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Preface

The conference “The Many Faces of Osteoarthritis”, convened at Lake Tahoe, June
23-27, 2001, was held in my honor to acknowledge and to pay tribute to my con-
tributions in the field and also to celebrate my birthday, which happened to fall in
that time frame. The meeting was one of the happiest events in my professional life,
and I am much indebted to the organizers and to all my colleagues and friends who
contributed to its success. On a personal note, I was particularly pleased to meet
again so many former trainees. The resulting book reflects the scientific presenta-
tions and discussions between a select group of invited investigators, all experts in
this field. As will be evident, the meeting is a logical continuation of scientific work-
shops in the field, two of which were originally sponsored by Hoechst Pharmaceu-
tical Company of Germany. This scientific meeting is now sponsored by two phar-
maceutical companies, again Hoechst (now Aventis), and also Glaxo-SmithKline.
The latter is a scientific partner for members of the Department of Biochemistry,
which I have chaired since 1980 at Rush Medical College in Chicago.

In 1987, the Department of Biochemistry was awarded one of only three nation-
al grants in osteoarthritis as a Specialized Center of Research (SCOR) from the
National Institute of Arthritis, Musculoskeletal and Skin Diseases of the National
Institutes of Health. These Specialized Centers of Research support a cluster of indi-
vidual, but interrelated, basic and clinical research projects. The SCOR at Rush enti-
tled “Osteoarthritis: A Continuum (From Cartilage Metabolism to Early Detection
and Treatment)” involved investigators from basic science and clinical departments,
and I served as Program Director. In 1992, and again in 1997, Special Study Sec-
tions evaluated all SCOR grants in osteoarthritis and the program at Rush was
approved each time for an additional five years, and is currently the only SCOR on
osteoarthritis in the country.

To guarantee the best possible progress and research direction, the SCOR grant
investigators are assessed and evaluated on an annual basis by a Scientific Advisory
Committee composed of eight internationally renowned scientists (nicknamed
“Scoriers”) which not only came up with the idea of this meeting, but also put it
together. In addition, they also evaluated the manuscripts for this book (not an easy
task) and wrote a brief overview to reflect the general discussions during the meet-
ing. The strength, however, lies in the fact that the meeting was set up in the famil-
iar Gordon Research Conference style.

The conference “The Many Faces of Osteoarthritis” reflects the current state of
knowledge and will help elucidate the etiopathology of osteoarthritis (OA), hope-
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fully leading to early detection of the disease and novel treatment modalities. OA is
the most common joint pathology and primarily affects the older population.
Extended research, however, has shown substantial dissimilarities between OA and
the aging processes. OA can be envisioned as a group of overlapping distinct dis-
eases that may have different etiologies but show similar biologic, morphologic and
clinical outcomes. The disease is characterized by unique pathological changes in
some synovial joints, predominantly affecting the articular cartilage, but also the
entire joint, including the synovial tissue and subchondral bone. It is only in later
stages that it can be diagnosed indirectly by loss of articular cartilage as revealed in
radiography, a method used to diagnose the disease in clinical practice and in epi-
demiological studies. Not all individuals with radiographic evidence of OA have
clinical symptoms. However, the probability of symptoms increases with the sever-
ity of radiographic changes. It is hypothesized that both mechanical and biological
events destabilize the normal coupling of synthesis and degradation of the matrix of
the articular cartilage by its chondrocytes, with modulation also in the subchondral
bone. The disease may be initiated by multiple factors including genetic, develop-
mental, metabolic and especially traumatic ones that may have occurred much ear-
lier in life.

In the early 1980s, when research in articular cartilage biochemistry was still in
its infancy, | was asked, together with Dr. Vincent Hascall, to organize in Septem-
ber 1985 a Workshop Conference (sponsored by Hoechst-Werk Albert, Wiesbaden,
Germany) entitled “Articular Cartilage Biochemistry.” At this meeting, the results of
ongoing research on the structure and metabolism, both of normal and osteoarthrit-
ic articular cartilage, and related arthritic disorders were presented. Through a
detailed analysis of the matrix macromolecules, the biosynthesis and the normal and
pathological metabolism of cartilage components by chondrocytes were reported.
The questions asked were, for example: How do cells communicate in order to syn-
chronize macromolecular synthesis and secretion with degradation in the different
micro-regions of the extracellular matrix? What are the signals and the receptors in
the intercellular transduction mechanisms? What are the critical interactions among
intercellular macromolecules that infer tissue specificity upon extracellular process-
es? The participants of this meeting advanced the understanding of the mechanisms
underlying cartilage degeneration in arthritic diseases. In 1986, the presentations
and lively discussions of the workshop were published by Raven Press (New York)
with Drs. Klaus Kuettner, Rudolf Schleyerbach and Vincent Hascall as co-editors.

