 kPa, assessed by Stokes and coworkers (Stokes et al., 2006). An
estimate for growth rate increase upon circumferential periosteum division was hereby

obtained, evaluated with respect to increased growth rates from the existing literature.

3.3.1 Mechanical testing: residual force measurement

Fertilized eggs of White Leghorn chickens ('t Anker, Ochten, The Netherlands) were
placed in a polyhatch incubator (Brinsea, UK). After a 15-, 16- or 17-day period of
incubation, i.e. Hamburger and Hamilton stages 41 to 43 (Hamburger and Hamilton,
1992), chick embryos were removed from the eggs and euthanized by decapitation. A
total of 36 tibiotarsi (n=12 each for e15, e16 and e17) were carefully dissected, without
damaging the periosteum. All remaining surgical procedures were performed in PBS. A
single longitudinal incision through the periosteum along the entire diaphysis was
made with a scalpel next to the fibula. The fibula was removed without additional tissue,
by cutting the proximal and distal end with scissors. The longitudinal incision was used
to guide two suture wires (5.0 Vicryl, Ethicon, Johnson & Johnson Medical, Amersfoort,
The Netherlands) in between bone and the periosteum (figure 3.1a). The wire ends
were guided through mixing needles without bevel (Terumo Europe, Leuven, Belgium).
The tibiotarsus was fixed (figure 3.2) in an ElectroForce LM1 TestBench (Bose
Framingham, MA, USA) and grippers were displaced until the 2.5N load cell (Sensotec,
Honeywell, Apeldoorn, The Netherlands) indicated an unloaded condition.

With the rudiment held at in vivo length, suture wires were moved towards the
proximal and distal insertion of the periosteum to the cartilage (figure 3.1b).
Subsequently, suture wires were pulled through the mixing needles to cut the proximal
(figure 3.1c) and distal (figure 3.1d) metaphyseal cartilage. In this way, bone tissue was
extracted through the longitudinal cut with the periosteum held at in vivo length (figure

3.1d).
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Fixation epiphyses metaphysis metaphysis bone

Figure 3.1: Progressive steps in the mechanical test protocol. Digital images (top row) and
corresponding illustrations (bottom row). (a) After making a single longitudinal cut with a scalpel
alongside the fibula, which was subsequently removed, suture wires were guided in between bone
and the periosteum. (b) At in vivo length, suture wires were moved proximal and distal. (c) Suture
wire has cut the proximal metaphyseal cartilage and (d) bone tissue was removed after cutting
through the distal metaphyseal cartilage, with the periosteum held at in vivo length. Scale bar

represents 10 mm.

With this procedure the recorded contractile force displayed a stepwise increase (i.e.
from ON, where tension in the periosteum is exactly countered by compression in the
bone, to periosteum tensile force). This force, staying constant over time, was defined as
residual force. Throughout the procedure, the tissue was hydrated with PBS. The

complete procedure from dissection to loading spanned approximately 15 minutes.

a b
Figure 3.2: Illustration of bone fixation in the clamps of the tensile tester.

(a) 3D representation. (b) Cross-section of (a).
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3.3.2 Statistics

One-Way ANOVA was used to determine if there was a difference in residual force
between the different embryonic age groups. For post-hoc testing, the Bonferroni
correction was used. For all tests, p-values < 0.05 were considered statistically

significant.

3.3.3 Optical Projection Tomography (OPT)

Quantitative morphometric parameters for the periosteum and representative mesh
geometry for finite element analysis were obtained from OPT. For whole-mount
staining, tibiotarsi from embryonic day e16 and e17 chicks (n=3 for both ages) were
used. Procedures are performed exactly as described previously (Foolen et al., 2008),
see chapter 2. In short, tibiotarsi were cleared in 1% potassium hydroxide (Sigma, St.
Louis, MO, USA) and stained with Alcian Blue (Sigma) for cartilage and Alizarin Red
(Fluka, USA) for bone, consecutively. After staining, the tissue was embedded and
scanned using OPT, as described by Sharpe and coworkers (Sharpe et al.,, 2002), using a
prototype OPT scanning device, constructed at the Medical Research Council Human
Genetics Unit (Edinburgh, UK) and installed in the Zoology Department, Trinity College
Dublin. A 3-dimensional (3D) computer representation of each bone rudiment was
produced by integrating 400 serial visible light transmission images from each scanned
specimen (Sharpe et al,, 2002). The 3D representations could be virtually sectioned in
any orientation. OTP data for embryonic day el5 (n=7) were adopted from our former

study (Foolen et al., 2008), see chapter 2.
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3.3.4 Histology

To visualize periosteum attachment to the cartilage, formalin-fixed paraffin-embedded
tibiotarsi of el5 to el7 bones (n=3 for all ages) were sectioned at 10 pum. The
fluorescent collagen binding protein CNA35 (Krahn et al, 2006) and DAPI staining
(Invitrogen, Breda, The Netherlands) were used to visualize collagen and cell nuclei,
respectively, in the mid-frontal section. Tile scans were obtained using a multiphoton
microscope (Zeiss LSM 510 META NLO, Darmstadt, Germany). The excitation source
was a Coherent Chameleon Ultra Ti:Sapphire laser, tuned and mode-locked at 763 nm.
Laser light was focused on the tissue with a Plan-Apochromat 20x/0.8 NA objective,
connected to a Zeiss Axiovert 200M. Spatial resolution was 1024 x 1024 pixels over a
450um x 450um area. The photo-multiplier accepted a wavelength region of 500 - 530
nm for CNA35 and 390 - 465 nm for DAPI visualization.

3.3.5 Finite Element Analysis

The stress-distribution throughout the epiphyseal and metaphyseal cartilage was
computed using an axisymmetric finite element model of a proximal el7 tibiotarsus
(figure 3.3a). A mid-frontal section from OPT was used to create a representative mesh.
Corresponding histology (figure 3.3b & c) was used to determine the location of
periosteum attachment to the cartilage, the location of the bone shaft and resting,
proliferative, and hypertrophic cartilage zones. Only equilibrium conditions were
evaluated and low strains were predicted. Therefore, bone and cartilage zones were
described as isotropic, linear elastic materials. The material properties used (table 3.1),
were obtained from embryonic mouse bones (Radhakrishnan et al., 2004; Tanck et al,,
2000; Tanck et al., 2004) and have been used by others in FE simulations of embryonic
avian bone (Nowlan et al., 2008).

The displacements of the nodes on the symmetry axis and the bottom plane of the
axisymmetric model were confined in the x-direction and y-direction, respectively
(figure 3.3a). Periosteum tension was represented as a surface traction of 4.4 kPa,
applied to the epiphyseal cartilage at 14 degrees with respect to the vertical axis (figure

3.3a), which was in accordance with histological analysis (figure 3.3c).
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Figure 3.3: (a) Axisymmetric finite element mesh of a proximal e17 chick tibiotarsus. Zone and
element distribution, boundary conditions and applied load are indicated in the figure. (b) Histology
of a proximal tibiotarsus of an e17 chick embryo stained for collagen (CNA35; green) and cell nuclei
(DAPI; blue). (c) Magnification of figure 3.3b showing the attachment of the periosteum to the

epiphyseal resting zone, just next to the proliferative zone.

This surface traction equals the residual periosteum force measured in this study
(0.032N, see results section), divided by the total area of periosteum attachment (7.2
mm?) in the finite element model. Periosteum attachment area is determined by
revolving the black line from figure 3.3a around the symmetry axis, which corresponds
to the periosteal attachment site, as depicted in figure 3.3c. The model was
implemented in ABAQUS v6.2 (Hibbitt, Karlsson & Sorensen, Inc., Pawtucket, RI, USA). It
consisted of 2482 8-node bi-quadratic axisymmetric elements with reduced integration

points (CAX8R).

Table 3.1: Material properties used in the finite element model

E-modulus [MPa] (Radhakrishnan et Poisson’s ratio [-] (Tanck et al,

al,, 2004; Tanck et al,, 2004) 2000)
Resting zone 0.57 0.25
Proliferative zone 0.71 0.25
Hypertrophic zone 0.88 0.25
Bone 117 0.30
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3.4 Results

3.4.1 Residual force measurement

Residual periosteum force was not significantly different between the ages examined
(figure 3.4). Although there was no statistically significant difference, the largest
residual force (0.032 N) and the corresponding morphology for the el7 tibia was used

as input for the numerical model.

0.06
0.05 4
0.04

0.03 4

In vivo force [N]

15 16 17

Embryonic day

Figure 3.4: Residual periosteum force, determined at three

embryonic ages. For all ages, n=12.

3.4.2 Finite element analysis

Finite element analysis of an el7 tibiotarsus calculated stresses in the longitudinal
direction (figure 3.5a) near the symmetry axis below 2 kPa in the proliferative zone, and
below 3 kPa in the hypertrophic zone. Longitudinal stresses (figure 3.5a) up to 6 kPa
were found in the peripheral area of proliferative cartilage with even higher values in
the bone shaft. Largest maximal principal stresses were located in the bone shaft and
throughout the cartilage resting zone between 1 and 9 kPa (figure 3.5b). These stresses
are oriented perpendicular to the symmetry axis and arch over to run parallel to the

periosteum insertion as shown by the maximal principal tensile stress vectors (figure

3.5¢).
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Figure 3.5: Finite element analysis results. (a) Longitudinal stress. (b) Maximal principal stress in an
axisymmetric representation of the proximal part of an e17 tibiotarsus. Stresses are presented in kPa.
White lines represent zonal boundaries (similar to figure 3.3a). (c) Maximal principal tensile stress

vectors in the epiphysis. Compressive stress vectors not shown.

3.5 Discussion

The question was addressed whether periosteum tension can create stress in
embryonic chick cartilage of the magnitude demonstrated to have a direct effect on
cartilage growth. In the metaphysis, longitudinal compressive stresses did not exceed 6
kPa (figure 3.5a). Given the 18.6% growth rate change per 100 kPa (Stokes et al., 2006),
these compressive stresses would evoke an estimated decrease in growth rate of
approximately 1.1%, i.e. circumferential periosteum release would theoretically result
in a 1.1% increased growth rate. However, increased growth rates (defined as
percentage increase in growth rate of the experimental bone over the control) of 11.9%
- 15.2% were reported after periosteum division in tibiotarsi and 9.9% - 17.5% in radii
of quail, depending on the time after surgery (Bertram et al.,, 1991), and 27.5% upon
proximal division, 8.2% upon distal division, and 18.7% upon periosteum stripping in
Wistar rats, 21 days after surgery (Lynch and Taylor, 1987). Growth rate modulations
from the latter study were calculated from the raw data supplied. Our estimate of the
direct mechanical effect of periosteum release on increased longitudinal growth rates

attains magnitudes far below the effect described in the literature. Hence, we postulate
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that in addition to a minor mechanical effect, the influence of periosteum release may be
predominantly indirect. It has been postulated that alterations in growth may be caused
by indirect effects of periosteum division, mediated by a release of growth-modulating
factors (Bertram et al, 1998). This concurs with the finding that extended growth
caused by mechanical removal of the perichondrium and periosteum can be inhibited
when tibiotarsi are cultured in medium conditioned by cells of the region bordering
both the perichondrium and the periosteum (Di Nino et al., 2001).

In contrast to metaphyseal growth, maximal principal stresses in the epiphyseal
cartilage attained values of 1 to 9 kPa (figure 3.5b). According to the growth rate
sensitivity estimate, these tensile stresses could evoke a continuously increased growth
rate of 0.2 to 1.7%. The orientation of these stresses, in the radial direction as depicted
in figure 3.5¢, stimulates additional cartilage growth in the corresponding direction. We
therefore hypothesize that these stresses contribute to widening the epiphysis relative
to the metaphysis during growth.

Increased growth upon periosteum division has been observed at several locations in a
variety of species (Bertram et al., 1991; Crilly, 1972; Dimitriou et al., 1988; Hernandez
et al., 1995; Houghton and Rooker, 1979; Jenkins et al., 1975; Lynch and Taylor, 1987;
Taylor et al., 1987; Warrell and Taylor, 1979), including domestic fowl from different
age groups (Crilly, 1972). All these data originate from animals or humans in the age
range from 14 days to 14 years. To our knowledge, no in vivo data exists for the
embryonic stage. However, in an in vitro setup, increased longitudinal growth rates are
reported after stripping the periosteum of e12 chick tibiotarsi (Di Nino et al.,, 2001),
similar to postnatal in vivo observations. We chose to use embryonic chick growth
plates between el5 to el7 because these show the highest incremental growth rate
(Church and Johnson, 1964). As we expect periosteum tension to be dependent on
growth rate and not on external loads, we assumed that chicks of the breed and age
used in the current study respond similarly to periosteal interventions. Yet, it cannot be
excluded that additional age or load-related factors alter the growth response upon
periosteum dissection in vivo.

