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Abstract
The pericellular matrix stiffness is strongly associated with its biochemical and structural changes
During the aging and osteoarthritis progresses of articular cartilage. However, how substrate stiffness
modulates the chondrocyte regulatory volume decrease (RVD) and calcium signaling remains unknown.
This study aims to investigate the effects of substrate stiffness on the chondrocyte RVD and calcium
signaling by recapitulating the physiologically relevant substrate stiffness. Our results showed that
substrate stiffness induced completely different dynamical deformation between the cell swelling and
recovering progresses. Chondrocytes swelled faster on the soft substrate but recovered slower than the
stiff substrate during the RVD response induced by the hypo-osmotic challenge. We found that stiff
substrate enhanced the cytosolic Ca2+ oscillation of chondrocytes in the iso-osmotic medium. More
importantly, chondrocytes exhibited a distinctive cytosolic Ca2+ oscillation during the RVD response. Soft
substrate signi�cantly improved the Ca2+ oscillation during the cell swelling whereas stiff substrate
enhanced the cytosolic Ca2+ oscillation during the cell recovering. Our work also suggests that TRPV4
channel are involved in the chondrocyte sensing substrate stiffness and RVD response by mediating Ca2+

signaling in a stiffness-dependent manner. It helps to understand a previously unidenti�ed relationship
between substrate stiffness and RVD response under the hypo-osmotic challenge.

1. Introduction
Chondrocytes are the solitary cell type of articular cartilage and responsible for the slow turnover of
matrix [1]. The pericellular matrix (PCM) with de�ned physical properties surrounds each chondrocyte [2]
and plays a critical role in regulating the mechanical microenvironment of chondrocytes [3, 4]. During the
aging and osteoarthritis (OA) progresses of articular cartilage, the mechanical properties (i.e. stiffness) of
the PCM can markedly changes between 1 kPa and 205 kPa [5–8]. One study has shown that the PCM
stiffness is reduced by 30–50% in the development of OA [9]. The reduction of PCM stiffness induced by
OA modulates chondrocyte function-related spatial organization and biosynthetic activity [10, 11].
Furthermore, the loss of PCM stiffness corresponds to the increased extent of cell swelling and calcium
signaling mediated by transient receptor potential vanilloid channel 4 (TRPV4) in response to osmotic
stress [12, 13]. Cell volume regulation is important to chondrocyte physiology. Under the hypo-osmotic
stimulus, chondrocyte volume rapidly increases, then followed by active regulatory volume decrease
(RVD) which exhibit an active volume recovery process [14]. However, how changes in PCM stiffness
in�uence the RVD and TRPV4-mediated calcium signaling in chondrocytes remains unknown.

As a key physical factor of cell microenvironment, cell-supporting substrate stiffness is well recognized to
regulate diverse cell functions [15]. Substrate stiffness has been shown to modulate the chondrocyte
morphology, phenotype and mechanical behavior [16, 17]. The RVD is crucial for many biophysical and
biological responses of chondrocytes. A loss of chondrocyte RVD is associated with cell death and
progression of OA [18, 19]. Changes to volume affect the phenotypic plasticity and matrix metabolism of
chondrocytes [20, 21]. For example, RVD-induced changes in cell shape can affect membrane transporter
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activity potentially mediated via Ca2+ signaling. TRPV4, the primary regulator of Ca2+ signaling, has been
proposed as a mechanosensitive channel that is involved in regulating the mechanotransduction and
RVD response of chondrocytes [22–27]. It is assumed to involve in cell sensing substrate stiffness by
locally altering the Ca2+ permeability [28, 29]. Since calcium signaling plays an important role in multiple
signaling pathways and mechanotransduction in chondrocytes [30, 31], substrate stiffness may
modulate the chondrocyte mechanotransduction via the TRPV4-mediated Ca2+ signaling, which
eventually affects cell function [15]. Collectively, these �ndings highlight the potential role of substrate
stiffness in regulating the RVD response and TRPV4-mediated calcium signaling in chondrocytes.
Previous studies have suggested that PCM stiffness affects the chondrocyte volume swelling and
TRPV4-mediated Ca2+ signaling [13]. However, these studies normally have been focused on the swelling
process but neglected the dynamic recovering process of chondrocytes. To date, neither theoretical nor
experimental studies have been focused on the role of substrate stiffness in the RVD response and
TRPV4-mediated Ca2+ oscillations during the chondrocyte swelling and recovering processes.

Taken together, in this study, we hypothesize (I) that substrate stiffness modulates the mechanical
properties of chondrocytes, resulting in the substrate stiffness-dependent RVD response, and (II) that
TRPV4 channels are involved in chondrocytes sensing substrate stiffness by mediating cytosolic Ca2+

signaling. To test these hypotheses, Polydimethylsiloxane (PDMS) was utilized to engineer cell-
supporting substrate with physiologically-relevant stiffness. The mechanical properties of chondrocytes
were evaluated by using atomic force microscopy (AFM). Ca2+ oscillation of chondrocytes cultured on
variable stiffness substrates was measured by using �uorescence confocal laser scanning microscopy
and Fluo-4 AM ratiometric method.