The rapid growth of knowledge and methodologies in cartilage research result-
ed in an increase in diverse methods used to study cartilage biology and biochem-
istry. Therefore, in order to achieve a standardization of methods, I was asked by
Dr. Alice Maroudas to conjointly organize an international seminar entitled “The
Bat-Sheva Seminar on Methods Used in Research on Cartilaginous Tissues”, which
was held at the Nof Ginossar Kibbutz, Israel, in March 1989. This seminar was
sponsored by the Bat-Sheva de Rothschild Foundation for the Advancement for Sci-
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ence in Israel. The proceedings of the meeting were published in a book by Acade-
mic Press (London and San Diego) in 1990 under the title “Methods in Cartilage
Research” with Drs. Alice Maroudas and Klaus Kuettner as co-editors. The time
was right for assembling the various methodologies into a single volume that reflect-
ed the sophistication of each aspect in this field and also provided a comprehensive
source for investigators from other disciplines. The book describes for example:
Qualitative and quantitation techniques for the tissue specimens, extraction meth-
ods, chondrocyte and explant cultures, and the tissue composition and organization.
Furthermore, physical and mechanical properties as well as their relevance to phys-
iological processes were delineated. Different approaches were described, compared,
discussed and assessed. The major aim was to show investigators the various choic-
es and possibilities in research and to discuss the appropriateness of study designs
without ignoring their inherent shortcomings, limitations and difficulties.

Three years later another workshop conference (again sponsored by Hoechst-
Werk Albert) entitled “Articular Cartilage and Osteoarthritis™ highlighted current
basic scientific and clinical research efforts to further advance the understanding of
articular cartilage physiology and pathophysiology and also the etiopathology of
osteoarthritis. Among the questions asked were: How does the microenvironment,
containing collagens and proteoglycans, serve as a prerequisite for the maintenance
of cell differentiation? What regulates the biosynthesis of proteoglycans and gly-
cosaminoglycans? Does secretion and diffusion of recently identified “morphogens”
play a role in remodeling and/or repair? What are the influences of mechanical
stresses upon the biosynthesis of extracellular macromolecules? What is the role of
non-collagenous macromolecules upon extracellular matrix specificity? How does a
degradation enzyme contact a collagen fibril (in the case of collagenolysis) when the
latter is normally encased in a matrix of other macromolecules? Clinical research
findings on potential diagnostic markers of early OA and investigational, potential
therapeutic interventions were presented. They provided invaluable sources of infor-
mation, illuminating observations and promising new approaches for all orthopedic
surgeons, rheumatologists and basic research scientists investigating joint diseases.
This workshop symposium was afterwards published, again by Ravens Press (New
York) in 1992, with Drs. Klaus Kuettner, Rudolf Schleyerbach, Jacques Peyron and
Vincent Hascall as co-editors.

In April 1994, Dr. Victor Goldberg and I were asked to organize a workshop
entitled “New Horizons in Osteoarthritis.” Our task was to bring together an inter-
national, interdisciplinary group of leading scientists and clinicians to define the pre-
sent knowledge and delineate future research directions on the etiopathogenesis of
OA, as well as to develop new strategies in research for the understanding of the
etiopathology of OA. This workshop was sponsored by the American Academy of
Orthopedic Surgeons, the National Institute of Arthritis and Musculoskeletal and
Skin Diseases, the National Institute on Aging, the National Arthritis Foundation,
and the Orthopedic Research and Education Foundation. During this workshop,
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groups of investigators developed concepts and specific plans on various topics,
which were presented, modified and endorsed by all participants. A book entitled
”Osteoarthritic Disorders” was published by the American Academy of
Orthopaedic Surgeons (Rosemont) in 19935, edited by Drs. Klaus Kuettner and Vic-
tor Goldberg. It contains invited summary manuscripts describing the current state
of research in specific areas. Each summary is followed by a recapitulation of the
extensive discussions. This covers the definition (including epidemiology) and clas-
sification of OA, cartilage changes in aging and changes in the osteoarthritic joint
as an organ, role of mediators and inflammation in the degradative mechanisms,
repair of cartilage, and the monitoring of preclinical and clinical progression and
treatment of OA. At the time of the workshop the group identified gaps in factual
knowledge and stated that more information was needed before questions addressed
during the meeting could be answered. The book also contains selected reports,
descriptions of the brainstorming discussions of future investigations, an overview,
and consensus opinions and recommendations for new research directions in OA.

The group of investigators in the field of cartilage and osteoarthritis research is
relatively small. Thus, most of the “Scoriers” were present at the four meeting/
workshops/symposiums, mentioned above. Thus, the meeting in Lake Tahoe was a
logical consequence of the numerous interactions that we had at these scientific
“state-of-the-art™ meetings. The remarkable growth of the field and the rapid
increase in diversity of advancements, including the application of novel molecular
biological approaches and new imaging techniques, was certainly reflected at this
meeting at Lake Tahoe. The progress made since the first meeting about 16 years
ago is enormous. Investigators now focus on receptors, transduction mechanisms,
and specific cytokines that may regulate both the degradation and the repair/regen-
eration of the tissue. Still, significant research will be necessary in defining and clar-
ifying questions about the basic etiopathology of OA. Clinical and epidemiological
investigators will have to continue to interact with the basic scientists to identify the
pathogenic characteristics of OA, in order to develop and assess new therapeutic
interventions.