The growth rate sensitivity to stress values that we used were obtained from Stokes and
coworkers (Stokes et al., 2006). These are determined in adolescent rat, rabbit and calf

and showed little variation between species and age, ranging from 9.2% to 23.9% per
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100kPa. Even when the highest growth rate sensitivity to stress value would have been
used in the present study, our conclusion would not have changed. Unfortunately, such
quantitative data are not available for chick. Therefore, we cannot exclude the
possibility that embryonic chick growth plates respond differently to stress. Yet,
although embryonic chicks exist in a mechanical environment different than that of the
weight bearing young animals used for comparison, it is unlikely that environmental
forces would have changed the stress in the periosteum, because this is predominantly
determined by the growth of the long bone, rather than by externally applied forces.
Periosteum attachment to the growing cartilage may be determinative for its growth-
modulating potential. The adhesion force of the periosteum in 4-week-old chicks was
absent over the diaphysis, more substantial over the metaphyseal region and largest in
the epiphysis (Bertram et al., 1998). This is in agreement with the observation that a
loose matrix containing very thin Sharpey’s fibers exists in between the periosteum and
the metaphyseal cartilage (Ellender et al.,, 1989; Tenenbaum et al., 1986). This concurs
with our observations that the periosteum attaches to the epiphysis beyond the
proliferative zone with Sharpey’s fibers near the metaphysis (figure 3.3c). To maximize
the estimated growth-modulating potential of the periosteum, we assumed that all
fibers contributing to tension imposed on the cartilage are attached to the epiphyseal
base. Hence, in the finite element analysis, the physiological in vivo condition was
represented by applying periosteum tension to the epiphysis only. By removing this
tension in the numerical model, both circumferential division and periosteal stripping
are simulated.

The fibula could always be removed without additionally attached periosteum tissue,
after making a single longitudinal incision in the periosteum. Since this coincides with
the predominant direction of the collagen fibers (Foolen et al., 2008), the damage to the
reinforcing collagen in the periosteum is minimal. Therefore, we assume this has no
substantial effect on our results. Also, we assume that the influence of removal of the
fibula is negligible. It has been shown that fibula dissection does not affect valgus
angulation of the developing tibia (Houghton and Rooker, 1979).

Parametric sensitivity of the finite element model was evaluated with respect to tissue
moduli and loading input. Changing the elastic modulus of cartilage zones or bone by a

factor of 10 did not influence interpretation of the results. Using the highest residual
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force measured for calculation of the surface traction (input value for the model),
resulted in calculated stresses in the proliferative zone up to 12 kPa, which does not
affect our conclusions. Obtaining compressive stresses in the range that could explain
reported growth modulations upon periosteum division would require forces two
orders of magnitude higher as an input value for the finite element analysis. In this
paper, only the stresses at e17 were evaluated and it could be argued that the smaller
size tibia at e15 or e16 could result in higher stresses. However, the periosteal residual
force is also proportionally smaller at these ages. Finally, periosteum residual force has
been determined previously in tibiotarsi and radii of Japanese quails, 14 to 28 days
post-hatching (Bertram et al, 1991), which resulted in an estimated 9.3 kPa
compressive stress imposed on the cross-sectional area of the growth plate. This
magnitude of imposed stress is in agreement with the current study.

In summary, the low periosteum force measured resulted in stress distributions that
theoretically retards growth not more than 1.1% percent. We therefore conclude that
the compression imposed on the cartilage by periosteum tension affects growth on a
scale far below that described in the literature as a consequence of periosteal division.
Therefore, we propose that the influence of periosteum release on growth modulation is
not directly mechanical. In the resting zone cartilage, increased growth rates are
expected as a consequence of periosteal tension. We postulate that these are likely to

significantly contribute to bone morphogenesis by widening the epiphysis.
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4.1 Abstract

Perichondrium and periosteum are involved in regulation of long bone growth. Long
bones grow faster after removal or circumferential division of periosteum, and this can
be countered by culturing these bones in conditioned medium from cells, originating
from the border region of the perichondrium and  periosteum
(perichondrium/periosteum). Because both complete removal and circumferential
division are effective, we hypothesize that perichondrium/periosteum cells require an
intact environment to release the appropriate soluble factors. More specifically, we
propose that this release depends on the ability of the perichondrium/periosteum cells
to generate intracellular tension. This hypothesis is explored by modulating the ability
of perichondrium/periosteum cells to generate intracellular tension, and monitoring
the effect thereof on long bone growth. Perichondrium/periosteum intracellular tension
generated via actin filaments was modulated by culturing the cells on substrates with
different stiffness. The medium produced by these cultures was added to embryonic
chick tibiotarsi from which perichondrium/periosteum was either stripped or left intact.
After 3 culture days, long bone growth was proportionally related to the stiffness of the
substrate, on which perichondrium/periosteum cells were grown while they produced
conditioned medium. A second set of experiments proved that the effect occurred
through expression of a growth-inhibiting factor, rather than through the reduction of a
stimulatory factor. Finally, evidence for the importance of intracellular tension was
obtained by showing that the inhibitory effect was abolished when
perichondrium/periosteum cells were treated with cytochalasin D, which disrupts the
actin filament network. Thus, we conclude that modulation of long bone growth occurs
through release of soluble inhibiting factors by perichondrium/periosteum cells, and
that the ability of cells to develop intracellular tension through their actin filaments is at

the base of this mechano-regulated control pathway.
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4.2 Introduction

Longitudinal bone growth occurs by cartilage expansion via extracellular matrix
production, and chondrocytic proliferation and hypertrophy. This growth is partly
regulated by the perichondrium and periosteum (Alvarez et al.,, 2001; Di Nino et al,,
2001; Hartmann and Tabin, 2000; Long and Linsenmayer, 1998; Vortkamp et al., 1996),
which are fibrous connective tissue sheets that surround long bones. Dissection or
circumferential division of periosteum increases cartilage growth rates in vitro (Di Nino
et al.,, 2001; Di Nino et al., 2002; Long and Linsenmayer, 1998) and clinically (Chan and
Hodgson, 1970; Jenkins et al., 1975; Taillard, 1959; Wilde and Baker, 1987). Moss (Moss,
1972) and Crilly (Crilly, 1972) proposed that periosteum regulates growth via a direct
mechanical feedback mechanism where pressure in growing cartilage, balanced by
tension in the periosteum, modulates growth processes of chondrocytes. This proposed
feedback mechanism was based on the Hueter-Volkmann law, which describes an
inverse relationship between compressive forces to cartilage and its rate of growth.
However, even though periosteum structure appears optimized for this task (Foolen et
al,, 2008), see chapter 2, we recently demonstrated that periosteal mechanical tension is
of insufficient magnitude to have such direct effects on growth (Foolen et al., 2009), see
chapter 3. Bertram and coworkers (Bertram et al., 1998) proposed that cartilage growth
acceleration after circumferential periosteal division is mediated by soluble factors.
Indeed, conditioned medium from a mixed population of perichondrial and periosteal
cells negatively regulates cartilage growth (Di Nino et al.,, 2001; Di Nino et al,, 2002) and
counteracts acceleration of growth after periosteum dissection (Di Nino et al., 2001).

Because growth is also accelerated after circumferential division, i.e. in presence of
periosteum cells, we hypothesize that loss of intracellular tension is a critical aspect in
the control system. More specificc we hypothesize that the ability of the
periosteum/perichondrium cells to carry intracellular tension through their actin
filament network is at the base of the signaling cascade, eventually resulting in the
expression of soluble factors that modulate cartilage growth. Whether these cells can
sustain intracellular tension depends either on the mechanical stiffness of their

environment (Lo et al., 2000; Wang et al., 2000), or cell-matrix binding to transduce
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tensile stresses in the matrix. The conditioned medium used in previous studies (Di
Nino et al,, 2001; Di Nino et al., 2002) was obtained from periosteum/perichondrium
cells cultured on stiff glass substrates, allowing the cells to generate intracellular
tension. Here, we question whether the expression of these soluble factors is dependent
on the amount of intracellular tension. Second, we aim to evaluate whether the
involvement of periosteum cells in controlling cartilage growth is through the release of
inhibiting factors, or through a reduced expression of stimulatory factors. Finally, we set
out to confirm our hypothesis in an experiment where we eliminated periosteum
intracellular tension.

We approached these research questions by culturing periosteum/perichondrium cells
on substrates with various stiffnesses, which allow cells to generate various magnitudes
of intracellular tension or in the presence of cytochalasin D, which disrupts the actin
filament network. Subsequently, the potential of these cells to modulate cartilage
growth was evaluated by adding this conditioned medium to cultures of intact
embryonic tibiotarsi, or tibiotarsi from which the periosteum was stripped. Pair-wise
comparison of cartilage growth between left and right tibiotarsi, which were subjected
to different conditions, elucidated a mechano-regulated feedback mechanism
transduced through intracellular tension in which periosteum cells control long bone

growth through expression of inhibitory factors.

4.3 Materials & Method

4.3.1 Preparation of glass cover slips

Glass cover slips (34 mm in diameter, Menzel, Braunschweig, Germany) were degreased
with a Bunsen burner. Surface of the cover slips was covered with a 0.1 M NaOH
solution, which was allowed to evaporate overnight. 3-Aminopropyltrimethoxysilane
(Sigma, St. Louis, MO, USA) was applied for 5 minutes, after which the cover slips were
thoroughly rinsed with de-ionized water. The cover slips were placed in a 6-well plate
(Greiner Bio One, Alphen a/d Rijn, The Netherlands) and a 0.5% solution of
glutaraldehyde (Sigma) was added for 30 minutes. The glass cover slips were

subsequently rinsed six times with de-ionized water and air dried.
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4.3.2 Preparation of polyacrylamide gels

Polyacrylamide gel solutions were prepared (table 4.1) to obtain the preferred stiffness,
as previously described (Boonen et al., 2009). These stiffnesses were chosen for they
span the range from soft to hard biological tissue (Engler et al., 2006). If a stiffness-
dependent effect would be present, it will likely be expressed within this stiffness range.
To polymerize the mixture of acrylamide (Fluka, USA) and bisacrylamide (Fluka),
TEMED (Merck, Germany) and ammonium persulfate (APS, Thermo Fisher Scientific)

were added with the appropriate amount of de-ionized water.

Table 4.1: Gel content in volumetric percentages of the 5 different stiffness levels.

Gel stiffness 3 kPa 14 kPa 21 kPa 48 kPa 80 kPa
Acrylamide 12.5% 25% 12.5% 25% 25%
Bisacrylamide 1.5% 1.5% 15% 6.5% 13%
10% APS 0.5% 0.5% 0.5% 0.5% 0.5%
TEMED 0.05% 0.05% 0.05% 0.05% 0.05%
De-ionized water 85.45% 72.95% 71.95% 67.95% 61.45%
Total 100% 100% 100% 100% 100%

After thoroughly stirring the solution, 250 pL was pipetted onto a Teflon plate. The
activated side of the cover slip was carefully placed on top of the polyacrylamide
droplet. Polymerization was complete in 30 minutes and the cover slip glass, containing
a thin layer of attached gel, was carefully removed from the plate. The cover slip glass,
put in a 6-well plate with the attached polyacrylamide gel facing upwards, was

immersed in 50 mM HEPES (Greiner Bio One), pH 8.5.

4.3.3 Crosslinking of adhesion proteins

Sulfo-SANPAH (sulfosuccinimidyl6(4’-azido-2’-nitrophenyl-amino)hexanoate, Thermo
Scientific Pierce, no. 22589) was added to the gels to crosslink extracellular matrix
molecules onto its surface. Sulfo-SANPAH was freshly prepared by dissolving it in 0.5%
DMSO and 50 mM HEPES (Greiner Bio One), pH 8.5. Photolysis of Sulfo-SANPAH was

accomplished by placing the polyacrylamide gel under an ultraviolet lamp and
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irradiation for 5 minutes. The discolored solution was removed and the procedure was
repeated. The cover slips were placed in a 6-well plate and washed twice with 50 mM
HEPES (Greiner Bio One), pH 8.5. HEPES (Greiner Bio One) was removed and a 2 mL
Matrigel solution (200 pg/ml; 100 pl growth factor-reduced Matrigel (BD Biosciences,
VWR, Amsterdam, The Netherlands) in 16mL 50 mM HEPES (Greiner Bio One), pH 8.5)
was added to the well. The well plates, housing the gels, were incubated for 5 hours at
4°C. Cover slips were sterilized for 10 minutes under an ultraviolet lamp. The glasses
were transferred to well plates and washed twice with sterile PBS. Culture medium was

added 30 minutes before cells were seeded on the gels.

