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Abstract

Chemically defined serum-free medium has been shown to maintain the mechanical integrity of
articular cartilage explants better than serum-supplemented medium during long-term in vitro
culture, but little is known about its effect on cellular mechanisms. We hypothesized that the
chemically defined culture medium can regulate the spontaneous calcium signaling of in situ
chondrocytes, which may modulate the cellular metabolic activities. Bovine cartilage explants
were cultured in chemically defined serum-free or serum-supplemented medium for four weeks.
The spontaneous intracellular calcium ([Ca?*];) signaling of in situ chondrocytes was
longitudinally measured together along with the biomechanical properties of the explants. The
spontaneous [Ca2*]; oscillations in chondrocytes were enhanced at the initial exposure of serum-
supplemented medium, but were significantly dampened afterwards. In contrast, cartilage explants
in chemically defined medium preserved the level of calcium signaling, and showed more
responsive cells with higher and more frequent [Ca2*]; peaks after one to four week culture in
comparison to those in serum medium. Regardless of the culture medium that the explants were
exposed, a positive correlation was detected between the [Ca2*]; responsive rate and the stiffness
of cartilage (Spearman's rank correlation coefficient = 0.762). A stable pattern of [Ca2*]; peaks
was revealed for each chondrocyte, i.e., the spatiotemporal features of [Ca2*]; peaks from a cell
were highly consistent during the observation period (15 minutes). This study showed that the
beneficial effect of chemically defined culture of cartilage explants is associated with the
spontaneous [Ca2*]; signaling of chondrocytes in cartilage.
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Introduction

Autologous tissue transplantation and tissue engineering-based techniques are often used for
clinical cartilage lesion repairs (Guilak et al., 2014; Hung et al., 2004; Hunziker, 2002;
Peterson et al., 2002). To increase the in-shelf time of osteochondral explants and to
promote the extracellular matrix deposition of chondrocytes, the medium and supplements
used for long-term in vitro culture are critical for the mechanical integrity of cartilage tissue
and the viability, phenotype and metabolic activities of chondrocytes. Serum, a common
supplement in culture medium, is used as a major source of nutrients during the in vitro
culture of chondrocytes and cartilage. However, many recent studies have shown that
exposing cartilage to blood or serum can induce extracellular matrix damage. The adverse
effect was partially attributed to cytotoxic oxygen metabolites (Roosendaal et al., 1999;
Valentino et al., 2007). Cytokines in serum, such as COMP, IL-1, TNF-a, may also induce
the inflammatory processes (Isomaki and Punnonen, 1997; Schuerwegh et al., 2003), which
could further produce metalloproteinase and precipitate the degradation of cartilage matrix
(Kapoor et al., 2011). Therefore, serum-supplemented medium may not always be an
optimal choice for the in vitro culture of chondrocytes. Several studies showed that
chemically defined serum-free medium can significantly benefit the biomechanical and
biochemical properties of cartilage explants during long-term in vitro culture in comparison
to traditional serum-supplemented medium (Bian et al., 2008; Bian et al., 2010; Byers et al.,
2008; Garrity et al., 2012). Using the chemically defined medium, the mechanical properties
and proteoglycan content of cartilage explants were increased after 2-week culture with
minor loss of cell viability (Bian et al., 2008). However, little knowledge is available about
the beneficial mechanisms of chemically defined medium at the cellular or molecular level.

Intracellular calcium ([Ca%*];) signaling is one of the earliest responses in chondrocytes
under many physical stimuli (Kono et al., 2006; O'Conor et al., 2014; Sanchez-Adams et al.,
2014b). As an essential regulator of mechanotransduction process, [Ca2*]; signaling is the
upstream of multiple signaling pathways in chondrocytes, which are ultimately involved in
the regulation of various physiological processes such as secretion and gene expression
(Grandolfo et al., 1998; Hung et al., 1997; Pritchard and Guilak, 2006; Pritchard et al., 2008;
Sanchez-Adams et al., 2014a). Since chondrocytes are isolated in cartilage and lack direct
cell-to-cell connection, the calcium wave propagation facilitated by the diffusion of
messengers can be an essential intercellular communication pathway in cartilage (Kono et
al., 2006). Besides the calcium signaling triggered by physical stimulation, both isolated and
in situ chondrocytes have been found to release spontaneous [Ca2*]; signaling (Fodor et al.,
2013; Kono et al., 2006; O'Conor et al., 2014), i.e., the [Ca%*]; concentration oscillates in
chondrocytes without the presence of any extraneous mechanical or chemical stimuli.

