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ARTICLE INFO ABSTRACT

Article history:

The goal of this study was to investigate the role of fixed negative charges in regulating cartilage-like tissue pro-
duction by chondrocytes under static and dynamic three-dimensional culture, and to determine whether intra-
cellular calcium ([Ca?™];) is involved in mediating this response. Initial experiments using the 3D neutral
hydrogel were conducted in static isotonic culture with ionic and non-ionic osmolytes added to the culture me-
dium. Tissue production by bovine chondrocytes with non-ionic osmolytes was 1.9-fold greater than with ionic
Keywords: osmolytes, suggesting that the ionic nature of the osmolyte is an important regulator of tissue production. To in-
PEG vestigate fixed negative charges, a 3D culture system containing encapsulated chondrocytes was employed based
on a synthetic and neutral hydrogel platform within which negatively charged chondroitin sulfate was incorpo-
rated in a controlled manner. Incorporation of negative charges did not affect the mechanical properties of the
hydrogel; however, intracellular ion concentration was elevated from the culture medium (330 mOsm) and es-
timated to be similar to that in ~400 mOsm culture medium. With dynamic loading, GAG synthesis decreased by
26% in neutral hydrogels cultured in 400 mOsm medium, and increased by 26% in charged gels cultured in
330 mOsm. Treatment of chondrocyte-seeded hydrogels with the Ca®* chelator BAPTA-AM decreased GAG syn-
thesis by 32-46% and was similar among all conditions, suggesting multiple roles for Ca> ~ mediated tissue pro-
duction including with ionic osmolytes. In conclusion, findings from this study suggest that a dynamic ionic
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environment regulates tissue synthesis and points to [Ca® *]; signaling as a potential mediator.
© 2014 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction

Cartilage remodeling and homeostasis in vivo is mediated, in part, by
mechanical signals (Grodzinsky et al., 2000). Mechanical forces produce
several changes in the local environment surrounding cartilage cells
(i.e. chondrocytes) such as fluid flow, movement of mobile ions and cel-
lular deformation. Chondrocytes (cartilage cells) sense these extracellu-
lar cues and translate them into intracellular signals that mediate
downstream processes through mechanotransduction. Chondrocytes
regulate their metabolism in a load-dependent manner (Tsuang et al.,
2008), suggesting that mechanical loading may play an important role
in transmitting mechanical cues to cells. While progress has been
made in elucidating mechanotransduction pathways in chondrocytes,
the mechanisms are still not well understood (Ramage et al., 2009).

The extracellular matrix of cartilage has two main components: a
dense cross-linked collagen matrix, mainly type Il collagen; and aggrecan,
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which is composed of highly negatively charged glycosaminoglycans
(GAGS) (Poole, 1986). The negatively charged GAGs in aggrecan give car-
tilage a high fixed charge density, allow the tissue to imbibe large
amounts of water, and give cartilage its ability to withstand large com-
pressive loads (Urban et al., 1993; Mow et al., 1999). These charges also
affect the local concentrations of ions, attracting Na*™ and K* from the in-
terstitial fluid (Maroudas and Evans, 1972; Mow et al., 1999; Oswald
et al., 2008). This leads to a high osmolarity in cartilage ranging from
~350 to 450 mOsm, which is substantially higher than most tissues
(Yellowley et al., 2002; Le et al., 2006). During dynamic loading of carti-
lage, fluid is expelled from the tissue causing dynamic changes in the
ionic and osmotic microenvironment (Grodzinsky et al., 2000; Bush and
Hall, 2001; Wuertz et al., 2007). These dynamic changes can activate in-
tracellular signaling pathways (Chao et al.,, 2005) and therefore may be
important cues involved in mechanotransduction in chondrocytes.
Intracellular calcium ([Ca®*];) is a dynamic signaling ion that regu-
lates many processes within the cell including gene expression, differ-
entiation, and tissue synthesis (Berridge et al., 2000, 2003). While
Ca?™ signaling has not been linked to metabolic changes in the chon-
drocyte, several studies have shown that osmotic loading stimulates
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calcium signaling in a frequency-dependent manner (Chao et al., 2006).
Studies have also linked extracellular osmotic environment to tissue
production in chondrocytes (Hall et al., 1991; Urban, 1994; Villanueva
et al., 2009) whereby medium osmolarity that closely matches the
osmolarity in cartilage enhanced tissue synthesis over sub- or supra-
physiological osmolarity (Urban et al.,, 1993; Xu et al., 2010). Taken
together these prior findings led us to hypothesize that changes in os-
molarity, induced by dynamic loading, affect chondrocyte tissue synthe-
sis via Ca®"-mediated events.