Special recognition is due to Dr. Hari Reddi, who was the local organizer of the
meeting, and together with his administrative and well experienced staff (most of all
Ms. Lana Rich), were responsible for inducing and maintaining an interaction
between the scientists. Their time, energy and effort is highly appreciated. Special
thanks go to Dr. Vincent Hascall, who was “volunteered” by his “Co-Scoriers” to
be the “mastermind” of the scientific program of this meeting at Granlibakken/Lake
Tahoe. His commitment and pursuit guaranteed its success. In this task he was
invaluably supported by his secretary Ms. Kathy Vukovich. The meeting was dedi-
cated, by Vince, to the friendship among scientists.

Spring 2002 Klaus E. Kuerttner
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Influence of tissue shear deformation on chondrocyte
biosynthesis and matrix nano-electromechanics
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TContinuum Electromechanics Group, Center for Biomedical Engineering, Massachusetts
Institute of Technology, M.I.T. Room 38-377, Cambridge, MA 02139, USA; 2M.E. Mueller
Institute for Biomechanics, University of Bern, Bern, Switzerland

Introduction

Articular cartilage provides lubrication and load bearing functions during the
motion of synovial joints. Such a specialized biomechanical function is enabled by
the mechanical and electromechanical properties of cartilage extracellular matrix
(ECM) and the interaction between cartilage and synovial fluid. Within cartilage
matrix, highly charged aggrecan molecules are embedded within a dense collagen
fibrillar network. The proteoglvcan-associated repulsive forces are restrained by
tensile forces within the collagen network. At the molecular level, these repulsive or
swelling stresses are mostly due to electrical double layer repulsion associated with
the negative fixed charges on glycosaminoglycan (GAG) chains, in addition to the
elastic and entropic interactions between GAG macromolecules.

In vivo loading of cartilage causes coupled electromechanical and physicochem-
ical changes that are known to modulate chondrocyte metabolism via multiple
pathways including upstream signaling, transcriptional and translational regulation,
post-translational modification, intracellular vesicular transport, and extracellular
processing [1, 2]. Low levels of oscillatory strain (1-5% dynamic strain amplitude
at frequencies ranging from 0.01-1.0 Hz) can stimulate chondrocyte biosynthesis of
proteoglycans, collagens, and other important matrix proteins [1, 3-6]. Higher lev-
els of strain and strain rate can cause cell death and matrix damage |[7-9]. As the
magnitude of strain [10] and strain rate in response to physiological loading depend
in part on the mechanical properties of cartilage tissue, it is important to understand
both the biophysical and biological stimuli that regulate the coordinated synthesis
and degradation of ECM by the chondrocytes.

In this chapter we first review the regulation of cartilage metabolism by mechan-
ical loading, especially the effect of tissue shear deformation on mRNA regulation
and matrix synthesis. We then describe experimental and theoretical studies of cer-
tain nano-electromechanical interactions within cartilage ECM that govern the
macroscopic mechanical behavior of cartilage.

The Many Faces of Osteoarthritis, edited by Vincent C. Hascall and Klaus E. Kuettner
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Physical regulation of cartilage metabolism

The development and maintenance of cartilage in vivo is regulated in part by
mechanical loading, including compressive and shear deformations, and concomi-
tant mechanical and physicochemical forces and flows [1]. Soluble factors including
vitamins, hormones, growth factors, and cytokines are known to be important reg-
ulators of chondrocyte biosynthesis and differentiation |2, 11]. Therefore, investi-
gators have studied the regulation of cartilage metabolism in vitro, by utilizing sol-
uble factors combined with mechanical or physicochemical stimuli [11-14]: static
and cyclic hydrostatic pressure, fluid-induced shear, dynamic tissue deformation,
changes in osmolarity and pH. The cellular mechanisms that underly mechan-
otransduction responses are not well understood. Signaling mechanisms may
include stretch-activated ion channels [15], ligand-cell surface receptor interactions,
and integrin-cytoskeleton machinery [16] that can trigger kinase cascades leading to
changes in transcriptional activity. Mechanical stresses may also affect chondrocyte
biosynthesis at the level of translation and post-translational modification by chang-
ing the structure of organelles such as endoplasmic reticulum and Golgi apparatus

[1].

The influence of tissue shear loading on chondrocyte biosynthesis

Dynamic compression of cartilage explants causes cell and matrix deformation as
well as fluid flow within the extracellular matrix (ECM) in the environment of the
cells, mimicking these aspects of loading in vivo. Previous studies suggested that the
increase in proteoglycan and protein synthesis caused by dynamic compression in
vitro was associated with intratissue fluid flow, streaming potential, and cell defor-
mation [17, 18]. These studies modeled the spatial profiles of biophysical phenom-
ena within cylindrical explants, including fluid flow and hydrostatic pressure, and
compared them to the measured spatial profiles of newly synthesized proteoglycans
using quantitative autoradiography. Possible effects of fluid flow on cartilage metab-
olism include (1) increased availability of nutrients and growth factors due to the
convective transport, (2) streaming potentials, and (3) flow-induced shear stress. It
has been speculated that each of these possible mechanisms can regulate chondro-
cyte biosynthesis.