Due to the critical role of [Ca2*]; signaling in chondrocyte mechanotransduction and
cartilage remodeling, we hypothesize that the beneficial mechanisms of chemically defined
medium during the in vitro culture of cartilage explants is associated with the spontaneous
[Ca?*); signaling in chondrocytes. The objectives of this study are 1) to characterize the
spatiotemporal features of spontaneous [Ca2*]; signaling of in situ chondrocytes, and 2) to
compare the longitudinal [Ca2*]; signaling of in situ chondrocytes cultured in two types of
medium, a medium supplemented with serum and a chemically defined serum-free medium.
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Materials and Methods

Sample preparation and tissue culture

Cylindrical cartilage explants were harvested from the central region of femoral condyle
heads of four 3-6 month-old fresh calf knee joints (Green Village, NJ) using a 3 mm biopsy
punch. The superficial-to-middle zone of the cartilage (2 mm in thickness) was obtained
with a custom designed cutting tool. Cartilage explants were randomly assigned to two
groups and cultured at 37 °C and 100% humidity in either serum-supplemented medium
(DMEM, 10% FBS, 1% P/S) or chemically defined medium (DMEM, 1% ITS+Premix, 50
ug/ml L-proline, 0.1 uM dexamethasone, 0.9 mM sodium pyruvate, 50 pg/ml ascorbate 2-
phosphate) for four weeks (Bian et al., 2008). Samples used for calcium signaling were
cultured in 6-well plates with 8 explants in each well. The explants used for mechanical
testing were cultured individually, one sample per well, in 24-well plates, so that their
mechanical properties could be measured repeatedly at various time points. Culture medium
was changed every other day for both groups, and the plate was changed every week to
avoid the proliferation of migrating chondrocytes at plate bottom.

Calcium signaling of in-situ chondrocytes

Spontaneous [Ca%*]; signaling of chondrocytes were recorded on day 2, 8, 15, and 29.
Cartilage explant was halved axially with a cutting tool (ASI-Instruments, MI) and dyed
with 5 UM Fluo-8 AM (AAT Bioquest, CA) and incubated for 40 min (Jing et al., 2014).
The dyed cartilage was then washed three times with pure DMEM for five minutes each at
37 °C. Each half cylindrical cartilage sample, with the cutting surface facing down, was
placed in an imaging chamber mounted on a confocal microscope (Zeiss LSM510) (Fig 1A).
The sample was allowed a 15 min resting period for the cells to recover from any agitation
during preparation (Godin et al., 2007). The focal plane of the fluorescent image was 30 pm
deep below the cutting surface to avoid viewing damaged cells. The imaging area was
located 200 um below the articular surface and on the center axis of the sample, as indicated
in Fig 1B. Fluorescent images of chondrocytes were recorded every 1.5 seconds for 15
minutes while the sample was undisturbed. [Ca%*]; signaling of each individual cell was
analyzed with an image processing technique as described previously (Lu et al., 2012). Due
to the large number of cells in each video, only a band in the center of image across the
thickness direction is processed, and 150-200 cells were analyzed in each sample.
Oscillation of [Ca?*]; concentration was measured by the average image intensity of each
cell. A cell was defined as responsive if it shows a calcium peak with a magnitude four
times higher than its maximum fluctuation along the baseline (Donahue et al., 2003). The
responsive rate was defined as the fraction of responsive cells over total processed cells. For
all responsive cells, the number of [CaZ*]; peaks during 15-minute period were counted. To
further compare the calcium signaling between two groups, spatiotemporal features of the
[CaZ*]; peaks, including the magnitude of peaks, time to reach a peak, relaxation time from a
peak and time interval between two neighboring peaks, were extracted (Fig 1C) (Huo et al.,
2010a; Huo et al., 2010b; Huo et al., 2008; Jing et al., 2014; Lu et al., 2012). All
spatiotemporal parameters are defined in Fig 1C using a typical curve of [Ca2*]; signaling.
Five cartilage explants were used for calcium signaling from each group at each time point.
The number of total responding cells in the chemically defined group was 243, 169, 136,
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146 at Day 2, 8, 15, 29, respectively; and the number in serum group was 262, 120, 114, 51
at Day 2, 8, 15, 29, respectively. Cell density of the cartilage samples at each time point,
defined as the number of dyed cells divided by the image area, was also counted using the
full calcium images of each sample.