The overall aim of this study was to investigate the role of fixed neg-
ative charges on tissue production in chondrocytes and to establish a
link between osmolarity, [Ca%*]; and tissue production. A 3D culture
model system was employed based on neutral poly(ethylene glycol)
(PEG) hydrogels and incorporated chondroitin sulfate (CHS) (Bryant
et al., 2004), the most abundant negatively charged GAG in cartilage. A
PEG-based hydrogel was chosen for the ability to control the mechanical
properties of the gel and independently copolymerize chondroitin sul-
fate molecules into the gel to create fixed negative charges that mimic
to a certain degree native cartilage. The PEG-CHS co-polymer hydrogel
has been previously shown to support encapsulated chondrocytes, al-
though down-regulations in aggrecan and collagen Il gene expression
over time (Bryant et al., 2005) as well as proteoglycan synthesis
(Villanueva et al., 2010) were reported. However, under dynamic load-
ing, the PEG-CHS hydrogel enhanced tissue production by encapsulated
chondrocytes implicating the importance of a dynamic environment
(Villanueva et al., 2010). This model system was chosen because it
enabled decoupling between ionic and osmotic osmolytes on tissue pro-
duction using neutral PEG-Only hydrogels. On the other hand, PEG-CHS
hydrogels, when cultured under dynamic compressive loading, enabled
investigation into the effects of dynamic changes in mobile ions in a
manner similar to that in cartilage. Studies were also performed to es-
tablish whether dynamic changes in osmolarity influenced [Ca®*]; and
subsequently whether [Ca? " ]; was involved in regulating tissue produc-
tion in chondrocytes in response to changes in ionic osmolytes under
dynamic compressive loading. Findings from this study suggest that a
dynamic ionic environment regulates tissue synthesis and point to
[Ca®*]; signaling as a potential mediator.

2. Results

The aim of this study was to investigate the role of ionic osmolytes in
regulating tissue production in chondrocytes under physiological load-
ing. The effect of ionic (salts) and non-ionic (sucrose) osmolytes in reg-
ulating tissue production by encapsulated chondrocytes cultured under
static culture was first investigated. Standard chondrocyte medium, de-
scribed in the methods, at 330 mOsm was adjusted with either salts or
sucrose to 400, 430, or 460 mOsm. Of the osmolarities investigated,
GAG content was highest at 430 mOsm, where for ionic osmolytes it
was 50% higher and for non-ionic osmolytes 190% higher than the
330 mOsm condition (Fig. 1A). On average, GAG content with non-
ionic osmolytes was 1.9-fold higher than hydrogels cultured with
ionic osmolytes. Total collagen content was highest at 430 mOsm with
ionic osmolytes (by 100% over 330 mOsm) and highest at 460 mOsm
with non-ionic osmolytes (by 85% over 330 mOsm) (Fig. 1B). On aver-
age, total collagen content was similar with ionic and non-ionic
osmolytes.

The role of ionic osmolytes in a charged matrix was investigated
using co-polymerized PEG-CHS hydrogels (Fig. 2A). The weight percent
of the total macromer in solution was adjusted to 15% w/v for a PEG-
CHS ratio of 80:20 (by weight) resulting in a compressive modulus of
122 + 6 kPa, which was statistically similar to that of PEG-Only gels
(126 + 2 kPa). A similar compressive modulus will ensure that the stress
and strain imparted on the chondrocytes during loading will be similar
in both hydrogels. By varying ion concentration in the culture medium
for the PEG-Only hydrogels and comparing intracellular pH (pH;), the
osmolarity in the PEG-CHS gels was estimated. The intracellular dye

2/, 7'-bis-(-carboxyethyl)-5-(and-6)-carboxyfluorescein acetoxymethyl
(BCECF AM) was used to quantify intracellular pH. Initial experiments
performed in suspension culture showed that intracellular pH (pH;) de-
creased with increasing ionic osmolyte concentration (Fig. 2B). Similar
results were observed in 3D PEG-Only hydrogels cultured in medium
with different ionic osmolyte concentration (Fig. 2C), confirming a cor-
relation with pH; and extracellular osmolarity. To assess changes in os-
molarity with the addition of fixed negative charges, intracellular pH;
measurements were performed on chondrocytes encapsulated in PEG-
CHS hydrogel (Fig. 2C), and the osmolarity in the gel was estimated
based on this established correlation. The pH; in chondrocytes encapsu-
lated in PEG-CHS gels cultured in 330 mOsm medium was statistically
similar to that of the PEG-Only gels in 400 mOsm medium.

