1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
J Tissue Eng Regen Med. Author manuscript; available in PMC 2016 April 01.

-, HHS Public Access
«

Published in final edited form as:
J Tissue Eng Regen Med. 2015 April ; 9(4): 368-374. doi:10.1002/term.1678.

ERK activation is required for hydrostatic pressure induced-
tensile changes in engineered articular cartilage

G D DuRaine and K A Athanasiou”
Department of Biomedical Engineering, University of California, Davis, California, USA

Abstract

The objective of this study was to identify the ERK 1/2 involvement in the changes in
compressive and tensile mechanical properties associated with hydrostatic pressure treatment of
self-assembled cartilage constructs. In study 1, ERK 1/2 phosphorylation was detected by
immunoblot following application of hydrostatic pressure (1 hour of static 10MPa) applied at day
10-14 of self-assembly culture. In study 2, ERK 1/2 activation was blocked during hydrostatic
pressure application on days 10-14. With pharmacological inhibition of the ERK pathway by the
MEKZI/ERK inhibitor U0126 during hydrostatic pressure application on days 10-14, the increase
in Young’s modulus induced by hydrostatic pressure was blocked. Furthermore, this reduction in
Young’s modulus with U0126 treatment during hydrostatic pressure application corresponded
with a decrease in total collagen expression. However, U0126 did not inhibit the increase in
aggregate modulus or GAG induced by hydrostatic pressure. These findings demonstrate a link
between hydrostatic pressure application, ERK signaling, and changes in biomechanical properties
of a tissue engineered construct.
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1. Introduction

Within the body articular cartilage is found at the ends of long bones and functions as a load
dissipating, low friction bearing surface. These functions are dependent on the composition
of a dense extracellular matrix composed of 70-80% water and a collagen type 11 tensile
network interlaced with compression-resisting proteoglycans. Cartilage is both avascular
and aneural and has poor self-repair capabilities, with destruction of the tissue resulting in
reduced mobility and pain. Tissue engineered replacement cartilage is designed to fill this
need, and our group has developed a scaffoldless self-assembly technology to produce
cartilage constructs with clinically relevant properties approaching those of native articular
cartilage (Hu and Athanasiou 2006).
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During normal motion articular cartilage encounters various forces including shear,
compression and hydrostatic pressure (Guilak et al. 2000). These forces are necessary to
maintain tissue function, as immobilization results in matrix degradation (Buckwalter 1995).
Of these, hydrostatic pressure represents a major factor in modulating cartilage
mechanobiology (Elder and Athanasiou 2009), with the physiological range in articular
cartilage lying between 3-15MPa (Afoke et al. 1987). Application of these mechanical
stimuli have therefore been applied to improve matrix functional properties during cartilage
tissue engineering (Elder and Athanasiou 2009). Previously, our group has identified a
regimen of 10 MPa of hydrostatic pressure, statically applied for 1 hour from days 10 to 14,
that induced increases in both tensile and compressive mechanical properties in self-
assembled chondrocyte constructs (Elder and Athanasiou 2009). The addition of TGF-p1
prior to and during hydrostatic pressure application further improved construct properties in
a synergistic manner (Elder and Athanasiou 2008).

The mechanism by which hydrostatic pressure enhances self-assembled chondrocyte
construct properties is not well understood. Multiple studies have produced conflicting
reports on the signaling mechanisms involved during hydrostatic pressure application and
the outcome on production of extracellular matrix components (Kraft et al. 2011). This is
possibly a result of the wide range of hydrostatic pressure loading regimens, time scales, and
model systems used (Elder and Athanasiou 2009). In chondrocytes results ranging from ion
channel activation and intracellular Ca2* release to modulation of extracellular signal-
regulated kinase (ERK) activity have been detected depending on hydrostatic pressure
regimen (Kopakkala-Tani et al. 2004; Mio et al. 2007). Of the mitogen-activated protein
kinases (MAPKSs) the ERK pathway has been observed to respond to mechanical signals in
multiple cell types (Reusch et al. 1997; Jessop et al. 2002; Hatton et al. 2003; Laboureau et
al. 2004; Bastow et al. 2005; Liu et al. 2006; Kook et al. 2009). MAPKSs have been
identified as signaling pathway components that transduce external signals into a plethora of
cellular responses (Krishna and Narang 2008). Downstream effects of ERK activation are
context specific (Schaeffer and Weber 1999), and both stimulatory and inhibitory roles for
ERK in cartilage have been reported (Nakamura et al. 1999; Hung et al. 2000; Murakami et
al. 2000; Yoon et al. 2002; Bobick and Kulyk 2004; Zakany et al. 2005; Ryan et al. 2009;
Prasadam et al. 2010). For example, activation of the ERK pathway by FGF has been
demonstrated to induce SOX9 expression in mouse primary chondrocytes (Murakami et al.
2000) and is required for TGF- signaling during chondrogenesis (Li et al. 2010).
Conversely activation of ERK in primary chondrocytes or cartilage (following impact (Ryan
et al. 2009; Ding et al. 2010) or TGF-a application (Appleton et al. 2010)) has been linked
to down-regulation of matrix components.