4.3.4 Perichondrial/periosteal cell cultures and collection

of conditioned media

The border region of the perichondrium and periosteum (perichondrium/periosteum)
was dissected from el2 tibiotarsi, chick embryos Hamburger and Hamilton stage 38
(Hamburger and Hamilton, 1992). Cells from this border region are known for their
growth modulating potential, in contrast to cells from perichondrium or periosteum
alone, which do not exhibit this potential (Di Nino et al., 2001). Tissue explants,
supplemented with DMEM (Gibco, Invitrogen, Breda, The Netherlands), 10% fetal
bovine serum (Greiner Bio-One) and penicillin and streptomycin (Lonza, Walkersville,
USA), were cultured in 6-well plates at 37°C, 5% CO:. Cells migrated from the explants
and were thus obtained without enzymatic digestion. After 6 days, cells attached to the
plate were dissociated by trypsinization. Complete medium was added to inactivate the
trypsin, and cells were collected by centrifugation and passaged. Cell cultures were
grown to multilayer confluency in complete medium in approximately 6 days, and
rudiments of tissue explants were removed from the cultures. The cells were again
dissociated by trypsinization and seeded onto the coated polyacrylamide gels with
varying stiffness, supplied with complete medium. After 24 hours, complete medium
was removed and the cultures were washed twice with PBS. For cultures treated with
cytochalasin D (CD, Sigma), 6 uM cytochalasin D in DMEM (with penicillin and
streptomycin) was added. After 30 minutes of incubation, medium containing

cytochalasin D was removed and cells were washed twice with PBS. Subsequently, 4mL

-4 -



Perichondrium/periosteum intracellular tension regulates long bone growth

serum-free DMEM (with penicillin and streptomycin) was added. Cultures not treated
with cytochalasin D were handled identically with the exception of the cytochalasin D
incubation step. After 24 h, conditioned medium was pooled per treatment condition
and collected into 50 ml tubes (Falcon, BD Biosciences), centrifuged to remove floating

cells and added to e12 tibiotarsi explants that were freshly harvested that same day.

4.3.5 Tibiotarsus dissection

Tibiotarsi were dissected from chicks, embryonic day el12, and the surrounding tissue
was removed. From the ‘stripped’ tibiotarsi, perichondrium and periosteum was
removed by circumferentially cutting the diaphyseal periosteum and stripping both
tissues from the underlying bone and cartilage with forceps. Articular perichondrium

was not removed, as this would damage the underlying cartilage.

4.3.6 Experimental design

Tibiotarsi from each embryo were always maintained as an “experimental pair” and
cultured for 3 days (37°C; 5% CO2) in conditioned or unconditioned medium (an
overview is given in table 4.2). Three different sets of experiments were conducted. The
first set consisted of experimental pairs of which one was stripped and other left intact,
both supplied with the same unconditioned medium (DMEM with
penicillin/streptomycin, Lonza) or conditioned medium from cells cultured on gels
(stiffness ranging from 3 kPa to 80 kPa) or glass substrates (>> 80 kPa). In the second
set, experimental pairs were either both stripped or both left intact, yet supplied with
conditioned medium from 3 kPa or 80 kPa substrates. In the third set, experimental
pairs were either both stripped or both left intact, yet supplied with different types of
conditioned medium. Type of conditioned medium originated from cells cultured on
gels with a stiffness of 3 kPa, 80 kPa or 80 kPa in presence of cytochalasin D for 30

minutes.
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Table 4.2: Overview of the experiments performed. (set 1) Experimental pairs consisted of a stripped
versus intact tibiotarsi. Medium added to the tibiotarsi consisted of either unconditioned medium
(DMEM with penicillin/streptomycin) or conditioned medium from varying gel stiffness (# kPa
indicates gel stiffness) or glass substrate. (set 2) Experimental pairs were both stripped or both left
intact and supplied with conditioned medium from 3 kPa gels or 80 kPa gels. (set 3) Experimental
pairs were both stripped or both left intact and supplied with conditioned medium from 3 kPa gels,
80 kPa gels, or 80 kPa CD (gels where cells were treated with cytochalasin D for 30 minutes). For all

groups, n = 4.

Set stripped vs intact tibiotarsi

1 unconditioned 3 kPa 14 kPa 21 kPa 48 kPa 80 kPa glass
Set both tibiotarsi stripped | both tibiotarsi intact

2 3 kPavs 80 kPa
Set both tibiotarsi stripped | both tibiotarsi intact

3 3 kPa vs 80 kPa CD 80 kPa vs 80 kPa CD ‘ 3kPavs80kPaCD  80kPavs80kPaCD

4.3.7 Analysis of cultured tibiotarsi

Whole mount staining

To distinguish clearly the border between the growing cartilage and the boney shaft,
tibiotarsi were fixed immediately upon culture in 95% ethanol for 3 days at 4°C. The
tibiotarsi were cleared in 2% potassium hydroxide and stained 8 hours with 0.1 %
Alcian Blue (Sigma) for cartilage and for 3 hours with 0.014 % Alizarin Red (Fluka) for
bone, consecutively. Tibiotarsi were fixed overnight in 10% formalin and stored in PBS

with 1% sodiumazide until image collection.

Measurements of cartilage growth

All measurements were made of the distal cartilage of the long-bone rudiment. This
cartilage has a uniform shape, whereas the shape of the proximal cartilage is irregular.

For image collection, an Evolution VF digital color camera (Media Cybernetics, Bethesda,
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USA) attached to a stereomicroscope (Zeiss, Darmstadt, Germany) was used. Distal
cartilage length was determined along the midline of the cartilage, starting at the
midpoint of the tarsal curve and ending at the midpoint of the border between the
cartilage and the boney shaft. Thus, the line of measurement was kept at the midline of
the cartilage at all points connecting the two ends (figure 4.1). So, if the cartilage curved,
the midline also curved. This procedure is similar to the study of Di Nino and coworkers
(Di Nino et al, 2001). The absolute values for the lengths of the midlines were
determined and recorded using a Matlab routine (the MathWorks, Eindhoven, The
Netherlands), calibrated to the same magnification as the images. Each separate

measurement was conducted by two persons in blinded fashion.

Figure 4.1: Tibiotarsi stained for cartilage (Alcian Blue, Sigma) and bone (Alizarin Red, Fluka). Red
lines represent cartilage length of the distal epiphysis of an intact (left) and stripped tibiotarsus
(right), after 3 days of culture.

4.3.8 Multiphoton microscopy

After extraction of conditioned medium, cells were fixed in 10% formalin for 30 minutes
and permeabilized for 30 minutes in 0.5% Triton-X in PBS. Cells were incubated with
FITC-conjugated phalloidin (1:500, P1951, Sigma) and DAPI (100ng/ml, Invitrogen,
Breda, The Netherlands) for 20 minutes at room temperature for visualizing F-actin and
cell nuclei, respectively. Cells were washed 4 times for 5 minutes with PBS and
embedded in mowiol. Images were taken with a multiphoton microscope (Zeiss LSM
510 META NLO) in Two-Photon-LSM mode. The excitation source was a Coherent
Chameleon Ultra Ti:Sapphire laser, tuned and mode-locked at 752 nm. This wavelength
resulted in the highest intensity profile for the FITC label. Laser light was focused on the
cells with a Plan-Apochromat 20x/0.8 NA objective, connected to a Zeiss Axiovert 200M.
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The pinhole of the photo-multiplier was fully opened. Photo-multipliers accepted
wavelength regions of 435-485 nm and 500-550 nm for DAPI and FITC, respectively. No

additional image processing was performed.

4.3.9 Statistics

Paired sample comparison (t-test) was used to determine significant differences in
procedure between experimental pairs within a group. Experimental groups are
marked with an asterisk if a significant difference is detected between the experimental
pairs. Linear regression analysis was used to determine the relationship between gel
stiffness and length ratio between the stripped and intact tibiotarsi. P-values < 0.05

were considered statistically significant for all tests.

4.4 Results

The first set of experiments addressed the question whether and how the stiffness of
the environment of periosteum/perichondrium cells would influence the expression of
growth modulating factors by these cells (table 4.2: set 1). Conditioned medium from
isolated e12 chick periosteum/perichondrium cells had different effects on growth of
el2 tibiotarsi, depending on the stiffness of the substrate. Comparison between growth
of the paired (same chick) tibiotarsi distal cartilage, one stripped and the other left
intact, revealed that after 3 days of culture, distal cartilage length was significantly
longer in stripped versus intact tibiotarsi in unconditioned medium, and in conditioned
medium obtained from periosteum/perichondrium cell cultures on 3, 14, 21 and 48 kPa
stiff substrates (paired t-test; figure 4.2). The difference in distal length between the
stripped and intact tibiotarsus decreased with increasing stiffness of the substrate, and
was no longer significant on 80 kPa gels and on glass (paired t-test; figure 4.2). This
resulted in a significant relationship between substrate stiffness (3 to 80 kPa) and
length ratio between the experimental pairs (linear regression analysis, p=0.01, R2=0.30,

figure 4.2Db).
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Figure 4.2: Length measurements for set 1. (a) Distal cartilage length. A significant difference
(indicated by an asterisk) between stripped and intact tibiotarsi (paired t-test) was found in
unconditioned medium (DMEM) and conditioned medium from substrates up to 48 kPa (b) Length
ratio of the experimental pairs. A significant relationship was found between substrate stiffness and
length ratio (linear regression analysis, p=0.01, R2= 0.30; ‘unconditioned’ and ‘glass’ are excluded

from this analysis). For all groups, n = 4.

Different explanations are possible for the observation that with increasing substrate
stiffness, the difference in cartilage length between stripped and intact bones decreased
(figure 4.2b). Conditioned medium from stiffer substrates may stimulate growth of
intact bones, it may decrease the enhanced growth in stripped bones, or both intact and
stripped bones might show changed growth rates, one more than the other. Because of
the variability in absolute growth rates between similarly aged embryos (Lovitch and
Christianson, 1997), one can only draw conclusions from experiments in which
contralateral bones are compared in a pair-wise fashion, i.e. it is not possible to
interpret the slopes of the lines through the dark and open bars in figure 4.2a.

Therefore, a second set of experiments was performed (table 4.2: set 2). This second set
showed that cartilage length of stripped bones, cultured in conditioned medium from 3
kPa substrates, was significantly longer compared to stripped bones cultured in
medium from 80 kPa substrates (figure 4.3). Intact bones cultured in the same two
media did not grow at different rates (figure 4.3). Hence, we concluded that
periosteum/perichondrium cells can inhibit cartilage growth through the expression of
a soluble factor, and that the expression of this factor is dependent on the stiffness of

the environment of the periosteum cells.
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Figure 4.3: Length measurements for set 2. (a) Distal cartilage length. (b) Length ratio of the
experimental pairs. A significant difference (indicated by an asterisk) was detected in cartilage length
between stripped bones cultured in conditioned medium from cells grown on 3 kPa and 80 kPa
substrates (paired t-test). This significant difference was absent when tibiotarsi were left intact. For

both groups, n = 4.

An independent set of experiments (table 4.2: set 3) was performed to show that indeed
the expression of the growth-inhibiting factor by periosteum/perichondrium cells
depended on the ability of these cells to develop intracellular tension. The difference in
cartilage length between stripped bones exposed to conditioned medium from
periosteum/perichondrium cells cultured on 3 kPa or 80 kPa substrates, was absent
when the cells were exposed to cytochalasin D prior to the 24 hours of culture during
which they generate conditioned medium (figure 4.4). In addition, a significant
difference in distal cartilage length was observed between stripped bones cultured in
conditioned medium from 80 kPa substrates or 80 kPa substrates treated with
cytochalasin D. Finally, no significant differences were detected in the corresponding
group where periosteum was left intact (figure 4.4).