2. Materials And Methods

2.1 Preparation of substrates with different stiffness
PDMS substrate stiffness was formulated to mimic the physiologically-related PCM elasticity that was
either stiff (2.2 ± 0.3 MPa), medium (46.5 ± 5.8 kPa) and soft (2.1 ± 0.2 kPa), respectively. Brie�y, PDMS
curing agent (Sylgard184, Dow corning Corp) was mixed with a base agent in a mass ratio of 1:10 (stiff),
1:50 (medium) and 1:70 (soft), respectively. The mixture was poured into 35-mm petri dishes to create 1-
mm thick �lms and then cured at 70 °C for 6 hours. After curing, these PDMS substrates were placed in
an oxygen plasma cleaner (SBC-12, KYKY) for surface oxidation. The stiffness of PDMS substrate
(elastic modulus) was determined using the indentation method and ElectroForceH3100 test instrument
(Bose, Shanghai, China) as previously described [32]. Before seeding cells, substrates with varying
stiffness were coated by 0.02mg/ml rat type I collagen (Shengyou Biotechnology) at 4°C overnight and
sterilized by UV radiation for 45 minutes, as previously described [17].

2.2 Isolation of primary chondrocytes
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A total of 24 animals of 5~6 day old mice (C57BL/6) were used in this study. All animal procedures were
approved by the Animal Ethics committee of Taiyuan University of Technology and conducted in
accordance with international standards on animal welfare. Mice were killed under general anesthesia.
Femoral condyles and tibial plateau were isolated from the hind legs using scissors and pincer. The
pieces of cartilage were incubated in the collagenase D digestion solution (3 mg/ml) for 45 min at 37 °C
in a thermal incubator under 5% CO2. Then the cartilage pieces were placed in a new Petri dish with
collagenase D solution (0.5 mg/ml) overnight at 37 °C, as previously described [33]. Cells were isolated by
overnight incubation and �ltered through a 40 mm cell strainer (BD-Falcon). The resulting cell suspension
was washed twice in fresh Dulbecco’s modi�ed eagle’s medium (DMEM) (1 g glucose per ml; no L-
glutamine pH 7.0-7.6, Osmolality 304-336 mos/kg, Sigma, USA). Cells were re-suspended in DMEM
supplemented with 10% fetal calf serum (Sigma) and 1% penicillin/streptomycin solution at the density
of 8´103 cells/cm2 (the �nal osmolarity is 320 mOsm). Cells were grown on substrates of varying
stiffness at 37°C in 5% CO2. In AFM experiments, chondrocytes were rinsed with phosphate buffered
saline (PBS) solution to avoid proteins and cellular debris adhesive to tip prior to single-cell stress
relaxation tests. In the RVD experiments, chondrocytes cultured on varying substrate stiffness were
exposed to hypo-osmotic medium (180 mOsm). All experiments were performed at 37°C and controlled
humidity (custom-built equipment) within 1.5h unless otherwise stated.

2.3 Cell diameter change during hypo-osmotic (180 mOsm)
induced RVD response
The chondrocytes were cultured for 24 hours in the iso-osmotic medium (320 mOsm) before exposure to
the 180 mOsm medium. The complete cell RVD response suggests that following hypo-osmotic
challenge, cells initially swell passively, and then volume recovery. Cells were considered to show RVD
response following hypo-osmotic (180 mOsm) if the cell diameter reduced by at least 1 µm during the
imaging period [34]. The whole process of RVD response was tracked. Bright-�eld sequential time-lapse
images of chondrocytes on substrates of varying stiffness were obtained every 10 s for 45 min by
microscopy (FV1000, Olympus) with a 40´ oil immersion objective lens. The diameters d of single cells
were quantitatively calculated from the mean of the two orthogonal diameters measured using ImageJ
software. Then, we analyzed the following parameters. The swelling time, TS, is the time the cell takes to
swell until it reaches its maximum cell diameter. In contrast, the recovering time, TR, is the time the cell
takes to recover from its maximum cell diameter. The responding time, TRes, is the entire time during the
whole RVD process which equals the sum of TS and TR. The cell diameter rate, Vd, is the change of
diameter over time during the RVD response.