Therefore, in this study we sought to determine the activation state of ERK following
hydrostatic pressure application and the role this plays in modulating the mechanical
properties of self-assembled constructs. We hypothesized that 1) ERK is activated by
application of hydrostatic pressure, and 2) ERK is necessary for the enhanced self-
assembled construct properties observed by the hydrostatic pressure treatment regimen.
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2. Materials and Methods

2.1 Chondrocyte isolation and construct seeding

Bovine stifle (knee) joints of 1 week old calves were obtained (Research 87, Boston, MA)
and opened under aseptic conditions to expose the femoral condyles. Articular cartilage was
removed, minced and digested with 0.2% collagenase P (Worthington, Lakewood, NJ) in
culture medium containing 3% fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA)
for 24 hours as described previously (Hu and Athanasiou 2006). 5.5 million chondrocytes
were seeded into 5 mm agarose wells and allowed to self-assemble as previously described
(Hu and Athanasiou 2006; Elder and Athanasiou 2009). Constructs were cultured in a
humidified incubator at 37°C and 10% CO,, for a total of four weeks, and then assayed. All
cell culture media components were purchased from Invitrogen (Carlsbad, CA) or Sigma-
Aldrich (St. Louis, MO) unless otherwise noted.

2.2 Hydrostatic pressure

2.3 Study 1:

Hydrostatic pressure was applied to constructs as described previously (Elder and
Athanasiou 2009). Briefly, control and pressurized constructs were placed into sterile, heat
sealed bags containing media. Specimens to be pressurized were transferred into the
hydrostatic pressure chamber, which was maintained at 37°C during testing, while non-
pressurized specimens (controls) were transferred into an adjacent container which was not
pressurized. 10MPa of static pressure was applied for 1 hour during days 10-14. Daily, after
hydrostatic pressure application, constructs were transferred back to individual agarose lined
wells (Elder and Athanasiou 2009) and maintained in a humidified incubator at 37°C and
10% COy.

Identification of ERK activation

On day 10 post-seeding, self-assembled constructs for all groups were removed from the
initial seeding wells and transferred to sterile, heat sealed bags as described above. Non-
pressurized specimens were bagged and placed into an adjacent non-pressurized container.
As previous studies in bovine cartilage (Ryan et al. 2009) have determined ERK activation
is maximal between 30 min and 2 hours following mechanical loading, constructs were
collected 1 hour after hydrostatic pressure treatment and flash frozen in liquid nitrogen. To
determine the initial change in signaling following hydrostatic pressure application, and if
this was still activated after multiple hydrostatic pressure applications, samples were
collected on day 10 (first day) and day 14 (last day) of the hydrostatic pressure regimen.
Samples were processed for immunaoblot as described below.