In a recent study [19], we examined the effect of cell and matrix deformation (in
the absence of significant fluid flow) on mRNA regulation and matrix biosynthesis
using applied tissue shear deformation. Since tissue shear causes little or no volu-
metric deformation or intratissue pressure gradients, there is minimal intratissue
fluid flow. Cartilage disks (3 mm diameter by 1 mm thick) were obtained from the
femoropatellar groove of 1-2-week-old calves. Sinusoidal shear deformation of
0.5-6% dynamic strain amplitude at frequencies between 0.01-1.0 Hz was applied
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Radiolabel incorporation (pmol/ug DNA/h) in dynamically sheared disks was normalized to
that in control disks where disks were maintained within tissue culture media without FBS.
Synthesis of total protein and proteoglycans was significantly increased by shear deforma-
tion above 1.5% dynamic strain amplitude at a frequency of 0.1 Hz. The increase at 6%
shear was similar to that observed previously in disks incubated in the presence of 10% FBS
and subjected to 3% shear strain [19].

to groups of disks using an incubator-housed biaxial apparatus [39]; anatomically
matched control disks were maintained at the same static offset compression (i.e.,
the cut thickness of the disks) but not subjected to shear. During the entire loading
period, disks were incubated in DMEM = 10% FBS, with 33S-sulfate and 3H-pro-
line incorporation used as measures of proteoglycan and total protein synthesis,
respectively [19].

Shear loading above 1.5% strain amplitude applied for 24 h at a frequency of
0.1 Hz with no FBS caused significant stimulation of total protein and proteoglycan
synthesis over static controls (Fig. 1). By 6% strain amplitude, proline and sulfate
incorporation had increased by ~40% and ~25%, respectively (Fig. 1), which was
close to the stimulatory level caused by 3% shear strain in the presence of 10% FBS
in our previous study [19]. In the presence of 10% FBS [19], tissue shear deforma-
tion stimulated biosynthesis at strain amplitudes as low as 1%.

In a separate series of experiments (using 10% FBS), the spatial profiles of radi-
olabel incorporation into newly synthesized matrix molecules were further analyzed
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by quantitative autoradiography. Cartilage disks were distributed into four groups
(n = 6 each): a dynamic shear and control group maintained in medium containing
10 uCi/ml **S-sulfate, and another dynamic shear and control group with 20 uCi/ml
3H-proline. Both shear groups were subjected to 3% dynamic shear strain amplitude
at 0.1 Hz for 24 h. After loading in the presence of label, the disks were prepared
for the quantitative autoradiography analysis [19]. Sub-sectional images (100 pum x
80 um) selected from center (r = 0 to 0.3 mm), middle (r = 0.6 to 0.9 mm), and edge
regions (r = 1.2 to 1.5 mm) of the cross-section (3 mm wide by 1 mm high by 1 um
thick) of cylindrical cartilage explants (Fig. 2A) were used to analyze radial varia-
tions in proline and sulfate grain densities.

Grain densities of dynamically sheared disks were normalized to the static con-
trol disks (Fig. 2B). Overall, the proline grain density increased significantly by 50%
due to shear loading (p <0.001) and was relatively uniform with increasing radius
from the center of the disk (p > 0.6, by two-way ANOVA). In contrast, the sulfate
grain densities increased with a trend towards significance (p=0.076), and there
was a significant trend in the radial variation of sulfate grains (p <0.05). In previ-
ous studies of the effects of dynamic compression on cartilage explants [17, 18], the
relative increase in sulfate grains was higher near the peripheral edges of the disk
where chondrocytes were subjected to a higher level of intratissue fluid flow. There-
fore it is interesting to note that the increase in sulfate incorporation in response to
tissue shear deformation was found to be greater in the center region. Together,
these results may be associated with the influence of tissue shear deformation on
local (cell-level) facilitated transport or diffusion of growth factors and other macro-
molecules throughout the entire region of cylindrical disks, in the absence of signif-
icant fluid flow.

The effect of tissue shear loading on changes in mRNA expression of type II col-
lagen and aggrecan core protein were further investigated using RT-PCR (data not
shown). For these experiments, cartilage disks were subjected to 3% shear strain
amplitude at 0.1 Hz for 0.5, 2, 6, and 24 h. Compared to the level of matched sta-
tic controls, the expression of type II collagen mRNA in response to tissue shear
increased ~50% by 0.5 h. This level of stimulation was maintained over 24 h. How-
ever, there was no significant increase in the expression of aggrecan core protein
mRNA by shear deformation.