Microscopic ~ observations of  fluorescently labeled F-actin in  the
periosteum/perichondrium cells at different time points of culture proved that our
approach with the cytochalasin D treatment was appropriate. The cells showed a
disorganized actin filament network after 30 minutes of cytochalasin D treatment, and
the microfilaments were unable to recover in the subsequent 24 hours culturing period

without cytochalasin D, during which they produced the conditioned medium. At the

-48 -



Perichondrium/periosteum intracellular tension regulates long bone growth

end of this period the cells contained small aggregates of F-actin and weakly organized

stress fibers compared to untreated cells (figure 4.5).
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Figure 4.4: Length measurements for set 3. (a) Distal cartilage length. (b) Length ratio of the
experimental pairs supplied with the indicated conditioned medium. A significant difference
(indicated by an asterisk, paired t-test) was detected in cartilage length between stripped bones
cultured in conditioned medium from cells cultured on 80 kPa and 80 kPa CD (80 kPa substrates

treated with cytochalasin D for 30 minutes). For all groups, n = 4.

a b
Figure 4.5: Cells cultured on 80 kPa substrates stained for F-actin (FITC-Phalloidin) and nuclei
(DAPI). (a) Untreated cells cultured for 24 hours. (b) Cells cultured for 24 hours after 30 minutes of

cytochalasin D treatment.
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So far, our data indicated that periosteum/perichondrium cells can inhibit cartilage
growth through the expression of a growth-modulating soluble, and that the amount of
intracellular tension that can be generated via the actin filament network is at the base
of this mechanism. The ultimate test to prove this postulated mechano-regulated
mechanism was by showing that conditioned medium from periosteum cells cultured
on 80 kPa stiff substrates was able to counter all extended growth induced by stripping
of the bones. The cartilage in these stripped bones, supplied with 80 kPa conditioned
medium, grew at identical rates compared to intact tibiotarsi in the presence of

unconditioned medium (figure 4.6).
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Figure 4.6: Length measurements for paired tibiotarsi: intact in unconditioned medium versus
stripped in 80kPa conditioned medium. (a) Distal cartilage length. (b) Length ratio of the
experimental pairs. No significant difference was detected in cartilage length between intact bones
cultured in unconditioned medium, and stripped bones cultured in conditioned medium from cells

seeded on 80 kPa substrates (paired t-test, n = 4).

4.5 Discussion

This study explored the mechanism through which periosteum/perichondrium cells are
responsible for modulating cartilage extension in growing bones. Prior research (Di
Nino et al, 2001) showed that soluble factors are involved. We followed this by
suggesting a mechanism in which the expression of these factors is mechano-regulated,
i.e. that they would only be expressed by periosteum/perichondrium cells when these

are able to develop sufficient intracellular tension. We explored this hypothesis by
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culturing bone rudiments in the presence of unconditioned medium or conditioned
medium from periosteum/perichondrium cells that were limited in their ability to
develop intracellular tension. Intracellular tension was modulated by varying the
stiffness of the substrate on which the cells were grown, or by disrupting their actin
filament network. Indeed, the combination of different sets of experiments allowed us
to conclude that (1) a mechanism prevails in which periosteum/perichondrium cells are
able to modulate bone growth through secreted solutes, (2) that these solutes have an
inhibiting effect on cartilage growth, (3) that this mechanism is mechano-regulated, and
(4) that the ability of the periosteum/perichondrium cells to develop intracellular
tension is at the base of this mechano-regulation pathway.

An elegant mechano-regulated feedback mechanism for physiological bone growth
emerges from our observations. When cartilage growth is relatively fast, periosteum
becomes tensioned. This could introduce intracellular tension in periosteum cells
directly through focal adhesions (elaborated on later) or by stiffening of their
environment through collagen alignment and straining. This stimulates them to express
growth-inhibiting factors, which subsequently normalize the enhanced cartilage growth
rate. Vice versa, the same mechano-regulated control loop would allow recovery of
delayed growth, because periosteum tension would drop if cartilage did not expand
sufficiently. To establish whether this feedback mechanism also prevails in vivo, it
remains to be determined whether soluble factors produced by cells in our model
system match those produced in vivo.

The conclusions in this study were drawn on the response of
periosteum/perichondrium cells when their ability to contract was modulated. The first
approach to modulate contractility was by altering the stiffness of the substrate they
were exposed to. Substrate stiffness is emerging as an important physical factor in the
response of many cell types. Compared to soft substrates, cells cultured on stiff
substrates produce larger traction forces (Lo et al., 2000; Wang et al., 2000), have more
stable (Discher et al., 2005; Pelham, Jr. and Wang, 1997) and larger focal adhesions
(Goffin et al., 2006), a more organized actin filament network (Discher et al., 2005;
Engler et al., 2004; Schwarz and Bischofs, 2005), and a larger projected cell area (Engler
et al,, 2004; Lo et al., 2000; Pelham, Jr. and Wang, 1997; Wang et al,, 2000; Yeung et al,,
2005). Substrate stiffness also affects protein expression (Lee et al., 1984; Pelham, Jr.

-51-



Chapter 4

and Wang, 1997; Yeung et al,, 2005). Many of these aspects have directly or indirectly
been shown to hold for fibroblasts, present in periosteum and perichondrium.

The second approach to modulate cell contractility was through addition of cytochalasin
D. This inhibits fibroblast contractile properties by disrupting the actin filament
network (Bell et al., 1979; Guidry and Grinnell, 1985; Guidry and Grinnell, 1987), which
clearly occurred within 30 minutes in our setup. After incubation, the cells were
thoroughly washed to ensure that cytochalasin D would not be transferred with the
conditioned medium to the tibiotarsi in the organ cultures. Subsequently, cells were
cultured 24 hours in serum-free medium, in which the actin network was expected not
to recover (Tomasek and Hay, 1984). Small aggregates of actin and less organized stress
fibers compared to untreated cells after 24 hours confirmed this theory (figure. 4.5). A
30 minutes incubation period therefore appeared sufficient to achieve the desired effect,
and this effect lasted the 24 hours, required for producing conditioned medium.

Both the variation in substrate stiffness and application of cytochalasin D to cells in
culture modulated the ability of the perichondrium/periosteum cells to actively develop
intracellular tension via their actin filament network. Both approaches affected the
expression of growth-modulating factors in ways that were in agreement with our
hypothesis. Whether intracellular tension, generated by passively stretching the
periosteum cells, would have the same effect is speculative. However, it has been
proposed that mechanotransduction, e.g. in focal adhesions, depends on the
development of stresses that are generated by a balance of external forces and cell-
generated forces, resulting in signaling (Chen, 2008). We assume that in vivo it is
indifferent to the cells whether the intracellular tension is induced by external tissue
straining or by active cell contraction.

Cells were seeded at similar densities onto the gels, 48 hours before collection of
conditioned medium (24 hours for proper attachment of the cells to the gels and
another 24 hours in serum-free medium). If proliferation or apoptosis would strongly
influence the number of cells substrate-stiffness dependently, as was documented for
NIH 3T3 cells (Wang et al.,, 2000), this could confound our data. However, our data
provide indirect evidence that cell numbers were not affecting our results. For instance,
after treatment with cytochalasin D, cartilage length differed between stripped bones

that were both supplied with conditioned medium from 80 kPa. Similarly, we did not
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encounter any unexpected differences between the periosteum/perichondrium cell
cultures on standard well plates (Greiner Bio One) and the softer matrigel. Although it is
known that extracellular matrix composition may change cell behavior (Boonen et al.,
2009; Macfelda et al., 2007; Maley et al., 1995), experimental results from both types of
substrates are in agreement with our theory.

In conclusion, this study provides experimental support for the hypothesis that
modulation of cartilage growth via the release of soluble factors from
periosteum/perichondrium cells depends on the amount of intracellular tension the
cells can generate. Based on this evidence, we postulate a mechanobiological feedback
loop between growing cartilage and tension in the periosteum, whereby the expression
of soluble growth-inhibiting factors by periosteum cells is dependent on intracellular
tension. This work has significantly improved our understanding of an important
feedback system that controls long bone growth. Together with future identification of
the involved mechano-sensitive soluble factors, this insight results in increased

understanding of bone development and regulation of cartilage growth.
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Chapter 5

5.1 Abstract

The mechanism by which fibrous tissues adapt upon alterations in their mechanical
environment remains unresolved. In this chapter, we determine that periosteum in
chick embryos resides in an identical mechanical state, irrespective of the
developmental stage. This state is characterized by a residual tissue strain that
corresponds to the strain in between the pliant and stiffer region of the force-strain
curve. We also demonstrate that periosteum is able to regain that equilibrium state in
vitro within three days upon disturbance of that equilibrium state. This adaptation is
not dependent on protein synthesis, because the addition of cycloheximide did not
affect the response. However, a functional actin filament network is required, as is
illustrated by a lack of adaptation upon tissue shortening in the presence of cytochalasin
D. This led us to hypothesize that cells actively reduce collagen fiber crimp after tissue
shortening; i.e. that in time the number of recruited fibers is increased via cell
contraction. Support for this mechanism is found by visualization of fiber crimp with
multi-photon microscopy before the perturbation and at different time points during

the adaptive response.
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5.2 Introduction

Fibrous tissues have the ability to adapt to their mechanical environment. The direction
and magnitude of imposed load can lead to adapting structural and mechanical
properties. This is important for proper functioning of all fibrous tissues, especially
those with a load-bearing capacity such as tendons, ligaments, and tissue-supporting
fibrous sheets. The mechanism by which fibrous tissues adapt to alterations in their
mechanical environment remains unresolved. Such knowledge would be helpful to
guide repair and engineering of fibrous tissues.

Structural changes of a collagenous matrix subjected to different mechanical
environments have been studied under well-controlled in vitro conditions in the
‘fibroblast-seeded collagen gel’ model system. Upon embedding fibroblasts into a
collagen gel, contraction will occur via interaction between collagen and embedded cells.
Freely contracting collagen gels have inferior ultimate stress and material modulus and
larger ultimate strain compared to statically loaded equivalents (Feng et al., 2006b).
Additionally, a disorganized distribution of cells (Henshaw et al., 2006; Nakagawa et al,,
1989) and absence of collagen alignment is observed in freely contracting constructs
(Henshaw et al, 2006) and in biaxially constrained gels that remain mechanically
isotropic (Henshaw et al., 2006; Thomopoulos et al., 2005). In contrast, uniaxially
constrained gels develop high degrees of cell and fiber alignment and mechanical
anisotropy (Henshaw et al, 2006; Huang et al, 1993; Nakagawa et al, 1989;
Thomopoulos et al.,, 2005; Wakatsuki and Elson, 2003). This is accompanied by gel
contraction, generating substantial contraction force (Bell et al., 1979; Dodd et al., 1982;
Feng et al, 2006a; Grinnell and Lamke, 1984). Gel contraction is cell-mediated, as
contraction is absent in cell deprived collagen gels (Bell et al.,, 1979; Eastwood et al.,
1996; Grinnell and Lamke, 1984; Guidry and Grinnell, 1985), and in fibroblast seeded
gels in the presence of the actin polymerization inhibitor cytochalasin B (Bell et al,,
1979; Guidry and Grinnell, 1985). Observed structural and geometrical changes in these
collagen gels can be explained by passive (Mosler et al., 1985; Puxkandl et al., 2002),

and by cell-mediated, active reorientation of collagen fibers (Brown et al., 1998;
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Grinnell and Lamke, 1984; Guidry and Grinnell, 1985; Harris et al., 1981; Meshel et al.,
2005; Sawhney and Howard, 2002; Stopak and Harris, 1982).

The mechanism by which fibroblasts mechanically reorganize collagen matrices
strongly depends on the magnitude and direction of applied load. Increased fibroblast
contraction is observed upon a decrease in external loading, while a reduction is
observed upon increased external loading (Brown et al, 1998; Petroll et al, 2004;
Tomasek et al., 1992). This response of fibroblasts to attain tensional homeostasis
(Brown et al., 1998) features analogy with the behavior of fibrous tissues. Namely,
increased tissue strain is dissipated via the viscous properties of collagen fibers,
reorientation of these fibers in the matrix (Puxkandl et al., 2002; Sawhney and Howard,
2002), and mechanical disruption or degradation of overstretched fibers in the long
term (Ellsmere et al, 1999; Huang and Yannas, 1977). To meet the new demands,
additional collagen is synthesized in response to increased tissue load (Curwin et al.,
1988; Kim et al., 2002; Parsons et al., 1999; Wang et al., 2003; Yang et al., 2004) and the
diameter of existing fibrils is increased (Michna, 1984; Michna and Hartmann, 1989).
Decreased tissue strain is restored via cell-mediated tissue contraction (Brown et al.,
1998; Petroll et al,, 2004; Tomasek et al., 1992), preferential cleavage of unstrained
fibers (Ellsmere et al.,, 1999; Huang and Yannas, 1977; Nabeshima et al., 1996; Ruberti
and Hallab, 2005) and tissue compaction via the presence of residual strain (Bertram et
al,, 1998; Popowics et al., 2002).