2.4 Protein isolation and immunoblot

Protein was extracted using RIPA lysis buffer [50 mM sodium fluoride, 0.5% Igepal
CA-630 (NP-40), 10 mM sodium phosphate, 150 mM sodium chloride, 25 mM Tris (pH
8.0), 1 mM phenylmethylsulfonyl fluoride, 2 mM ethylenediaminetetraacetic acid (EDTA),
and 1.2 mM sodium vanadate supplemented with protease inhibitor cocktail (Sigma-—
Aldrich, St. Louis, MO)]. Protein concentrations were measured using the Protein Assay kit
(Bio-Rad). Protein was electrophoresed on a 12% SDS—polyacrylamide gel and transferred
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2.5 Study 2:

to polyvinylidene difluoride membrane by electroblotting (Bio-Rad). The membranes were
blocked with 5% dried, non-fat milk in TBST (25 mM Tris—HCI, 125 mM NaCl, and 0.1%
Tween 20) for 2 hours, probed with primary antibody overnight, and then incubated with
horseradish peroxidase-conjugated secondary antibody for 1 hour. Antibodies were procured
from Cell Signaling (Beverly, MA). Immunoblot signal was visualized using goat anti-rabbit
HRP (Pierce) and SuperSignal® West Pico Substrate (SuperSignal West Pico
Chemiluminescent Substrate, Pierce) according to the manufacturer’s instructions.

Inhibition of ERK activation

U0126 functions to block ERK activity by inhibiting MEK1, the immediate upstream
activator of ERK. Previous studies (Bobick and Kulyk 2004; Elluru et al. 2009) have
indicated 20 pM of U0126 is sufficient to block ERK activation, therefore 20 uM of U0126
was added to constructs 1 hour prior to hydrostatic pressure application. All other constructs
were treated with the vehicle control (3 pl/ml ethanol). Inhibitor or vehicle control was
added from Days 10-14 at the same time as hydrostatic pressure treatment.

2.6 Quantitative biochemistry and histology

Briefly, construct pieces were weighed and lyophilized for 96 hours. After lyophilization,
specimens were reweighed. Specimens were then digested to completion using a sequential
pepsin-elastase digestion. This digest was used for both collagen and glycosaminoglycan
(GAG) content assays. Collage content was assayed using the chloramine-T hydroxyproline
assay (Woessner 1961). GAG content was assayed using the Biocolor Biglycan GAG assay
kit according to manufacturer’s instructions (Biocolor, UK) (Hu and Athanasiou 2006). For
histology, specimens were frozen in OCT cutting media and cut into 14 um thick sections on
a cryotome. All sections were adhered to Superfrost Plus slides and fixed in formalin prior
to staining. Sections were stained for Safranin-O/Fast green and Picosirius Red as previously
described (Hu and Athanasiou 2006).

2.7 Creep indentation and tensile mechanical testing

Compressive and tensile mechanical properties were determined as previously described
(Elder and Athanasiou 2008). Briefly, compressive aggregate modulus was determined
using a creep indentation apparatus (Athanasiou et al. 1994) using a 0.8mm flat porous
indenter tip, applying a tare weight of 0.2 g, and a test load of 0.7 g (Elder and Athanasiou
2009). Discs were bathed in PBS during the duration of testing. Data were modeled using
the linear biphasic theory (Mow et al. 1989).

Tensile tests consisted of an uniaxial pull-apart test until failure as previously described
(Aufderheide and Athanasiou 2007). Specimens were cut into dogbone-shaped pieces and
both ends glued to paper test strips. Gauge length represented the distance between the paper
test strips. Sample thickness and gauge length were measured using digital calipers (Hu and
Athanasiou 2006). The rate of displacement was 1% of the gauge length per second and
achieved using an Instron 5565 materials testing system (Instron, Norwood, MA). Using the
cross-sectional area, stress-strain curves were calculated from the load-displacement curves.
Young’s modulus was determined from the linear region of the stress-strain curve.
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2.8 Statistical analysis

For experimental groups in study 1, 3 samples were used per group for immunoblotting. For
study 2, 5-6 samples were used per group for both biomechanical and biochemical analysis.
Groups were analyzed by one-way ANOVA and Tukey-Kramer post-hoc test was conducted
when appropriate using the statistical analysis software package JMP (SAS, Cary, NC) with
p<0.05 being defined as being statistically significant. All data are reported as mean +
standard deviation.