Mechanical properties and GAG content

Mechanical properties of cartilage explants (N=12) were measured longitudinally by
unconfined compression tests on day 2, 8, 15, and 29 of culture using a loading device in a
biological safety cabinet (Lu and Mow, 2008). The original thickness of the cartilage explant
was measured as the distance between the upper and lower loading platens with a 5-gram
compression force. During the test, 10% strain was applied on the tissue at a constant speed
of 2 um/s followed by a 15-minute relaxation period. After the tissue reaction force reached
an equilibrium state, sinusoidal dynamic loading was applied at 0.5 Hz with a magnitude of
+1% strain. Equilibrium Young's modulus and dynamic modulus of the samples were
determined from the recorded force history during the test.

At the end of culture, a quarter of each cartilage explant was weighed wet, and digested
using papain solution at 60 °C for 16 hours (Lu et al., 2004). The glycosaminoglycan (GAG)
content was measured using dimethylmethylene blue (Biocolor, Life Science Assays) dye-
binding assay with chondroitin 4-sulfate as standard (Lu et al., 2004).

Statistical analysis

Results

Student's t-test was used to compare the mechanical properties between the two groups, and
the data are shown as mean + standard deviation. For the parameters related to [Ca2*];
signaling, nonparametric Mann-Whitney U test was utilized to detect the significant
difference between two groups, and the data are shown as mean = SEM. P-values less than
0.05 are considered significant. Chi-square test was utilized to compare the responsive rate
of [Ca2*]; signaling in two groups. Mann-Kendall test was performed to detect the temporal
trend for parameters, confidence factor larger than 95% was considered significant.
Spearman'’s rank correlation was performed to detect the correlation between the responsive
rate and the dynamic modulus of cartilage explants. Spearman's rank correlations of <0.35,
0.35-0.5 and >0.5 are considered as weak, moderate and strong, respectively (Bekkers et al.,
2009).

Calcium signaling

Typical calcium images of in situ chondrocytes in chemically defined and serum medium
groups are shown in Fig 2. Cell density in cartilage explants decreased over time (Mann-
Kendall test, confidence factor > 95%) and decreased ~40% for both groups after 4-week
culture. No significant difference was detected in cell density between the two groups at any
same time point (Fig 2C). In both groups, up to 20% of chondrocytes demonstrated robust
spontaneous [Ca2*]; signaling, i.e., the [Ca?*]; concentration oscillated vigorously with one
or more peaks (Fig 1C). The pattern of [Ca?*]; peaks varies in each individual cells,
including the waveform, area, magnitude, and duration. The patterns of [Ca2*]; peaks from a
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specific cell were highly stable and consistent during the 15 minute observation time (Fig 3).
Multiple [Ca?*]; peaks at different time points from the same cell matched well with each
other in terms of the waveform. It is clear that the spontaneous [Ca2*]; wave of each in situ
chondrocyte has a stable pattern.