Matrix nano-electromechanics

Experimental and theoretical studies of the mechanical and electromechanical prop-
erties of cartilage can be classified into macroscopic-tissue-scale versus nano-mole-
cular-scale approaches. Macroscopic approaches focus on the material properties of
cartilage tissue and the ability of cartilage to respond to complex joint loading in
vivo. Measurements of tissue properties have utilized testing configurations to quan-
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(A) Autoradiographic appearance of chondrocytes with proline and sulfate grains from cen-
ter, middle, and edge regions of cartilage explants. Proline and sulfate grain density
appeared higher in dynamically sheared disks than in static controls (white bar at the bot-
tom right = 10 um). (B) The radial variation in proline and sulfate grain densities of the shear
group was normalized to that of the control group. Overall proline grain density increased
by 50% due to shear loading (p <0.001) and was relatively uniform with disk radius (p<0.6,
two-way ANOVA). In contrast, the relative increase in the sulfate grain densities due to shear
was marginally significant (p <0.076) and there was a significant trend in the radial varia-
tion of sulfate grains (p < 0.05) with higher stimulation near center region of cylindrical disk.
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tify the compressive, shear, and tensile behavior of the ECM [20-27]. The tensile
strength of the collagen network within native tissue has been determined using the
force balance between an applied stress, the proteoglycan (PG) swelling pressure,
and the collagen tensile stiffness [23]. This study showed that the ability of collagen
fibrils to limit the hydration of tissue and, thus, maintain a high PG concentration
in normal cartilage was significantly compromised in osteoarthritic tissue. Mea-
surements of tissue-level mechanical properties have also been performed before and
after enzymatic degradation of proteoglycan consituents [21], and after changes in
bath ionic concentration and pH [21, 22, 24]. These studies have revealed the crit-
ically important contribution of GAG-associated electrostatic interactions to the
compressive and shear stiffness of cartilage under equilibrium as well as time vary-
ing conditions.

Theoretical models have been developed to describe the macroscopic behavior of
cartilage tissue, addressing the interaction between fluid and solid matrix, and the
intrinsic properties of the constituent macromolecules [28]. Poroelasticity and mix-
ture theories have predicted the observed stress relaxation, creep, and electrokinet-
ic behavior of cartilage under volumetric deformation [25, 26]. The intrinsic vis-
coelastic properties of the solid matrix have been incorporated into a poro-
viscoelasticity theory, thus addressing combined relaxation from the intrinsic
properties of macromolecules and the interaction between solid and fluid phases
27).

The investigation of nano-molecular interactions and biophysical properties of
constituents of the ECM has enhanced our understanding of the origin of the
macroscopic properties of cartilage. For example, aggrecan is non-covalently bound
to hyaluronan, stabilized by link protein. The viscosity and shear modulus of solu-
tions of aggrecan with link protein were found to be higher than those of link-free
aggrecan solutions, highlighting the stabilizing effect of link protein in PG aggre-
gates [29]. Nano-scale structural visualization of aggrecan and collagen fibrils has
been performed by electron microscopy [30, 31] and, recently, by atomic force
microscopy (AFM), which enables the imaging of macromolecules in ambient air or
in near physiological fluids [32, 33]. In addition, intermolecular and intramolecular
electrostatic repulsion forces between GAG chains end grafted onto a gold-coated
silicon wafer were quantified using high resolution force spectroscopy |34|. The
resulting force per area occupied by a single GAG-chain was found to be on the
order of the known macrocopic Donnan swelling stress of cartilage tissue [20, 23],
giving further support to the molecular level origin of electrostatic swelling forces
within the tissue. The Poisson-Boltzmann (PB) mean field theory has been used to
model such electrostatic repulsion interactions between charged polyelectrolyte mol-
ecules in colloidal systems [35]. Of relevance to our study, the contribution of GAG
electrostatic interactions to the osmotic swelling pressure of proteoglycan solutions
and the equilibrium compressive modulus of cartilage was predicted quantitatively
using the PB theory applied to the unit cell model of GAG [36].
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Effect of electrostatic interactions between GAGs on the shear modulus
of cartilage

The mechanical properties of cartilage derive from distinct electrical (charge-depen-
dent) and non-electrical (charge-independent) contributions. The electrical contri-
butions are mainly associated GAG electrostatic interactions, while the non-electri-
cal contributions are associated with the electrically neutral collagen fibrils as well
as with the elastic forces due to the steric and entropic effects within the ECM. As
previously described, GAG molecules play an important role in the shear behavior
of cartilage by inflating the collagen network, causing a tensile prestress that enables
the collagen-aggrecan matrix to resist shear deformation [21, 23]. The shear modu-
lus of cartilage changed significantly after extraction of aggrecan [21]. In addition,
it has been inferred from measurement of the confined compression modulus of car-
tilage tissue [37] that increased ionic strength could decrease the shear modulus of
cartilage. However, we know of no previous studies of the possible mechanisms at
the nano-molecular scale by which GAG electrostatic interactions may contribute
directly to the tissue shear stiffness.

To explore this, we measured the dynamic and equilibrium shear modulus of car-
tilage disks (9.65 mm diameter by 1 mm thick) in a torsional configuration (at 10%
compressive offset) and varied the NaCl concentration at neutral pH to modulate
the electrostatic interactions between GAGs [22]. At physiological pH, the proper-
ties of the collagen fibrils do not change significantly with ionic strength in the range
of 0.01-1.0 M [38]. For measurement of the equilibrium shear modulus, a ramp-
and-hold shear strain of 1.5% was applied, resulting in an initial increase and sub-
sequent relaxation of the shear stress. This sequence was repeated four times, and
the slope of the relaxed equilibrium stress and strain was used to compute the equi-
librium modulus. After returning the specimen to 0% shear strain, a 0.8% ampli-
tude sinusoidal shear strain was applied at 0.5 Hz. This sequence of equilibrium and
dynamic shear tests at 0.15 M NaCl was then repeated sequentially after re-equili-
bration in 0.05 M, 0.01 M, 0.5 M, and 1.0 M NaCl, and corresponding moduli
were calculated at each concentration.