These responses suggest a mechanism by which fibrous tissues adapt towards
homeostasis, characterized by a particular mechanical equilibrium. In search of this
tissue equilibrium and to propose a mechanism for the adaptation behavior, a step-by-
step approach was adopted. (1) Determine whether growing fibrous tissues indeed
attain a specific mechanical state in vivo, irrespective of its length and developmental
stage (‘native adaptation’). (2) Evaluate in vitro if this specific mechanical state,
considered as the preferred mechanical equilibrium, is restored upon disturbance
(‘stretch-dependent adaptation’). (3) Assess the time-scale at which this equilibrium is
recovered (‘transient adaptation’). (4) Determine whether adaptation is based on
passive tissue behavior, or that protein synthesis and/or cell contractile properties

contribute to this adaptation process (‘blocking cell-mediated adaptation’). (5) Propose
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a mechanism for fibrous tissue adaptation, by visualizing the structure of the collagen
network during the adaptation process (‘visualization of the collagen network’).

By following this approach, we evaluated the hypothesis that fibrous tissues adapt
towards homeostasis characterized by a particular mechanical equilibrium; and to

propose a mechanism for the adaptive behavior upon geometric changes.
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5.3 Materials and method

5.3.1 Tissue preparation

Fertilized eggs of White Leghorn chickens ('t Anker, Ochten, The Netherlands) were
placed in a polyhatch incubator (Brisnea, Stanford, UK). After a 15-, 16-, 17- or 18-day
period of incubation, i.e. Hamburger and Hamilton stage 41 to 44 (Hamburger and
Hamilton, 1992), chick embryos were removed from the eggs and euthanized by
decapitation. Tibiotarsi were carefully dissected, without damaging the periosteum. A
longitudinal incision through the periosteum over the entire length of the diaphysis was
made adjacent to the fibula. The fibula was removed by cutting the proximal and distal
end with scissors. The longitudinal incision was used to guide two sutures (5.0 Vicryl],
Ethicon, Johnson & Johnson Medical, Amersfoort, The Netherlands) in between bone
and the periosteum. The needles connected to the sutures were removed and the
sutures were guided through mixing needles without bevel (Terumo Europe, Leuven,
Belgium). The tibiotarsus was fixed in an ElectroForce LM1 TestBench (Bose,
Framingham, MA, USA) and grippers were displaced until the 2N load cell (Sensotec,
Honeywell, Apeldoorn, The Netherlands) indicated a stressless situation. At this in vivo
length, suture wires were moved towards the proximal and distal insertion of the
periosteum to the cartilage. Subsequently, suture wires were pulled through the mixing
needles to cut the proximal and distal metaphyseal cartilage. Mineralized bone tissue
could then be extracted with the periosteum held at in vivo length (method is illustrated
in figure 5.1, and previously described (Foolen et al., 2009), see chapter 3). From in vivo
length, the tissue was subjected to procedures as described in the study design

(paragraph 5.3.2).
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Figure 5.1: Subsequent steps in the mechanical test protocol. Digital images (top row) and
corresponding illustrations (bottom row). (a) After making a single longitudinal cut with a scalpel
alongside the fibula, which was subsequently removed, suture wires were guided in between bone
and the periosteum. (b) At in vivo length, suture wires were moved proximal and distal. (c) Suture
wire has cut the proximal metaphyseal cartilage and (d) bone tissue was removed after cutting
through the distal metaphyseal cartilage, with the periosteum held at in vivo length. Scale bar

represents 10mm. Figure is adopted from Foolen and coworkers (Foolen et al., 2009), see chapter 3.

5.3.2 Study design

Native adaptation (1)

Immediately after extraction of mineralized tissue from el5 to el8 tibiotarsi in the
ElectroForce LM1 TestBench (Bose), the tissue was mechanically characterized (n= 12
per age group). A standardized force-stretch curve was obtained by shortening the
periosteum to 0.75 times the in vivo length and subsequently straining the tissue to
failure at 0.1%/sec. Mechanical adaptation was assessed by determining the transition
point between the low and high stiffness of the force-stretch curve. This point was
defined as the tangent to the force-stretch curve of 1/8% of the slope in the linear
stiffness region (figure 5.2). After mechanical characterization, periosteum was

disposed of remaining tissue and stored at -30°C until further analysis.

-61 -



Chapter 5

0.3 1
0.2 1
— transition
Z I
§ stiffness 1 K
5 i JALLLLLSS
g 0.1 3 : ‘ .
" stiffness in
toe : linear region
region \
0.0 T T 1
0.90 0.95 1.00 1.05

Stretch [-]

Figure 5.2: [llustration of the transition stretch of an arbitrary force-stretch curve. Transition stretch
is defined as the stretch value where the tangent of the force-stretch curve is equal in slope to that in
the linear stiffness region divided by 8. The rationale for taking this value is elaborated on in the

discussion. ‘Stretch’ is calculated from the reference value of 1.00, corresponding to in vivo length.

Stretch-dependent adaptation (2)

Starting from in vivo length, periosteum of el5 tibiotarsi was stretched to 0.85, 0.90,
0.95, 1.00 or 1.05 times in vivo length (n=4 for all stretch groups) and subsequently
cultured for 3 days while stretch was maintained in the ElectroForce LM1 TestBench.
Experiments were performed in complete medium containing DMEM (Gibco, Invitrogen,
Breda, The Netherlands), 10% FBS and 1% penicillin/streptomycin (Lonza, Walkersville,
USA). The medium was kept at 37.59C during culturing, by circulating heated water
through submerged tubing, and controlling the temperature of this circulating water
based on the medium temperature, monitored close to the sample by a thermocouple.
After culturing, the standardized force-stretch curve was obtained, and periosteum was
stored at -30°C until further analysis. An overview of all in vitro experiments (study

designs 2 to 4) is depicted in table 5.1.

Transient adaptation (3)

Starting from in vivo length, periosteum from el5 tibiotarsi was stretched to 0.95 times
in vivo length and evaluated after 1, 2 and 4 days of culturing (n=4, for each group).

Culture conditions were exactly as described in study design (2): ‘stretch-dependent
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adaptation’. After mechanical evaluation, tissues were stored at -30°C until further
analysis. Data from the 0.95 stretch group cultured for 3 days, and native el5
(representative for 0 hours in culture at 0.95 stretch) were adopted from study design

(1): ‘native adaptation’ and study design (2): ‘stretch-dependent adaptation’.

Blocking cell-mediated adaptation (4)

The setup of this experiment was identical to study design (2): ‘stretch-dependent
adaptation’, however, the complete medium was supplemented with cytochalasin D
(10ug/ml, Sigma, St. Louis, MO, USA) and/or cycloheximide (25ug/ml, Sigma).
Cytochalasins inhibit matrix contraction by disrupting the actin filament network of the
fibroblasts (Bell et al., 1979; Guidry and Grinnell, 1985; Guidry and Grinnell, 1987).
Cycloheximide blocks protein synthesis by cells (Guidry and Grinnell, 1985).
Cycloheximide treated samples were stretched to 0.95 and 1.05 times in vivo length
(n=4 for both groups) and cultured for 3 days. Samples treated with both cytochalasin D
and cycloheximide were stretched to 0.95 times in vivo length and cultured for 3 days.
Mechanical evaluation and storage until further analysis were performed as described
earlier (study design (1): ‘native adaptation’). Data from the 0.95 and 1.05 stretch
groups, cultured for 3 days, were adopted from study design (2): ‘stretch-dependent

adaptation’.

Table 5.1: Overview of in vitro experiments. Stretch was applied from 0.85 to 1.05 times in vivo length
(Lo) and tissue was cultured for 1, 2, 3 or 4 days. CH=cycloheximide was added to complete medium;

CD=cytochalasin D was added to complete medium.

Stretch: 0.85-Lo 0.90:Lo 0.95-Lo 1.00-Lo 1.05:Lo

1 n=4

2 n=4
e
2
B 3 n=4 n=4 n=4 n=4 n=4
S
% n=4, CH n=4, CH
a

n=4,CH & CD
4 n=4
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Visualization of the collagen network (5)

After tissue harvesting was performed, as described in paragraph 5.3.1., periosteum
was stretched to 0.90 times in vivo length in a custom build device that could be
mounted on a microscope stage. The central diaphyseal periosteum was scanned before
as well as 1 and 72 hours after applying the stretch. During culturing, with or without
supplemented cycloheximide and cyctochalasin D, the custom built device was placed in
an incubator (37°C, 5%C02). Two hours prior to scanning, the medium was
supplemented with 3uM Cell Tracker Blue (Molecular Probes, Invitrogen, Breda, The
Netherlands), 10uM Propidium lodide (Molecular Probes) and 25uM CNA35 probe
(Krahn et al., 2006) to visualize living cells, dead nuclei, and collagen, respectively. The
CNA3S5 protein is known to have a high affinity for collagen I relative to other collagen
types and shows very little cross reactivity with noncollagenous extracellular matrix
proteins. Conjugation of this protein to a fluorescent dye yields the formation of a highly
specific probe for collagen imaging (Krahn et al., 2006). The custom built stretch device
was mounted on a multiphoton microscope (Zeiss LSM 510 META NLO, Darmstadt,
Germany) in Two-Photon-LSM mode. The excitation source was a Coherent Chameleon
Ultra Ti:Sapphire laser, tuned and mode-locked at 763 nm. This wavelength resulted in
the highest intensity profile for the collagen probe. Laser light was focused on the tissue
with a Plan-Apochromat 40x/0.8 numerical aperture water objective, connected to a
Zeiss Axiovert 200M. The pinhole of the photo-multiplier was fully opened. Photo-
multipliers accepted wavelength regions of 435-485, 500-550 and 600-640 nm for Cell
Tracker Blue, CNA35, and Propidium lodide, respectively. All single images were
obtained from Z-stacks, taken through the periosteum. No additional image processing

was performed.

5.3.3 DNA and GAG content

After lyophilization, samples were digested in papain solution (100 mM phosphate
buffer, 5 mM L-cystein, 5 mM EDTA and 125-140 pg papain per ml) overnight at 60°C.
After digestion, the samples were centrifuged and the supernatant was used for both

DNA and GAG assays. For measuring DNA quantity, the Hoechst dye method (Cesarone

- 64 -



An adaptation mechanism for fibrous tissue to sustained shortening

et al., 1979) was used. The supernatant was diluted in TE-buffer (10 mM Tris, ImM
EDTA, pH 8.0) and DNA was labeled using the Hoechst dye (Fluka, Sigma, USA) working
solution (10 mM Tris, 1 mM EDTA, 2 M NaCl, pH 7.4 and 2.5 pg Hoechst dye per ml).
After incubation in a dark environment for 10 minutes on a plate shaker at room
temperature, fluorescence was measured using a plate reader (excitation 360 nm,
emission 460 nm, Bio-Tek, Winooski, USA) and DNA quantity was determined from a
standard curve prepared from calf thymus DNA (Sigma). The GAG content was
determined using a modified version of the protocol described by Farndale and
coworkers (Farndale et al., 1986). In short, 40 pl of supernatant was pipetted into a flat
bottom 96-well plate in duplicate. To each well 150 pl of DMMB color reagent (46 puM
dimethylmethylene blue, 40.5 mM glycin, 40.5 mM NaCl, pH 3.0) was added. Absorbance
was measured at 540 nm and 595 nm and the difference calculated. GAG amount was
determined from a standard curve prepared from chondroitin sulphate from shark
cartilage (Sigma). For native adaptation; n=16, 14, 14 and 12 for embryonic ages 15, 16,

17 and 18, respectively. For all in vitro experiments; n=4 for all groups.

5.3.4 Collagen content and HP crosslink density

Lyophilized tissue samples were hydrolyzed in 6M hydrochloric acid (Merck, Germany)
and used for amino acid and crosslink analyses. Hydroxyproline residues were
measured on the acid hydrolysates using reverse-phase high-performance liquid
chromatography after derivatization with 9-fluorenylmethyl chloroformate (Fluka)
(Bank et al., 1996). The same hydrolysates were used to measure the number of the
mature HP crosslinks, using high-performance liquid chromatography as described
previously (Bank et al., 1997; Robins et al.,, 1996). For native adaptation; n=16, 14, 14
and 12 for embryonic ages 15, 16, 17 and 18 respectively. For all in vitro experiments;

n=4 for all groups.
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5.3.5 Statistics

One-Way ANOVA was used to determine the effect of the selected independent variable
(embryonic age, applied stretch, culture time, or addition of blocking agent) and its
interaction with a dependent variable (transition stretch, stiffness, amount of GAG, DNA
and collagen, and HP crosslink density). The p-value was corrected with the Bonferroni
criterion. Linear regression analysis was used to determine the relationship between
embryonic age, applied stretch or culture time with transition stretch, tissue stiffness
and biochemical composition (GAG, DNA, collagen and HP crosslinks). Paired sample
comparison (paired t-test) was performed to determine significant differences in
applied stretch and measured transition stretch at each time point in samples stretched
to 0.95 times in vivo length evaluated after 0, 1, 2, 3 or 4 days. P-values <0.05 were

considered statistically significant.