3. Results

3.1 Study 1

3.1.1 Hydrostatic pressure activates ERK—Activation of ERK was detected by
immunoblot following initial application of hydrostatic pressure at day 10 of culture (first
application of hydrostatic pressure) through day 14 of culture (last application of hydrostatic
pressure) (Figure 1). Activation at day 14 of culture by hydrostatic pressure was less than
that at day 10. Minimal ERK activation was detected in control constructs at day 10 or 14,
indicating the basal activity of this pathway in control constructs remains low or non-
existent during this time. As ERK was activated by hydrostatic pressure, the relevance of
inhibiting ERK activation during hydrostatic pressure treatment was chosen to carry forward
into study 2.

3.2 Study 2
3.2.1 Gross appearance and histology

ERK inhibition did not alter gross morphology: Constructs from all groups reached a
diameter of approximately 5mm, and a thickness of approximately 0.66 (0.66+0.08,
0.69+0.08, 0.65+0.05, 0.67+0.06, for control, U0126, hydrostatic pressure and U0126 +
hydrostatic pressure groups, respectively; p>0.05). Addition of U0126 did not grossly alter
morphology or matrix accumulation. Representative constructs for diameter, thickness, and
histological staining are displayed in Figure 2.

3.2.2 Quantitative biochemistry

I nhibition of ERK during hydrostatic pressure reduced total collagen accumulation,
but did not reduce GAG accumulation: Hydrostatic pressure resulted in a significant
increase in total collagen content (Figure 3) from control levels (4.91+0.24 %/ww to
5.79+0.62%ww). Constructs treated with U0126 blocked the increase in collagen induced by
hydrostatic pressure treatment (4.96+0.63%ww) and were not significantly different from
control or U0126 alone (4.53+£0.33%ww). GAG accumulation in U0126 treated constructs
was significantly more than control (Figure 3). Addition of U0126 did not significantly
affect accumulation of GAGs in hydrostatic pressure treated constructs (Figure 3), compared
to hydrostatic pressure treatment alone, though.

3.2.3 Mechanical evaluation

Inhibition of ERK during hydrostatic pressure application inhibited theincreasein
tensile propertiesinduced by hydrostatic pressure, but did not inhibit changesin
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compressive properties. Hydrostatic pressure treated constructs had a significantly
increased tensile modulus (791+204 kPa) over control (no treatment) constructs (461+108
kPa). The tensile modulus of constructs treated with U0126 during hydrostatic pressure
application (438+149 kPa) was not significantly different from control constructs. Addition
of U0126 by itself did not significantly alter tensile modulus compared to control constructs.
Compressive properties did not significantly change with addition of U0126 in any group,
although a trend for increased compressive properties (aggregate modulus) was observed
(Figure 4).

4. Discussion

This study identified ERK-mediated changes in mechanical properties of tissue engineered
articular cartilage constructs following hydrostatic pressure treatment. This study was
designed to 1) identify the signaling state of ERK activation during initial hydrostatic
pressure application and 2) quantify the effect of ERK inhibition during hydrostatic pressure
application on the mechanical and biochemical properties of self-assembled constructs.
Application of 1 hour of static 10MPa of hydrostatic pressure on day 10 was sufficient to
activate ERK, although activation of ERK at day 14 was much less than at day 10. Given the
low level of basal ERK activation seen in the control, this is likely due to an ERK negative
feedback loop following multiple applications of stimuli (Shin et al. 2009).

The hypothesis that ERK activation is required for tensile property enhancements due to
hydrostatic pressure application was confirmed. Changes in tensile properties with
hydrostatic pressure application were inhibited with the addition of the ERK activation
inhibitor U0126. Treatment with U0126 during hydrostatic pressure application resulted in
decreased collagen wet weight (collagen/ww%) compared to hydrostatic pressure
application alone; this decrease in collagen may have resulted in the decreased tensile
properties of this group.

However, ERK signaling does not explain the change in compressive properties induced by
hydrostatic pressure in self-assembled cartilage, as inhibition of ERK did not inhibit changes
in compressive properties. The increase in compressive properties corresponds to the
increase in GAG content seen in both the U0126 and hydrostatic pressure groups. As the
changes in compressive properties by hydrostatic pressure did not appear to be negatively
altered by inhibiting ERK, it can be concluded that these may be mediated by a different
pathway. As GAG content increased with U0126 addition this may indicate that ERK
activation is counterproductive to increased GAG content.