The equilibrium shear stress recorded after 10-30 min of relaxation increased
linearly with applied shear strain at all ionic concentrations. At each shear strain,
the equilibrium shear stress decreased monotonically with increasing NaCl due to
the shielding of electrostatic repulsive forces between GAGs [19]. The equilibrium
shear modulus, computed by the linear regression from the stress-strain curves,
decreased monotonically with increasing NaCl concentration (Fig. 3). The dynamic
shear modulus also decreased with increasing NaCl concentration in a similar man-
ner (Fig. 3). These data suggest that electrostatic interactions between GAG chains
contribute significantly to the shear properties of cartilage.

We then hypothesized that cartilage’s resistance to shear deformation was pro-
vided, in part, by changes in the electrostatic forces between neighboring GAG
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Figure 3

The equilibrium and dynamic shear modulus increased monotonically as the ionic concen-
tration decreased, suggesting the important role of GAG electrostatic interactions in the
shear properties of cartilage. The solid line is the predicted electrical component of equilib-
rium shear modulus (G.) using two fitting parameters: the GAG concentration (Cgag) and
ionic strength-independent shear modulus (G,.). The fitting parameters were determined as
Coac = 5.7% by wet weight and G, = 173 kPa which are similar to values from indepen-
dent measurements.

chains caused by the nano-scale rearrangement of GAGs that occurs during macro-
scopic tissue shear deformation. To test this hypothesis, we modeled GAG segments
as charged rods with the outer boundary representing the average distance between
neighboring GAGs (unit cell model). This unit cell approach has been used previ-
ously to model streaming potentials [40], compression-induced changes in hydraulic
permeability [41], and GAG electrostatic interactions in compression [36]. The ori-
entation of the unit cell axis and the vectors describing the unit cell boundary, morti-
vated by the model of Quinn et al. [41], were varied in a manner consistent with the
applied macroscopic shear deformation. Theoretical predictions of the electrical
contribution to the equilibrium shear modulus (G,) were obtained using an energy
method by differentiating the changes in the electrostatic free energy with respect to
the applied macroscopic deformation [22]. The Poisson-Boltzmann equation was
incorporated into the unit cell model (PB unit cell) to predict the nano-scale electric
potential and mobile ion distribution, which enabled the calculation of the free ener-
gy. The overall change in the free energy in response to macroscopic shear defor-
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mation was calculated by probabilistically averaging over all GAG orientations,
using the approach of Quinn et al. [41]. The shear modulus (G,,,,;) was modeled as
the sum of an electrical contribution, G,, and an ionic strength-independent (non-
electrical) contribution, G,,, e.g., associated with the collagen network (G, = G+
G,.). The solid line of Figure 3 is the predicted electrical component G, based on
the best fit of two adjustable parameters: the GAG concentration (Cg4¢; = 5.7% by
wet weight at 0% compressive offset) and G,,, = 173 kPa, where the chi-square func-
tion was minimized. For comparison, the measured GAG concentration in new-
born calf femoropatellar groove cartilage has been reported previously to be
5.6 £0.6% by wet weight [3] which is very close to the best fit value obtained from
the present model. The value of G,, is close to the value obtained by extrapolating
the measured equilibrium shear modulus to that obtained at 1.0 M NaCl concen-
tration, by which electrostatic interactions are essentially screened (Fig. 3). The
good comparison between experimental measurements and theoretical predictions
(Fig. 3) strongly suggests that the nano-structural rearrangement of GAG molecules
during shear deformation is an important determinant in the shear properties of car-
tilage.

Conclusions

Articular cartilage is a unique material that can support high loads and deforma-
tions during joint loading and simultaneously exhibit extremely low levels of fric-
tion. Biomechanical studies of cartilage have focused on native tissue as well as indi-
vidual molecular components of the ECM. Various macroscopic continuum theories
have been developed to describe the material behavior of cartilage during compres-
sion, shear, and tensile deformation. At the molecular scale, the properties of aggre-
can and collagen fibrils have been studied with attention to electromechanical,
physicochemical, and rheological characteristics of these components. Here we
described the contribution of nano-scale GAG electrostatic interactions to the shear
properties of cartilage, and we suggested that nano-scale rearrangement of GAG
molecules is an important mechanism underlying the shear stiffness of tissue during
in vivo shear loading.

At the same time, mechanical loading forces concomitant with biophysical
changes appear to regulate matrix biosynthesis and turnover across multiple path-
ways including upstream signaling, transcription, translation, post-translational
modification, and intracellular vesicular transport. Tissue shear deformation, which
induces little or no fluid flow, was found to stimulate protein and proteoglycan syn-
thesis, and the increase in protein synthesis was accompanied by an increase in
expression of type II collagen mRNA. The specific mechanisms by which the multi-
ple regulatory pathways interact and lead to the changes in chondrocyte metabolism
are under continued study.
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Introduction