5.4 Results

5.4.1 Native adaptation (1)

At all embryonic ages (el5 - e18), the in vivo length of the periosteum (corresponding
to 1.00 stretch, figure 5.3a) maintained the tissue at its stiffness transition point,
quantified by assessing the corresponding stretch value (figure 5.3b). Hence, although
periosteum can grow up to 25%/day between the embryonic ages studied (Foolen et al.,
2008), the in vivo periosteum length always adapted to maintain the tissue at a similar
stiffness transition, indicating adaptation towards a preferred mechanical equilibrium.
Tissue stiffness increased significantly with embryonic age (p=0.000, R?=0.83, figure
5.3c), which can in part be attributed to an increase in circumference of the periosteum
with age (Foolen et al., 2008), see chapter 2. In relationship to embryonic age, DNA
content decreased (p=0.000, R?=0.31), while both collagen content and HP crosslink
density increased (p=0.002, R2=0.17 & p=0.000, R2=0.71, respectively). GAG content
showed no relationship with embryonic age (p=0.42, figure 5.3d).
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Figure 5.3: Periosteum properties in native adaptation. (a) Representative force-stretch curves of

native e15 to e18 chick periosteum. In vivo length corresponds to a stretch value of 1.00. For the sake

of clarity only 3 curves per embryonic age are shown (n=12). (b) Stretch values matching the

stiffness transition of native e15 to e18 chick periosteum, representative for the in vivo loading state.

(c) Tissue stiffness showed a positive relationship with developmental age (R?=0.83). (d) DNA, GAG,

HP crosslink and collagen content of native periosteum. ¥ indicates a significant relationship with age

for DNA (R2=0.31), HP crosslinks (R?=0.71) and collagen (R2=0.17). For all ages, n=12.
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5.4.2 Stretch-dependent adaptation (2)

The results of study (1): ‘native adaptation’, imply that a change in periosteum length
triggers adaptation towards a mechanical equilibrium, which is the stiffness transition
region. In support of this hypothesis, we showed that after artificially inducing a length
change over a range of -10% to +5% in our in vitro culture system, the transition stretch
approximated the applied stretch after 3 days of culturing (figure 5.4a & b). Only at a
length change around -15%, an offset became apparent (figure 5.4b). This shows that
upon a change in length, periosteum is able to mechanically adapt by shifting its
stiffness transition point to the current length. The shape of the curve also changed,
with an increased heel region length towards lower applied stretch values (figure 5.4a).
An important finding is that tissue stiffness (figure 5.4c) increased significantly with
applied static stretch (p=0.000, R2=0.73). Hereby, stiffness of the 1.05 stretch group was
significantly higher after 3 culture days compared to native el5 periosteum, but all
stretch groups had significantly lower stiffness compared to native el8 periosteum
(One-Way ANOVA). No relationship was found between applied stretch and DNA or GAG
content (figure 5.4d, p=0.78 & p=0.16, respectively). Collagen content and HP crosslink
density showed a negative relationship with applied stretch (figure 5.4d, p=0.011,
R?=0.31 & p=0.015, R2=0.29, respectively). All stretch groups were not significantly
different to DNA content of native periosteum at any age between el5 and e18 (One-
Way ANOVA). However, DNA content corresponded most to native e18 periosteum. HP
crosslink density in all stretch groups after 3 days of culture was significantly higher

than native el5, but not different from native e18 periosteum (One-Way ANOVA).
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Figure 5.4: Properties of periosteum after stretch-dependent adaptation. (a) Representative force-
stretch curves of experimentally stretched periosteum (stretched to 0.85, 0.90, 0.95, 1.00 and 1.05
times Lo, i.e. in vivo length. For clarity, only one measurement per group is shown (n=4). (b)
Transition stretch versus the stretch applied to experimental samples for 3 days. The dashed line
represents a 1:1 ratio and is indicative for complete mechanical adaptation. Each measurement is
represented by one diamond, i.e. the graph shows 20 diamonds in total, but some diamonds overlap.
(c) Tissue stiffness showed a positive relationship with applied stretch (R2=0.73). (d) DNA, GAG, HP
crosslink and collagen content. ¥ indicates a significant relationship with applied stretch for HP

crosslink density (R?2=0.29) and collagen content (R2=0.31). For all groups, n=4.
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5.4.3 Transient adaptation (3)

The shift in transition stretch gradually developed (figure 5.5a & b) and was most
dominant during the first two days of culturing (figure 5.5b). No significant difference
was detected between applied stretch and measured transition stretch from day 3
(figure 5.5b, paired t-test). A non-significant drop in stiffness was observed after 4 days
of culture (figure 5.5c). DNA content showed a negative relationship (p=0.001, R?=0.31)
and HP crosslink density a positive relationship (p=0.000, R?=0.63) with culture time.
From the first culture day on, HP crosslink density was significantly higher compared to
native el5 periosteum. Interestingly, the slopes of regression in DNA and HP crosslinks
with time were the same in vivo and in vitro (figures 5.3d and 5.5d compared). GAG and
collagen content showed no transient response (figure 5.5d, p=0.58 & 0.17,

respectively).
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Figure 5.5: Periosteum properties after time-dependent adaptation at 0.95 times in vivo length. (a)

Representative force-stretch curves of experimentally stretched periosteum cultured up to 4

subsequent days. For clarity, only one measurement per group is shown (n=12 for e15, n=4 for e15 +

# of days in culture). (b) Transient response of the transition stretch. Asterisks denote a significant

difference between applied stretch and transition stretch (paired t-test). (c¢) Transient response of

the tissue stiffness. A non-significant decrease in stiffness was observed at time point e15+4. (d)

DNA, GAG, HP crosslink and collagen content. ¥ indicates a significant relationship with age for DNA

(R2=0.31) and HP crosslink (R2=0.63). For comparison, the e15 and e15+3 groups were adopted from

study (1): ‘native adaptation’ and study (2): ‘stretch-dependent adaptation’, respectively. For groups
el5+1,2 & 4, n=4.
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5.4.4 Blocking cell-mediated adaptation (4)

Blocking protein synthesis by adding cycloheximide (CH) did not change the shift in
transition stretch (figure 5.6a & b). However, blocking the ability of cells to contract by
adding cytochalasin D (CD) in addition to CH, abolished the shift in transition stretch
(figure 5.6a & b). Tissue stiffness of samples stretched to 0.95 times in vivo length
treated with CH, was significantly lower compared to samples treated with both CH and
CD (figure 5.6c). DNA and GAG content decreased in the presence of CH relative to
samples in complete medium, but collagen content increased (figure 5.6d, One-Way
ANOVA). Note that this does not mean that collagen is synthesized; selective loss of
proteoglycans also induces these results. Addition of blocking agents (CD and/or CH)
did not significantly change HP crosslink density.
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Figure 5.6: Properties of experimentally stretched periosteum, cultured for 3 days in the presence of
blockers. (a) Representative force-stretch curves of periosteum (stretched to 0.95 and 1.05 times in
vivo length), treated with CD and/or CH. For clarity only one measurement per group is shown (n=4).
(b) Transition stretch of samples treated with CD and/or CH. Dashed green and red line represent the
applied stretch (0.95 and 1.05, respectively). Asterisk denotes a significant difference from the applied
stretch (paired t-test). (c) Stiffness of the CH treated group was significantly different from the CH &
CD group, both stretched to 0.95 times in vivo length (One-Way ANOVA), denoted by the asterisk. (d)
DNA, GAG, HP crosslink and collagen content of 3-day stretched samples. + indicates a significant
change in biochemical content, caused by the addition of blocking agents, relative to similarly
stretched controls (One-Way ANOVA). For comparison, the 0.95 and 1.05 group were adopted from

study (2): ‘stretch-dependent adaptation’. For all groups, n=4.
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5.4.3 Visualization of the collagen network (5)

The proportional relationship between applied stretch and tissue stiffness (figure 5.4c)
did not result from increased collagen content or HP crosslink density (figure 5.4d),
suggesting that tissue stiffness was dominated by structural changes of the collagen
network. Furthermore, blocking protein synthesis alone had no effect on the shift in
transition stretch, while disrupting the actin filament network with cytochalasin D
prevented this shift (figure 5.6b). This suggests an adaptation mechanism that is
independent of matrix protein expression, but highly dependent on the contractile
properties of the cells. Evaluation of collagen morphology confirmed that tissue
adaptation upon sustained shortening, involved a reorganization of the collagen fiber
network, only when the cells had a functional actin filament network.

Native periosteum contains straight collagen fibers, oriented in the longitudinal
direction (Foolen et al.,, 2008), see chapter 2. After mounting periosteum in the custom
built stretch device and observing the tissue with multi-photon microscopy, this
collagen morphology was confirmed (figure 5.7a & e). Immediately after shortening the
tissue to 0.90 times the initial length, all collagen fibers were crimped (figure 5.7b & f).
After 72h of culturing at 0.90 times the initial length, the fibers were predominantly
straight, although a portion of them still displayed a crimped morphology (figure 5.7c &
g). After 72h of culturing in the presence of CH and CD, all collagen fibers remained
crimped (figure 5.7d & h). Both with and without CH and CD, cells remained viable over
the culture period (figure 5.7i & j).
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72h after stretch
before stretch Oh after stretch 72h after stretch with CH & CD

Figure 5.7: TPLSM images of collagen in periosteum of e15 chick tibiotarsi. Collagen morphology was
visualized, using the CNA35 probe, before applying stretch as well as 1 and 72 hours (with or without
addition of CH and CD) after applying stretch of 0.90 times the initial length. (a-d) Single images from
Z-stacks. Procedure and time-point are indicated at the top. (e-h) Magnification of figures (a-d),
indicated by the white box. (i & j) Images are identical to figure c & d, but now channels for viable
cells (in blue; Cell Tracker Blue) and dead nuclei (in red; Propidium lodide) are included. Objective

40x, NA 0.8. Scale bars represent 25um.
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5.5 Discussion

We hypothesized that adaptation directs fibrous cellular tissue towards mechanical
equilibrium. We set out to test this hypothesis by characterizing this mechanical
equilibrium. For this, force-stretch curves of growing native periosteum were evaluated.
In vivo, the strain state corresponded to that of the heel region of the force stretch curve.
Therefore, we postulated that native adaptation would drive periosteum towards a
state, in which its stiffness is in the transition from pliant to much stiffer. Subsequently,
we studied the involvement of cells in this adaptation process by monitoring in vitro the
stretch-dependent and transient adaptation. In agreement with our hypothesis, upon
induced alterations in tissue length, periosteum adapted by transiently restoring this
preferred mechanical state. The underlying mechanism for the adaptive response was
exposed by visualization of the collagen morphology upon shortening the tissue to 0.90
times the initial length. The resulting collagen fiber crimp was gradually reduced during
three days of culturing. This process was cell-mediated and required a functional actin
filament network; reduction of collagen crimp was absent in periosteum cultured in the
presence of cycloheximide and cytochalasin D. Interestingly, the structural organization
of the collagen network, and not the collagen content or HP crosslink density,
determined the stiffness of the tissue. Therefore, we conclude that changes in the force-
stretch relationship upon shortening are caused by collagen crimp, while the adaptive
response is due to a gradual straightening of the collagen fibers by active cell

contraction via the actin filament network.

The consideration to use chick periosteum as a model system originated from the ability
to subject the tissue to stretch regimes starting exactly from its very well defined in vivo
length. Also, the collagen network was known to be well aligned (Foolen et al., 2008),
see chapter 2, and periosteum is one of the few quasi-statically loaded tissues. Another
advantage is that embryonic chick tibiotarsi have a high incremental growth rate
(Church and Johnson, 1964) and therefore adapt at a very high rate. Periosteum can
grow up to 25%/day (Foolen et al., 2008), see chapter 2, and still maintain low in vivo

force (Foolen et al.,, 2009), see chapter 3.
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Periosteum has a potential for osteogenesis (Augustin et al.,, 2007) and chondrogenesis
(Emans et al, 2005; O'Driscoll et al, 1994; Ravetto et al, 2009). However,
differentiation was negligible in our experiments, because GAG content did not change
and mineralization was not observed. Therefore, extrapolation of the adaptation
mechanism to other fibrous tissues remains valid.