On the second day of culture, the responsive rate of cells in chemically defined group
(20.0%) had no significant difference compared to the serum group (22.5%). After day 2,
the calcium responsive rate in the serum group decreased with time (Mann-Kendall test,
confidence factor > 95%) and dropped to 6.5% on day 29 (Fig 4A), but those in the
chemically defined medium group kept relatively constant (18~20%) after day 8 and showed
no dependence on culture time. After 2-week culture, the responsive rate in chemically
defined serum group was significantly higher than that in serum group. On day 2, 40.7% of
responsive cells showed more than one peak in 15 minutes in chemically defined medium
group; while so did 78.6% of responsive cells in the serum group (Fig 4A). However, this
trend reversed on day 8, 70.4% and 47.5% responsive cells showed multiple peaks in
chemically defined and serum groups, respectively. Most spatiotemporal parameters of
[Ca?*]; peaks in chondrocytes showed a similar trend, with vigorous oscillations in serum
group on day 2 but a reversed trend afterwards. The average number of [Ca2*]; peaks during
15 minutes (Fig 4B) in the chemically defined group was significantly lower than the serum
group on day 2 (2.18 £ 0.07 vs. 2.72 + 0.15), but significantly higher on day 15 (2.13 + 0.13
vs. 1.71 £ 0.09) and day 29 (3.12 £ 0.18 vs. 1.90 + 0.27) according to Mann-Whitney U
test. The time to reach a [Ca2*]; peak from baseline (Fig 5B) in two groups showed the same
trend. On day 2, cells in serum group reached the peak significantly faster than those in the
chemically defined medium group, and this difference between two groups reversed after
day 8. The magnitude of [Ca2*]; peaks also showed a similar trend, but there was no
difference on day 29 (Fig 5A). The two groups showed no significant difference in the peak
relaxation time (Fig 5C) and the time interval between two neighboring peaks (Fig 5D) at all
time points, except the time interval between neighboring peaks on day 8. Both parameters
had no detectable trend over the culture time of cartilage explants.

Mechanical properties and biochemical content

The dynamic modulus and equilibrium Young's modulus of cartilage explants in the
chemically defined medium group were significantly higher than those in the serum group
after day 8, and Mann-Kendall test showed the difference gap between two groups increased
with time (Fig 6A&B, confidence factor > 95%). After 4-week culture, dynamic modulus in
chemically defined medium group increased 40.2%, and the Young's modulus increased
276% in comparison to day 2; while in the serum group, dynamic modulus decreased 56.7%,
and the Young's modulus decreased 67.3%. GAG content of chemically defined group was
more than twice of that in corresponding serum group after 2-week culture (Fig 6C).
Spearman's rank correlation coefficient between the [Ca%*]; responsive rate and the dynamic
modulus of cartilage explants in both groups is 0.762, showing a significant positive
correlation between the two parameters (Fig 6D).
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Discussion

Calcium signaling has been observed in chondrocytes in response to hydrostatic pressure,
compressive loading (Browning et al., 2004; Roberts et al., 2001), fluid flow (Degala et al.,
2011), mechanical stimulation (Guilak et al., 1999), extracellular ATP (D'Andrea and Vittur,
1996), and osmotic stress (Chao et al., 2006; O'Conor et al., 2014). In this study, we showed
that bovine chondrocytes residing in their natural solid matrix can release spontaneous
[CaZ*); signaling without any physical stimuli. For both isolated and in situ chondrocytes,
spontaneous [Ca2*]; signaling have been noticed (Fodor et al., 2013; Kono et al., 2006;
O'Conor et al., 2014). Using chondrocytes seeded in agarose constructs, O'Conor et al. found
that ~20% of cells had spontaneous calcium signaling (O'Conor et al., 2014), which is in the
same range with our finding. Spontaneous calcium signaling has also been noticed in other
types of cells, such as neurons (Charles and Hales, 1995), bone cells (Ishihara et al., 2012)
and mammary epithelial cells (Furuya et al., 1993). Although the mechanism of spontaneous
calcium signaling in chondrocytes is not fully understood or confirmed, a few studies
proposed several potential candidate pathways. The underlying oscillation in membrane
potential driven by K* channels can activate the action potential and the influx of Ca2*
which initiates the spontaneous calcium signaling (Charles and Hales, 1995). Calcium
concentration in extracellular space is usually in the range of 1073 M in cartilage (Parvizi et
al., 2002), while cytosol calcium concentration can be as low as 10~/ M (Matta and Zakany,
2012). The 10,000 fold gradient of Ca2* could also result in the calcium influx into cytosol
to evoke calcium responses (Machaca, 2011). Another potential stimulus for spontaneous
response is the oxidative stress, which can cause rapid increase in calcium concentration in
the cytoplasm (Rooney et al., 1991; Roveri et al., 1992). In cartilage solid matrix, fixed
negative charges on GAG chains results in an unique ionic environment for chondrocytes,
which may also influence the resting membrane potential of chondrocytes and contribute to
the spontaneous calcium signaling (Matta and Zakany, 2012).