Changes in GAG content with U0126 application may be due to multiple scenarios. It is
possible that U0126 may inhibit low basal levels of ERK activation in the nonhydrostatic
pressure treated constructs. Another possibility is that U0126 may increase GAG content
through unknown secondary effects. Although U0126 has extremely high specificity, other
protein kinases can be weakly inhibited (Davies et al. 2000). Interestingly, this U0126-
induced increase in GAG content appears to be overshadowed when hydrostatic pressure is
applied, as the combination of hydrostatic pressure and U0126 did not significantly increase
GAG content over hydrostatic pressure alone.
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Mechanosensitive ion channels have been documented in multiple cell systems (Martinac
2004), with multiple ion channels responding to hydrostatic pressure stimulation (Browning
et al. 1999; Hall 1999; Olsen et al. 2011). In chondrocytes ion flow has been proposed as a
signal transducer of mechanical loading (Mow et al. 1999). Application to chondrocytes of
hydrostatic pressure in the 10MPa range induces inhibition of the Na/K ion channel and
activation of the Na/H pump (Browning et al. 1999; Hall 1999). Natoli et. al. (Natoli et al.
2010) have shown Ca*2 or Na/K ion channel modulation by ionomycin and ouabain in self-
assembled cartilage constructs resulted in mechanical changes tantamount to those resulting
from application of hydrostatic pressure. In multiple systems, activation of ERK by ion
channel activity has been described (Rane 1999), and both ionomycin and ouabain have
been reported in other systems to modulate ERK activity (Hanson and Ziegler 2002; Soltoff
and Hedden 2008; Sweadner 2008), and increase intracellular Ca*2 levels. Synthesizing
these data, a model can be proposed that hydrostatic pressure may act to modulate ion
channel activity and therefore intracellular ion flux (mainly Ca*2), with a portion of this
signal transducing through the ERK pathway, resulting in upregulation of extracellular
matrix molecules (Elder and Athanasiou 2009).

The changes in mechanical and biochemical properties of tissue engineered cartilage seen
with ERK activation are likely not limited to hydrostatic pressure application. The ERK
pathway is known to be regulated by multiple external stimuli, especially growth factors
such as TGF-p1 and FGF2, and may thus play a role in the beneficial effects of these stimuli
on tissue engineered constructs (Elder and Athanasiou 2008; Elder and Athanasiou 2009).
Further studies should be undertaken to identify the mechanism of upstream ERK activation,
and downstream gene activation (for example SOX9 in chondrocytes) during hydrostatic
pressure application, within the context of ion channel activity. This mechanism also likely
functions in native tissues that are exposed to hydrostatic pressure, and may have relevance
in other tissue engineered materials.

Modulation of mechanical properties in tissue engineering remains an important objective,
as the need for functional tissue replacements requires that engineered tissues exhibit
biomechanical properties on par with native tissue. Identification of signaling pathways that
regulate mechanical properties will further this goal.
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Figure 1.
Immunoblot of phosphorylated ERK (P-ERK) with hydrostatic pressure (HP) treatment.

Assembled from a single larger gel, equal amounts of protein were loaded per lane.
Hydrostatic pressure induced ERK activation in self-assembled constructs at day 10 and
weakly at day 14.
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Figure2.
Gross morphology and representative histological staining of constructs. (A) Gross

morphology and thickness appeared similar between all groups. (B) Histological images are
representative of all groups, (Left Safranin-O, Fast Green; Right Picrosirius Red) 20X
magnification. Left Safranin-O inset is 40X magnification.
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Figure 3.

U0126 HP  U0126 + HP

Biochemistry for total collagen wet weight % (A) and total GAG wet weight % (B).
Application of hydrostatic pressure increased total collagen; this was inhibited by
application of U0126 during hydrostatic pressure treatment. (B) GAG was increased by
application of hydrostatic pressure or U0126 alone. Application of U0126 during hydrostatic
pressure treatment did not inhibit GAG accumulation. Groups with different letters are

significantly different p<0.05.
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Figure4.
Hydrostatic pressure induces increases in Young’s modulus (Ey) of self-assembled

constructs, this was blocked by ERK inhibitor U0126 (A), but does not inhibit the aggregate
modulus (Ha) (B) induced by hydrostatic pressure. Groups with different letters are
significantly different p<0.05.
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