In the ElectroForce LM1 TestBench (Bose), mechanical properties were determined by
straining the tissues to failure at 0.1%/sec relative to their in vivo length. For visco-
elastic tissue, stiffness increases with strain rate. Pilot studies showed that at the at low
strain rate of 0.1%/sec, strain-rate-dependent effects are minimal. Yet, in fact, the
applied strain-rate during failure testing was higher for samples that were adapted to a
shorter length during culture. Correction of strain-rate to the newly acquired length
would have enhanced the proportional relationship between applied stretch and
stiffness, and would therefore have strengthened the relationship that was already
determined.

Mechanical adaptation was assessed by determining the transition point between low
and high stiffness on the force-stretch curve. For appropriate comparison, this
transition point needed to be uniquely defined. We did that as follows. The transition
point in unstretched samples (i.e. stretched to 1.00 times in vivo length, figure 5.4a & b)
after 3 days of culture was considered the reference situation. In the force-stretch curve
of these samples, the transition point between low and high stiffness was then defined
as the point where stretch equaled 1.00. At this point, the tangent to the force-stretch
curve appeared to equal 1/8% of the slope in the linear stiffness region. Subsequently,
we used this characteristic to determine the transition point in each of the force-stretch
curves for the other experimental conditions. It should be noted that the choice for the
condition that exactly defines the transition point is arbitrary. However, an evaluation
of our data showed that the results and conclusions are not sensitive to this definition

(figure 5.8).
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Figure 5.8: Sensitivity analysis on data from study 2: ‘stretch-dependent adaptation’. Analysis is
performed on the tangent to the force-stretch curve that equals the slope in the linear stiffness region
divided by 2, 4, 6, 8 and 10. Each data point represents the average value of the group. At low applied
stretch values, the transition stretch values are more sensitive to the chosen slope factor due to the
increased length of the heel region. The transition stretch of samples stretched to 1.00 exactly
matches in vivo length, when the tangent to the force-stretch curve equaled 1/8t% of the slope in the

linear stiffness region.

While the TestBench allowed us to mount the tibiotarsus at in vivo length using
feedback from the force-signal, the custom built stretch device for the microscope did
not allow force measurement. A possible effect on initial tissue length is however
minimal compared to the induced strains. Also, the fiber structure after mounting in the
stretch device (figure 5.7a & €) resembles in vivo structure (Foolen et al., 2008), see
chapter 2, very well, indicating a proper transfer of the in vivo situation to the
experimental setup. The CNA35 probe (Krahn et al., 2006) used to visualize periosteal
collagen in the custom built stretch device has a drawback of potentially preventing
proper collagen fibril formation (Boerboom et al, 2007). We therefore chose to
visualize separate samples per time point, instead of one sample at multiple times.

In study (3): ‘visualization of the collagen network’, we chose to apply a stretch of 0.90
times the initial length. We aimed at relating tissue mechanical properties to structural

organization of the collagen network. The stretch-dependent adaptation experiment
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revealed that tissue stiffness decreased after 3 culture days at 0.90 times in vivo length,

while at 0.95 times in vivo length, such decrease was not present.

In post-hatched quails the in vivo strain state corresponded to that of the heel region of
the force stretch curve, i.e. the strain where transition in stiffness from pliant to much
stiffer behavior occurs (Bertram et al, 1998). This is in agreement with the in vivo
loading state of periosteum in the current study.

HP crosslink density significantly increased with development in subchondral bone of
newborn foals and tibial bones from male broiler breeder chickens (Rath et al., 2000).
In our study, HP crosslink density also increased with developmental age, which may
contributed to increased stiffness (Balguid et al, 2007). However, stiffness in the
experimentally stretched samples was negatively related to HP crosslink density. We
suggest changes in stiffness are dominated by structural reorganization of the collagen
network, which conceals the effect of increased HP crosslink density on tissue stiffness.
It was observed that protein synthesis is not a requisite for tissue contraction, as
addition of cycloheximide to the medium had no effect on a shift of the transition stretch,
compared to untreated equivalents. This agrees with the observation that
cycloheximide treated fibroblasts, in the presence of serum-containing medium,
contract indistinguishably from untreated fibroblasts (Guidry et al., 1990; Guidry, 1992).
Mechanically, removal of fibrous tissue load in vitro and in vivo results in decreased
material modulus (Abreu et al., 2008; Arnoczky et al., 2007; Binkley and Peat, 1986;
Feng et al.,, 2006b; Loitz et al., 1989; Yamamoto et al.,, 2002; Yamamoto et al., 1993),
which agrees with observations in the current study. Biochemically, deprivation of
tissue load results in decreased expression of collagen mRNA (Lavagnino and Arnoczky,
2005), levels of procollagen (Grinnell et al., 1999; Nakagawa et al., 1989), amount of
cells (Grinnell et al., 1999) and DNA (Mochitate et al.,, 1991), of which the latter two
presumably result from apoptosis (Grinnell et al., 1999; Zhu et al,, 2001). However, we
observed that collagen content was significantly higher in shortened samples (0.85 &
0.90-Lo) compared to stretched samples (1.05-Lo, One-Way ANOVA, data not shown),
and although DNA content decreased relative to native e15 periosteum, no relationship

with applied stretch was found in our setup.
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Stiffness of e18 periosteum was significantly higher than e15 periosteum cultured for 3
days. Part of this difference can be attributed to an increase in circumference of native
periosteum, while in vitro cultured tissue does not gain width. The metaphyseal
cartilage from embryonic age el2 to el7 increases its circumference on average by
20%/day (el2 - el5 data adopted from Foolen and coworkers (Foolen et al., 2008); e16
and e17 data not shown).

Treatment with cytochalasin D and/or cycloheximide resulted in a significant increase
in collagen content per tissue dry weight. Since collagen synthesis was restricted by the
addition of cycloheximide, the increase can only be explained from a reduction in total
dry weight, i.e. loss of cells, GAG’s and other proteins, while collagen content remained
high because proteolytic enzymes could not be synthesized. Unfortunately, it is not
feasible to interpret absolute amounts of tissue components or total dry weight. The
isolation of the periosteum tissue for analysis after culture was done manually with a
scalpel blade. The total amount of tissue extracted from the bone with this procedure is
not sufficiently standardized or reproducible to allow for quantitative comparison of
measured total amounts of collagen. Therefore, only measures relative to the total dry

weight were presented.

In summary, collagen fibers showed a typical crimped morphology upon tissue
shortening. After 3 days of culture, this fiber crimp was reduced and varied between
fibers, i.e. a large number of fibers was straight, while others remained crimped. With
reduction of tissue length, tissue stiffness decreased, the transition point shifted, and
the heel region lengthened. All effects were mediated by cell contraction. Combining
these morphological observations and mechanical measurements, resulted in the
following adaptive mechanism. In full equilibrium, all fibers are straight. Fibers become
crimped when tissue is shortened. This weakened environment unbalances tensional
homeostasis of the cells, which therefore start to contract the matrix. During the
adaptation process, crimp varies between fibers. Cells pull on individual fibers, which
become straight, until a new equilibrium is reached with minimal crimp. With reduction
of fiber crimp, the transition point gradually shifts from the old to the new tissue length.
When an adapting tissue is subjected to a tensile test, load that is borne by individual

fibers depends on the amount of crimp present in the fiber and the stretch value from
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where a fiber starts to become recruited. Thereby, a proportional relationship between
the applied stretch level and tissue stiffness is obtained, which is accompanied by an
increase in length of the heel region in its force-stretch relation. When cells are
inactivated by cytochalasin D, they will not remove fiber crimp. Consequently, fiber
crimp remains and tissue properties including the transition stretch, length of the heel

region and stiffness are unaltered.

5.6 Conclusion

This chapter adds to our current insight in mechanical adaptation of fibrous tissue by
showing that (1) periosteum in chick embryos resides in a particular mechanical state,
irrespective of the developmental stage. This mechanical state is characterized by a
residual tissue strain that corresponds to the strain in between the pliant and the stiffer
region of the stress-strain curve. (2) Periosteum is able to regain that mechanical state
in vitro within three days upon disturbance of that equilibrium. (3) Pursuing the
particular mechanical state is cell-contraction mediated. (4) Cell contraction reduces the
crimp of slack collagen fibers after tissue shortening, which increases the number of

recruited fibers in time.

5.7 Acknowledgements

We gratefully acknowledge Jessica Snabel and Ruud Bank (TNO Leiden, RUG Groningen)
for collagen and HP crosslink analysis, Kang Yuen Rosaria-Chak (Eindhoven University
of Technology) for performing DNA and GAG analysis. This project is funded by the
Royal Netherlands Academy of Arts and Sciences. Corrinus C van Donkelaar is

supported by funding from Stichting Toegepaste Wetenschappen (STW).

-81-



-82 -



Chapter 6

General Discussion



Chapter 6

6.1 Recapitulation of main findings

The overall scope of this thesis was to study the interaction between periosteum
mechanical behavior and cartilage growth. Starting point was the existence of two
different hypotheses. The first hypothesis proposes that periosteum tension forms a
mechanical feedback mechanism with pressure in growing cartilage (Crilly, 1972; Moss,
1972). This feedback mechanism starts from the fact that extracellular matrix
production, and chondrocytic proliferation and hypertrophy in the growth plate result
in movement of the epiphysis away from the mid-diaphysis. Thereby, periosteum is
stretched and thus tensioned. Periosteum spans the complete diaphysis and both
metaphyses and lacks adhesion properties to the underlying bone (Bertram et al., 1998).
Consequently, periosteum tension is postulated to statically compress growth plate
cartilage, which inhibits chondrocyte activity. Triggered by the tensioning, periosteum
cells synthesize matrix allowing the periosteum to grow. Thereby, compressive force on
the cartilage is released and further bone lengthening becomes possible (Crilly, 1972;
Moss, 1972). The second hypothesis proposes that cartilage growth is mediated by a
change in the release of soluble factors from the periosteum (Bertram et al., 1998). In
this hypothesis, periosteum tension induced by cartilage growth is assumed to affect
periosteal intracellular tension. Variations in intracellular tension are proposed to
modulate the expression of soluble factors, involved in the regulation of cartilage

growth.

Existence of the mechanical feedback mechanism, proposed by Moss (Moss, 1972) and
Crilly (Crilly, 1972), requires causality between periosteum tension and growing
cartilage. This is supported by showing that mechanical disruption of periosteum in the
circumferential, not the longitudinal direction, resulted in increased growth rates
(Bertram et al,, 1991; Chan and Hodgson, 1970; Crilly, 1972; Dimitriou et al., 1988;
Hernandez et al., 1995; Houghton and Rooker, 1979; Jenkins et al.,, 1975; Lynch and
Taylor, 1987; Sola et al., 1963; Taillard, 1959; Taylor et al.,, 1987; Warrell and Taylor,
1979; Wilde and Baker, 1987). Also, longitudinal growth rates of growth plates are

decreased upon application of static compression (Bonnel et al., 1983; Stokes et al,,
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2005; Wilson-MacDonald et al., 1990) and increased upon static tension (Arriola et al.,
2001; Stokes et al., 2006; Stokes et al., 2007; Wilson-MacDonald et al., 1990). Both the
removal of periosteum and perichondrium (Long and Linsenmayer, 1998) as well as
load-induced cartilage growth (Stokes et al., 2007) were associated with alterations in
proliferation and hypertrophy of the chondrocytes. We showed that the morphological
anisotropy of the collagen fibers in periosteum and perichondrium concurs with
predominant directions of growth (chapter 2). Directions and magnitude of cartilage
expansion may therefore be related to the amount of restrictive force, present in the
collagen network of periosteum and perichondrium.

These findings support the concept that a load-dependent feedback mechanism prevails
between cartilage and the fibrous perichondrium and periosteum, as hypothesized by
Moss (Moss, 1972) and Crilly (Crilly, 1972). Whether this feedback mechanism between
cartilage and periosteum is effective or not, depends on the magnitude of residual
periosteum force. Measurements of in vivo periosteum tension revealed that its
magnitude theoretically induces cartilage compressive stresses that affect growth on a
scale far below that described in the literature as a consequence of periosteal division
(chapter 3). Thus, release of periosteum tension via division cannot be the dominant
mechanism for directly increasing cartilage growth rates (chapter 3). We therefore

conclude that the first hypothesis (Crilly, 1972; Moss, 1972) is incorrect.