In this study, the spontaneous [Ca2*]; signaling of each individual chondrocytes were found
to have a stable spatiotemporal pattern. Similar phenomenon was reported in bone
osteoblasts (Godin et al., 2007) and a few other types of cells (Prentki et al., 1988), in which
the stable profile was termed as a “fingerprint” in cell calcium signaling. Such calcium
“fingerprint” of cells could be related to numerous cell-specific parameters, such as the
morphology and topology of cell body and nucleus, the distribution of calcium stores, and
the location of the inositol (1,4,5)- trisphosphate (IP3)-generating apparatus (Godin et al.,
2007; Kraus et al., 1996). The unaltered stable profile in [CaZ*]; signaling of each
chondrocyte found in this study could be a critical indicator of the phenotype and
capabilities of the cells, about which there is little knowledge available.

Serum-supplemented medium and chemically defined medium are both widely used in the
in vitro culture of chondrocytes and neocartilage. In this study, exposure to serum
supplemented medium significantly altered the spontaneous calcium signaling in
chondrocytes and showed a biphasic nature during the in vitro culture process, promoting
the calcium signaling at the initial stage but dampening it after prolonged exposure. Many
components in serum could be responsible for this biphasic effect. Cytokines in serum, such
as proinflammatory mediator interleukin-1 (IL-1), can induce transient increase of [Ca2*];
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via the PLC-1P3 pathway (Pritchard and Guilak, 2006). This mechanism may contribute to
the initial boost of calcium signaling of in situ chondrocytes exposed to serum. Indeed many
other enzymes, hormones, cytokines, and electrolytes in serum could induce transient
[Ca?*); oscillations in cells and be responsible for the high responsive rate in the serum
group on day 2 (Petersen et al., 2005). However, most of these chemicals in serum are not
available to chondrocytes at physiological condition. Long term exposure to these foreign
components may induce complicated changes in chondrocytes, including dedifferentiation
and apoptosis of chondrocytes (Stewart et al., 2000). It has been shown that pre-exposure to
IL-1 can significantly inhibit the calcium responses of chondrocytes under osmotic stress
(Pritchard et al., 2008). Dedifferentiation of chondrocytes leads to the increased production
of proteolytic enzymes including matrix metallopeptidase, which in turn damages the
extracellular matrix as demonstrated by our mechanical testing data. Mechanical
compromise of solid matrix can further regulate the cell fate and metabolisms. All the above
factors may contribute to the dampened [Ca2*]; activities in chondrocytes after long-term
serum exposure.

In the mechanotransduction activities of chondrocytes, [Ca2*]; signaling is often regarded as
one of the earliest events and the upstream of many anabolic and catabolic pathways (Guilak
et al., 2014). Disturbance in the Ca2* homeostatic mechanism during long term in vitro
culture can significantly affect tissue repair and growth. It has been shown that up-regulation
of aggrecan gene in response to mechanical loading was suppressed by the chelation of
[Ca?*]; (Fitzgerald et al., 2004), and chelation of extracellular Ca?* completely abolished the
production of cartilage matrix by preventing the proliferation of chondrocytes (Matta and
Zakany, 2012). Therefore disturbance in chondrocyte [Ca2*]; signaling can affect the
remodeling of solid matrix and its mechanical properties during long term culture. In this
study, the intensity of spontaneous calcium signaling was dampened in serum group but
maintained in the chemically defined medium group, while the mechanical properties of
explants exhibited a matching trend in the corresponding groups. Thus proper Ca2*
homeostasis, represented by the spontaneous [Ca2*]; signaling in chondrocytes, might reflect
the normal metabolic activities of in situ chondrocytes. Moreover, spatiotemporal features of
[Ca?*]; signaling is a direct indicator of the chondrocytes capability to maintain the [Ca2*];
level under a dynamic environment with oscillating extracellular ion concentration, electric
potential, mechanical loading, osmotic and oxidative stress. Statistical analysis showed that
the [Ca?*]; responsive rate of chondrocytes has a positive correlation to the dynamic
modulus of cartilage explants after long-term culture. Although such statistical correlation
cannot prove the immediate dependency of these two parameters, it is consistent with the
findings in literature, i.e., interrupted calcium signaling can affect the mechanical integrity
of cartilage. Furthermore, many studies showed that the mechanical stiffness of ECM or
substrate has a profound effect on the fate and metabolic activities of cells (Engler et al.,
2006; Wilusz et al., 2014). Substrate rigidity influences the spontaneous [Ca2*]; oscillations
in human mesenchymal stem cells (Kim et al., 2009). Lowering the substrate stiffness
significantly inhibited both the magnitudes and frequencies of the cytoplasmic Ca?*
oscillation in comparison to rigid substrate.
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In summary, this study confirmed the spontaneous calcium signaling of in situ chondrocytes
in articular cartilage, and the spatiotemporal features of the [Ca?*]; oscillations were
analyzed. It was found that the waveform of multiple [Ca2*]; peaks from the same
chondrocyte possess a consistent profile. The spontaneous calcium signaling is also
influenced by the supplements in culture medium. Chemically defined medium maintained
the [Ca?*]; oscillations in chondrocytes over long-term culture and benefits the mechanical
integrity of cartilage explants when compared to the serum-supplemented medium.
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Figure 1.
(A) Hlustration of calcium imaging for in situ chondrocytes in a cartilage explant. Half