To assess the role of dynamic changes in ionic and osmotic environ-
ments on tissue production, PEG-Only hydrogels cultured in 400 mOsm
media and PEG-CHS hydrogels cultured in 330 mOsm media were sub-
jected to dynamic compressive loading for 6 h (Fig. 3). The total combined
amount of newly synthesized proteoglycans that were measured in the
gel and in the media per ng DNA for the loaded gels was normalized to
the respective free swelling gels (Fig. 3A). No significant differences in
DNA content were observed between PEG and PEG-CHS gels under free
swelling conditions (p = 0.66) or with loading (p = 0.14) (data not
shown). Dynamic loading inhibited proteoglycan synthesis by 26.3% in
the PEG-Only gels, while under the same conditions proteoglycan synthe-
sis was stimulated by 26.0% in the PEG-CHS gels. Tissue deposition was
further assessed 12 h after the application of loading to allow sufficient
time for tissue to be deposited and detected. Aggrecan and collagen II de-
positions were assessed by immunohistochemistry (Fig. 3B-D). As shown
in representative images, semi-quantitative analysis revealed that loading
led to a ~40% decrease in aggrecan (Fig. 3C) and collagen (Fig. 3D) depo-
sitions in PEG-Only gels; while in PEG-CHS gels, loading did not affect
aggrecan deposition (Fig. 3C), but did lead a ~23% decrease in collagen
deposition.

To investigate the role of [Ca®*]; in the regulation of chondrocytes
mediated by changes in ionic osmolytes, [Ca®™]; levels were measured
in 2D cultures upon changing the concentration of ionic osmolytes
(Fig. 4). Fig. 4A shows representative traces of the change in the Fura-
2 AM 350/380 ratio upon manipulation of osmolarity, where the Fura-2
ratio reports on changes in [Ca®* ], When the culture medium was
changed from 330 to 400 mOsm with ionic osmolytes, a spike in
[Ca?*]; was observed. Similarly, when the culture medium was changed
back to 330 mOsm, another spike in [Ca®*]; was observed. After pertur-
bation, the range of fluorescence intensity of the dye was confirmed by
treatment with EGTA, which chelates the intra-/extracellular Ca?* and
resulted in the lowest ratio. This was followed by treatment with high
levels of calcium chloride, which resulted in the maximum fluorescence
signal shown by a large increase in the ratio. Any cell not exhibiting
these characteristics with EGTA and calcium chloride was excluded
from the analysis. Treatment with 10 uM of the Ca?* chelator 1,2-bis(2-
aminophenoxy )ethane-N,N,N’,N’-tetraacetic acid tetrakis(acetoxymethyl
ester) (BAPTA-AM) abrogated the [Ca®*]; transients. Representative im-
ages of the Fura-2 350/380 ratio for randomly selected chondrocytes
exhibiting [Ca®J; transients in response to dynamic changes in osmolar-
ity are shown in Fig. 4B. Transients were identified by a sharp increase in
the 350/380 excitation ratio (~10 to 30 s) above 10% of the baseline,
followed by a slower decrease in ratio (~30 to 60s). The percentage of
cells exhibiting endogenous [Ca?*]; transients in the absence of a stimu-
lus was 40% (Fig. 4C). An initial change in osmolarity from 330 to
400 mOsm with ionic osmolytes resulted in ~65% of cells exhibiting
[Ca2T]; transients, while a second change in osmolarity from 400 to
330 mOsm resulted in ~85% of the chondrocytes responding with
[CaT]; transients.

Given that [Ca® 7]; can change upon perturbation of medium osmo-
larity, we next investigated the role of [Ca® ]; in regulating tissue pro-
duction upon dynamic loading of a charged matrix. Chondrocytes
encapsulated in PEG-Only and PEG-CHS gels were treated with
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