Emerging therapies for repair of articular cartilage include delivery of cells or cell-
seeded scaffolds to a defect site to initiate de novo tissue regeneration. Biocompati-
ble scaffolds assist in providing a template for cell distribution and extracellular
matrix accumulation in a three-dimensional defect geometry. A variety of scaffolds
have been investigated for cartilage repair in tissue culture and/or in animals. How-
ever, no scaffold-based cartilage construct is yet available for clinical application. In
this study, we have explored the use of a novel self-assembling peptide hydrogel as
a three-dimensional tissue engineering scaffold for cartilage repair [1].
Self-assembling peptides are characterized by amino acid sequences of alternat-
ing hydrophobic and hydrophilic side groups, with sequences of charged amino acid
residues including alternating positive and negative charges [2-4|. The proposed
model for self-assembly is outlined in Figure 1 [5]. When dissolved in water, the pep-
tides assemble into stable beta sheets one peptide molecule thick containing two dis-
tinct surfaces of either hydrophobic or hydrophilic side chains. Hydrophobic bond-
ing orients the beta sheet into a twisted tape configuration, creating nanofibers
10-20 nm thick. Exposure to electrolyte solution then initiates beta sheet assembly
into an interwoven nanofiber network, creating the hydrogel structure (Fig. 1).
Previous cell culture studies have been conducted using self-assembling peptide
material by seeding cells onto the surface of pre-assembled peptide hydrogel.
Diverse mammalian cell types were found to attach and proliferate on the peptide
membrane-like surface [2-4]. In particular, neuronal cells were found to attach, dif-
ferentiate, and undergo extensive neurite outgrowth and synapse formation on the
surface of the 16 amino acid peptide (RADA), gel [4]. Additionally, two peptides
were tested for immunogenicity in rats. Injection of (EAKA), and (RADA), into leg
muscle of Fisher 344 rats resulted in no detectable toxic reaction after 9 days and §
weeks, respectively [4]. These studies suggested that self-assembling peptide hydro-
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gels are suitable for cell and animal compatibility studies relevant to cartilage tissue
repair.

Practical applications to cartilage repair require the distribution of chondrocytes
in a three-dimensional geometry for implantation into chondral defects. We hypoth-
esized that a self-assembling peptide hydrogel would provide an appropriate envi-
ronment for retention of chondrocyte phenotype and synthesis of cartilage extracel-
lular matrix (ECM). In this study a method was developed to encapsulate chondro-
cytes within the peptide hydrogel during self-assembly. The time-dependent
evolution of ECM biosynthesis, accumulation (including identification of collagens
as an indicator of phenotypic expression) and mechanical functionality was quanti-
fied during subsequent in vitro culture. Chondrocyte proliferation was evaluated
during early timepoints in culture. We also compared chondrocyte behavior in self-
assembling peptide scaffolds to that in agarose hydrogel culture as a reference for
chondrogenic potential in a well-established gel culture system [6, 7].

Methods

The amino acid sequence AcN-KLDLKLDLKLDL-CNH, (KLD12) was synthesized
and lyophilized to a powder. A 0.5% peptide casting solution was obtained by dis-
solving KLD12 in an aqueous solution of 295 mM sucrose. Primary chondrocytes
from 1-2 week-old bovine femoropatellar groove cartilage were re-suspended in the
casting solution at a concentration of 15x10° cells/ml. The suspension was inject-
ed into a casting frame and placed into a 1X PBS bath for 20 min to initiate self-
assembly into a 1.6-mm-thick slab [1]. A control agarose hydrogel was seeded in a
similar manner. Peptide and agarose gels were cultured in DMEM supplemented

Figure 1 (top of next page)
Model of peptide self-assembly (adapted from [5]).

Figure 2 (bottom of next page)

Matrix accumulation in chondrocyte-seeded peptide hydrogel. (A) Total glycosaminoglycan
(GAG) accumulation in cell-seeded peptide hydrogel cultured in FBS and ITS/FBS medium.
Chondrocyte-seeded agarose hydrogel analyzed in parallel as a well-defined reference chon-
drocyte culture system. (B) Toluidine blue staining of chondrocyte-seeded peptide hydrogel,
day 15. (C) Immunohistochemical staining for type Il collagen in cell-seeded peptide hydro-
gel, day 15. D) SDS-PAGE of collagens extracted from chondrocyte-seeded peptide hydro-
gel, day 35. Standards (kindly donated by Prof. P. Bruckner, Miinster): Chick cartilage for col-
lagen Il and XI banding pattern; mouse skin for collagen | alpha helix 2, indicative of colla-
gen expression of a de-differentiated, fibroblastic phenotype.
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with 10% FBS (FBS). A second peptide gel preparation was seeded similarly and
maintained in DMEM plus 1% ITS (insulin, transferrin and selenium) and 0.2%
FBS (ITS). The following measurements were performed on both chondrocyte seed-
ed peptide and agarose hydrogels: (1) quantification of the rates of biosynthesis of
proteoglycans and proteins via 35S-sulfate and H-proline radiolabel incorporation,
respectively, (2) GAG accumulation (DMMB dye binding), and (3) cell proliferation
as determined by viable cell content (MTS viable cell assay, Promega). In order to
interpret MTS values, a calibration curve for 3-D cultures was first established using
agarose cultures. Agarose gels were seeded at various cell concentrations and ana-
lyzed during the first 5 days of culture. Groups of plugs were punched and analyzed
for MTS output, or digested and evaluated for DNA content via Hoechst dye analy-
sis [8]. Mean MTS output was plotted against mean DNA content to establish the
calibration curve. MTS data were then obtained for seeded peptide plugs, and viable
cell counts were determined using the calibration curve. BrdU incorporation in
chondrocyte seeded peptide hydrogels was used to further explore cell proliferation.
Chondrocyte seeded peptide hydrogels were also characterized for GAG accumula-
tion (histological sections stained with toluidine blue), collagen type (immunohisto-
chemical techniques and SDS-PAGE of extracted collagen), and mechanical stiffness
(evaluated in uniaxial confined compression).