Now that the first hypothesis (Crilly, 1972; Moss, 1972) was falsified, we explored the
second hypothesis, by Bertram and coworkers (Bertram et al., 1998). This second
hypothesis (Bertram et al., 1998) was supported by the observation that the
cooperative action of soluble factors secreted by both the perichondrium and
periosteum negatively regulate cartilage growth (Di Nino et al., 2001; Di Nino et al,,
2002). It was shown that the responsible factors are present in ovo (Maeda and Noda,
2003). Overgrowth of tibiotarsi from which the perichondrium/periosteum was
removed, was prevented when the bones were cultured in ovo (placed onto the
chorioallantoic membrane of similarly aged eggs) compared to in vitro (Maeda and
Noda, 2003). Identification of the soluble factors, responsible for modulation of
endochondral cartilage growth is in progress (Alvarez et al., 2001; Crochiere et al., 2008;
Di Nino and Linsenmayer, 2003; Di Nino et al, 2002). The studies by Di Nino and
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coworkers (Di Nino et al., 2001; Di Nino et al,, 2002), could however only explain bone
overgrowth upon removal of the perichondrium and periosteum, where cells are
removed, and not upon circumferential division, when cells are still present. Both
phenomena can be explained by the findings from the study in chapter 4: Modulation of
long bone growth, via a release of soluble factors by perichondrial/periosteal cells, is an
effect of the ability of these cells to develop intracellular tension through their actin
filament network. The main finding that lead to this conclusion was that increased
growth upon removal of perichondrium and periosteum were reduced to normal levels,
when conditioned medium was provided, produced by cells from the border region of
the perichondrium and periosteum, cultured on sufficiently stiff substrates (chapter 4).
Furthermore, disruption of the actin filament network of these cells counteracted their
growth-modulating effect completely (chapter 4). We therefore suggest that regulation
of growth by periosteum is based on an elegant mechano-regulated feedback loop
between cartilage growth in bone rudiments and inhibition thereof by
perichondrial/periosteal cells, dependent on intracellular tension.

We also found that the effect is through a growth-inhibiting, rather than a growth-
stimulating factor (chapter 4). Not surprisingly, the cells responsible for inhibition of
growth rates originate from the perichondrium and periosteum region that covers the
cartilage with the highest growth modulating potential, namely the proliferative and
pre-hypertrophic zone. Consistent with the hypothesis by Bertram and coworkers
(Bertram et al., 1998), the proposed mechano-regulated feedback loop (chapter 4) will
act as follows. When cartilage growth is relatively fast, periosteum becomes tensioned.
This could introduce intracellular tension in periosteum cells directly through focal
adhesions (see below) or by stiffening of their environment through collagen alignment
and straining. This stimulates them to express growth-inhibiting factors, which
subsequently normalize the enhanced cartilage growth rate. Vice versa, the same
mechano-regulated control loop would allow recovery of delayed growth, because
periosteum tension would drop if cartilage did not expand sufficiently. To establish
whether this feedback mechanism also prevails in vivo, it remains to be determined
whether soluble factors produced by cells in our model system match those produced in

vivo.
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We falsified the original hypothesis (Crilly, 1972; Moss, 1972) by showing that
periosteum tension is too low for directly modulating cartilage growth rates (chapter 3).
However, the underlying adaptation mechanism for maintaining low tension remained
to be determined. We showed that periosteum tissue resides in a particular mechanical
state irrespective of the developmental stage, characterized by low force and residual
tissue strain that corresponds to the location on the force-strain curve in between the
pliant and stiffer region (chapter 5). Periosteum is able to regain that mechanical state
upon disturbance of that equilibrium. Finally, we revealed a mechanism for this
adaptation, by showing that pursuing the particular mechanical state is cell-contraction
mediated and based on reducing the crimp of slack collagen fibers after tissue
shortening, which increases the number of recruited fibers in time (chapter 5).
Periosteum cells therefore act via two separate mechanisms to maintain periosteum
tension. In case of a reduction in periosteum tension, they actively contract the collagen
fiber matrix (chapter 5) and stimulate longitudinal bone growth via diminishing the
expression of growth-inhibiting factors (chapter 4). It can be speculated that
maintenance of this specific periosteum tension is important for subperiosteal
ossification. Increased periosteum tension was shown to enhance bone formation

whereas a reduction diminished ossification (Glucksmann, 1942).

The regulation of long bone growth still needs further investigation. However, this
thesis provides evidence that involvement of periosteum is critical, which takes us a
step closer towards understanding regulation of long bone growth. This may add to the

development of methods to solve clinically relevant growth related pathologies.

6.2 Ethical considerations

Although approval by the Animals Ethics Committee is not required for experiments
conducted in this thesis, an ethical discussion is appropriate. Several considerations led
to the choice for the use of the chick embryo tibiotarsus as a model system, frequently
used in studying embryonic bone development (Bertram et al., 1998; Church and
Johnson, 1964; Di Nino et al, 2001; Long and Linsenmayer, 1998; Maeda and Noda,
2003; Nowlan et al.,, 2008; Roach, 1997; Rooney, 1984). Besides advantages such as the
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ease of accessibility, low cost and very fast growth, an important ethical consideration
was that chick embryos develop outside of their host. Therefore, the amount of animals
euthanized for this study, could be limited and every animal served a direct scientific
purpose. The amount of discomfort, pain and suffering was minimized by immediate
decapitation, without preceding operations. Furthermore, when possible, both the left
and right tibiotarsus was used. In fact, some studies required the use of both tibiotarsi
as an internal control. Furthermore, the age of the animals was chosen as young as
possible, as perception of the embryos increases with age. Hereby, size of the tibiotarsus

was the limiting factor in the possibility to adequately execute experimental procedures.

6.3 Future directions

This thesis describes the involvement of periosteum in the regulation of embryonic long
bone development. The avian model system was chosen because of fast growth, ethical
considerations, and ease of accessibility and availability. However, avian long bone
development is different from mammalian growth, in particular endochondral
ossification (Roach, 1997). Therefore, extrapolation towards mammalian mechanisms
remains to be examined and will provide a better base for extrapolation towards human.
Furthermore, conclusions and findings are based on in vitro experiments, designed to
mimic the in vivo environment as closely as possible. In vitro experiments provide a tool
to study processes that are impossible to study in vivo. Still, our explant model system
involved dissection of the tibiotarsus from its natural environment, altering mechanical
and biochemical influences. Extraction and cultivation of perichondrial/periosteal cells
introduced a second change with respect to their natural environment. The
discrepancies between the behavior of our model system in the in vitro setup compared
to in vivo remain to be assessed, in order to extrapolate our finding with respect to
modulation of long bone growth by signal expression of cells, mediated by intracellular
tension. An interesting follow-up experiment, for instance, would therefore be to use
conditioned medium obtained from cells in slack or stretched periosteum. Results from
such a study could support our conclusion from the study in which
perichondrial/periosteal cells were cultured on substrates with a known stiffness

(chapter 4). It has been proposed that mechanotransduction, for instance in focal
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adhesions, depends on the development of stresses that are generated by a balance of
external forces and cell-generated forces, resulting in signaling (Chen, 2008). However,
the coupling of externally applied force and intracellular tension requires further
investigation. In this study, we assumed that in vivo it is indifferent to the cells whether
the intracellular tension is induced by external tissue straining or by active cell
contraction. Furthermore, it is still unknown whether modulation of growth by
conditioned medium is essentially similar for all stiffnesses examined, i.e. that substrate
stiffness is related to the concentration and not the composition of the growth factor
pool produced by the cells. To verify this, the growth inhibiting potential of conditioned
medium from 80kPa substrates should be studied upon decreasing the concentration
via dilution with unconditioned medium. Another insight into the regulatory pathways
of cartilage growth could be obtained by identifying the responsible mechano-sensitive
growth factors expressed by perichondrium and periosteum. Hereby, expression of
these growth factors on the transcription level between in vitro setups and in vivo could
be compared. Identifying these growth factors will not only increase our understanding
of long bone growth regulation, it might also provide a means for clinical intervention
through local drug administration. Furthermore, it will aid in further development of
tissue engineered cartilage. In the case of periosteum-derived tissue engineering of
cartilage for instance, periosteum tension is proposed to have a significant effect on the
development of cartilage (chapter 4).

It has been shown that the periosteum firmly attaches to the epiphyseal base (Bertram
et al,, 1998) and spans the complete diaphysis and metaphyses. Periosteal collagen
fibers align the longitudinal growth direction (chapter 2), which is homogenous
throughout the complete periosteum length (Warwick and Wiles, 1934). This describes
how tissues grow/adapt at the organ level. However, it is still unknown how fibrous
tissues elongate during growth at a molecular level while maintaining structural
integrity. It has been proposed that upon extension beyond the elastic limit, the
polymers of covalently crosslinked collagen molecules within the fibrils can slip with
respect to neighboring polymers as a result of strain-catalyzed hydrolysis of bonds
between the polymers (Davison, 1992). We show that in vivo, embryonic periosteum
tissue is loaded below its elastic region (chapter 5), and that fibrous tissue adapts

towards a preferred mechanical state, characterized by low in vivo load (chapter 3 & 5).

-89 -



Chapter 6

Therefore, individual fiber strain is not expected to exceed its elastic region, as strain of
the tissue is higher than the embedded fibrils (Fratzl et al., 1998; Puxkandl et al., 2002)
and collagen molecules (Mosler et al., 1985). Hence, it remains to be explored whether
tissue extension during growth at the molecular level is based on the concept of
breaking and reformation of the polymers of covalently crosslinked collagen molecules.
Real-time matrix visualization during growth processes offers a great opportunity to
study this mechanism. Apart from the adaptive response in (quasi)-statically loaded
tissues, the adaptive mechanism in dynamically loaded tissues offers another
challenging field. Unraveling the adaptive growth mechanism of a loaded tissue at a
molecular level would assist in understanding concepts of wound healing and growth

related pathologies, and may be useful in tissue engineering principles.
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Samenvatting

De rol van periosteum tijdens botgroei

Ons skelet ontwikkelt zich door groei van kraakbeenweefsel, dat vervolgens wordt
omgezet in botweefsel. Dit proces wordt gereguleerd door vele controlemechanismen.
Het periosteum speelt daarbij ook een belangrijke rol, maar het mechanisme daarachter
is onduidelijk. Een hypothese uit de jaren 70 beschrijft een mechanisch
terugkoppelingsmechanisme tussen het groeiende kraakbeen en het omliggende
periosteum. Spanning in het periosteum zou resulteren in compressie van het groeiende
kraakbeen waardoor de kraakbeengroei zou worden geremd. Dit proefschrift toont aan
dat de oriéntatie van collageen, de belangrijkste belastingdragende component in het
periosteum, overeen komt met de richting waarin kraakbeenweefsel bij voorkeur groeit.
Dit ondersteunt het idee dat spanning in het periosteum, kraakbeengroei remt. Echter,
we toonden ook aan dat de spanning in het periosteum te laag is om kraakbeengroei
effectief te remmen. Daarmee was bovenstaande hypothese ontkracht. Onze nieuwe
hypothese was dat regulatie van kraakbeengroei gebaseerd is op een mechano-
biologisch terugkoppelingsmechanisme tussen kraakbeen en periosteum, waarbij
expressie van groeifactoren door periosteum-cellen afhankelijk is van de spanning in
deze cellen. Deze groeifactoren remmen vervolgens de groei van het kraakbeen. We
hebben deze theorie met een serie experimenten bevestigd. Er was nog één vraag over:
hoe kan het zijn dat het bot, en daarmee het periosteum, zeer snel groeit, maar dat
desondanks de spanning in het periosteum laag blijft? We toonden aan dat periosteum
adapteert naar een evenwichtstoestand waarbij de rek op het knikpunt van de kracht-
rek relatie zit; dus op de overgang van een lage stijtheid naar een hoge stijtheid. We
toonden aan dat dit adaptatieproces afhankelijk is van de contractiele eigenschappen
van de periosteum-cellen en gepaard gaat met structurele reorganisatie van het
collageennetwerk. Deze adaptatie werd bepaald door cel-gemedieerde reorganisatie
van het collageen, en verrassend genoeg niet door de hoeveelheid collageen en
crosslinks in het weefsel. Dit proefschrift geeft ons inzicht in de regulatie van botgroei

door het periosteum, en de belangrijke rol die de cellen in het periosteum daarbij spelen.
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Een bestaande hypothese die de interactie tussen periosteum en kraakbeengroei
beschrijft werd gefalsificeerd. Een nieuwe mechano-biologische hypothese waarbij
periosteum-cellen een belangrijke rol spelen, werd ontwikkeld en gevalideerd. Deze

cellen bleken ook bij de adaptatie van periosteum essentieel.
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