cylindrical cartilage explant (3mm in diameter and 2 mm in thickness) in a glass-slide
imaging chamber is mounted on a confocal microscope (Zeiss LSM510) and imaged with
20x objectives. (B) Imaging area is chose to be 200 [.proportional]m below the explant's
articular surface and on the center axis of explant. (C) A typical [Ca%*]; intensity oscillation
curve of a chondrocyte over 15 minutes and the definitions of spatiotemporal parameters,
including the number of [Ca2*]; peaks, magnitude of 15t peak mj, time to 15 peak ts,
relaxation time of 15t peak t,, and time interval between two neighboring peaks ts.
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Figure 2.
Fluorescent image of chondrocytes dyed with Fluo-8 AM in cartilage explant cultured in (A)

chemically defined serum-free medium and (B) serum-supplemented medium. (C) Cell
density (/mm?) in two different medium groups based on fluorescent calcium images of all
samples. No significant difference was detected between two groups at the same time point.
Cell density in both groups decreased with culture time (Mann-Kendall test, confidence
factor > 95%).
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Figure 3.
Multiple [Ca?*]; peaks released by the same chondrocyte within the 15 min recording period

were overlapped to show their consistent spatiotemporal features. Each plot represents the
waveform of an individual chondrocyte.
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Comparison of spontaneous [Ca?*]; signaling between the serum medium and chemically
defined medium groups. (A) Rate of cells in cartilage showed [Ca2*]; signaling in 15 min.
Cells with single [Ca%*]; peak are separated from those with multiple peaks. (Number of
total analyzed cells in chemically defined group: Day 2 = 1214 cells; Day 8 = 833 cells; Day
15 =721 cells; Day 29 = 720 cells. Number of analyzed cells in serum group: Day 2 = 1166
cells; Day 8 = 736 cells; Day 15 = 1112 cells; Day 29 = 784 cells.) (B) Average number of

a“’ ]j Peaks In responsive chon rocytes. p<0.05; p<0.01; p<0. .
[Ca?*]; peaks i ive chond (* p<0.05; ** p<0.01; *** p<0.001.)
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Figure 5.
Comparison of spatiotemporal features of the spontaneous [Ca2*]; peaks in the serum

medium and chemically defined medium groups. (A) Average magnitude of [Ca2*]; peaks
normalized over the baseline; (B) Average time to reach a peak from baseline; (C) The time
for a peak to relax to 50% of its magnitude; (D) Time between two neighboring peaks. (*
p<0.05; ** p<0.01; *** p<0.001.)
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Figure 6.

Mechanical properties and GAG content of cartilage explants (12 explants in each group).
(A) Dynamic modulus and (B) equilibrium Young's modulus are determined by unconfined
compression tests longitudinally during in vitro culture. (C) GAG content of the cartilage
explants. (* p<0.05) (D) A strong correlation is detected between the [Ca%*]; responsive rate
of chondrocytes and the dynamic modulus of cartilage explants (Spearman's rank correlation
coefficient = 0.762).

J Biomech. Author manuscript; available in PMC 2016 April 13.