Results

Quantification of ECM biosynthesis and accumulation was evaluated during 4
weeks of culture. Radiolabel incorporation and total GAG accumulation (Fig. 2A)
in chondrocyte seeded peptide and agarose hydrogels cultured in FBS were similar
at all timepoints. Values in agarose were comparable to previously reported data
showing increasing GAG accumulation and decreasing biosynthetic rates with time
in culture [6]. Total GAG accumulation was significantly lower in ITS medium dur-
ing the first 2 weeks in culture. However, by day 21 there was no significant differ-
ence between the ITS and 10% FBS peptide gels. Toluidine blue staining of chon-
drocyte seeded hydrogels on day 15 (Fig. 2B) showed GAG deposition throughout
the gel, with highest intensity in the pericellular regions. Consistent with the accu-
mulation of a continuous GAG matrix, the equilibrium confined compression mod-
ulus increased to ~27 kPa on day 28, a ~30-fold increase over day 0 (~0.6 kPa).
Immunostaining for collagen II at day 15 showed strong positive staining through-
out the gel, forming a continuous matrix as seen with GAG deposition (Fig. 2C).
Collagen I staining was light background only. Electrophoresis of extracted colla-
gens showed the presence of type Il and IX collagen, and no o2-chain band charac-
teristic of type I collagen expression by de-differentiated chondrocytes (Fig. 2D).
Chondrocytes encapsulated in peptide hydrogels were found to proliferate signifi-
cantly over 9 days of culture. Viable cell density on day 9 increased ~80% relative
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to day 2 values. BrdU incorporation was consistent with MTS results, showing sig-
nificant populations of proliferating cells on day 3 and 7. In contrast, viable cell
densities in chondrocyte-seeded agarose hydrogels increased by only ~20% on day
7 relative to day 2, consistent with previously reported data [6].

Discussion

The data of Fig 2, along with the observed increase in compressive stiffness, demon-
strate the potential of a self-assembling peptide gel for hosting a chondrogenic repair
response with seeded primary chondrocytes in vitro. The ultimate utility of the scaf-
fold will be determined by long-term development of functional, integrated repair
tissue in vivo. However, in vitro conditioning may also be utilized to stimulate the
development of optimal cell/scaffold/ECM constructs prior to implantation. There-
fore, in addition to the free swelling in vitro cultures typified by the data of Figure 2,
we also investigated the effects of dynamic mechanical compression on ECM
biosynthesis by primary chondrocytes seeded in peptide gels. Groups of six 12-mm
diameter seeded peptide disks were placed into the six wells of a custom chamber,
one disk per well, for use with an incubator-housed loading system [9]. Compres-
sion was applied to seeded peptide samples with porous platens. A center mounted
spring was used to create a 400-800 um gap between the platens and gel disks when
the lid was unloaded. In this manner, samples may alternate between periods of
cyclic compression and “free-swell” culture. Seeded peptide gels were subjected to
sinusoidal dynamic compression of 2.5% strain amplitude superimposed on 5% sta-
tic offset strain at a frequency of 1.0 Hz starting on day 22 of culture. Loading was
applied for 45 min, followed by 5.25 h of free-swell culture. Loading was applied
4 x/day, every other day. Samples were radiolabeled with 33S-sulfate on days 27
(non-loading period), 32 (loading period), and 33 (non-loading), and the results
were normalized to the incorporation in samples maintained in static, free-swelling
culture. 33S-sulfate incorporation (measured to be ~98% macromolecular in all
samples) in loaded samples was significantly higher than that in free-swelling cul-
ture at all timepoints. 33S-Sulfate incorporation was higher on day 33 than day 32,
indicating proteoglycan synthesis was greater during periods of loading. Total GAG
content was measured on day 32 and 33. In both cases, GAG content was 9% high-
er in loaded samples. This represents a ~20-30% increase in GAG content during
the 12 and 13 day loading periods. Therefore, mechanical loading may be used to
accelerate proteoglycan accumulation during in vitro culture prior to implantation.

Flexibility in peptide design may also be advantageous to stimulating a complete
repair response. Peptide sequences may potentially be designed for cell attachment
to guide tissue regeneration, and for enzymatic degradation to enable spatially and
temporally controlled biodegradability. Peptide sequences may also allow for teth-
ering of growth factors to peptides for direct delivery to encapsulated cells. Such
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flexibility may be combined with in vitro conditioning, such as mechanical loading
or ITS-supplemented medium, to generate multiple approaches towards complete
tissue regeneration.
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