2.4 AFM testing
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In AFM experiments, we only focused on the changes in the mechanical properties of chondrocytes on
substrates of varying stiffness during the cell swelling. The mechanical properties of single chondrocyte
were measured by an AFM (NTEGRA Solaris, NT-MDT, Russia) combined with a phase contrast
microscopy (IX-70, Olympus). Chondrocytes were tested at a density of 2´104 cells/cm2, so that individual
cells would not be connected with others. A gold-coated, 5-mm diameter, spherical tip cantilevers (spring
constant is 0.05 N/m, Novascan Technologies, Inc.) was used for indentation and stress-relaxation
experiments. Indentations were applied with a force trigger of 2.5 nN. An approach velocity of 6.53 μm/s
was used and followed by a 100-s relaxation period. A constant displacement of about 2μm indentation
was hold for all the stress-relaxation experiments. The elastic modulus and viscoelastic parameters of
chondrocyte were determined according to a modi�ed Hertz equation (Eq.1) and a stress relaxation
model of viscoelastic solid (Eq.2), respectively. They are given by [35],

Where F is the applied force; R is the relative radius, n is the Poisson’s ratio which is assumed to be 0.5, C
is a constant depending only on the indentation during stress relaxation. The elastic modulus, Eelastic, is
determined by �tting the indentation approach curves with Hertz equation (Eq.1). d is the indentation
depth. Data from the relaxation phase of the test were �t with the viscoelastic equation (Eq. 2) to
determine the ER, τσ, and τε. E0 and m were calculated using Eq. 2. ER and E0 are instantaneous modulus
and relaxed modulus, respectively. τσ represents the time of relaxation of deformation under constant
load, τε represents the time of relaxation of load under constant deformation. m is the apparent viscosity.
All AFM experiments were carried out at 37°C and controlled humidity, as previously described [17].

2.5 Calcium imaging
Chondrocytes on substrates of varying stiffness were loaded with Fluo-4 AM (Life Technology) in pure
DMEM buffer for 35 min at 37°C before imaging. To modulate the TRPV4 channel activity, we applied 10
μM GSK205 or 1 µM 4αPDD (Merck Millipore) to the bath solution. GSK205 is a TRPV4 selective
antagonist while 4αPDD is a TRPV4 selective agonist. Ca2+ signaling imaging of chondrocytes was
recorded in response to substrates of varying stiffness and hypo-osmotic (180 mOsm) challenge by
using �uorescence confocal laser scanning microscopy (FV1000, Olympus). Time-series images of
baseline Ca2+ oscillations were recorded every 3 s for a total of 15 min and �uorescence was analyzed by

http://www.merckmillipore.com/CN/zh/responsibility/85qb.qB.xuAAAAFAbPU.1ZZf,nav
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using the ImageJ software. The difference (ΔF) between the mean �uorescence measured in a given
region of interest (ROI) and the corresponding control value for each ROI (F0) was expressed as the
fraction of the control (ΔF/F0) and then plotted as a function of time. In the RVD experiments, we

simultaneously monitored the cell diameter change and chondrocyte Ca2+ oscillations. A cell was de�ned
as responsive if it showed a calcium peak with a magnitude four times higher than its maximum
�uctuation along the baseline [36].

2.6 Statistical Analysis
Statistical signi�cance between the groups was estimated using one-way analysis of variance (ANOVA)
followed by a Tukey post hoc test using Origin (OriginLab, Northampton, MA). P values less than 0.05 are
considered to be signi�cant. All data are presented as mean ± standard deviation.

3. Results

3.1 Substrate stiffness affects the RVD response of
chondrocytes
Our results showed that the RVD response of chondrocytes was intimately related to substrate stiffness.
The soft substrate markedly increased the percentage of RVD response in chondrocytes (p<0.001)
(Fig.1A). Substrate stiffness caused distinctive swelling and recovering behaviors of chondrocytes (Fig.
1B). The change of cell diameter d depended on the substrate stiffness during the RVD response (Fig.1C).
The trend of non-dimensional diameter d/d0 (d0 is the initial cell diameter) over time remained the same
with Fig.1C, and it was independent of the cell’s initial diameter (Fig.1D). We found that stiff substrate
signi�cantly prolonged the swelling time TS of chondrocytes (p<0.001) (Supplementary Table I and
Fig.1E), and soft substrate signi�cantly increased the percentage increase of diameter in chondrocytes
during the cell swelling (p<0.001) (Fig.1F). In contrast, during the cell recovery, the recovery time TR in
chondrocytes on the stiff substrate was signi�cantly shorter than that on the soft substrate (p<0.05)
(Fig.1G). Furthermore, stiff substrate can obviously enhance the capacity of cell diameter recovery during
cell recovering (p<0.01) (Fig.1H). Interestingly, the trend of the swelling and recovering time was
completely opposite to that of the percentage increase of diameter in chondrocytes during cell RVD
responding. Lastly, the soft substrate signi�cantly increased the mean RVD responding time TRes of
chondrocytes (p<0.01) (Fig.1I).

The cell diameter rate was obtained by �tting the cell diameter vs. time curves from substrates of varying
stiffness. The cell diameter vs. time curves from all substrates during the cell swelling exhibited an
approximately linear relationships (Fig.2A-C). Moreover, the soft substrate markedly increased the cell
diameter rate during the cell swelling caused by hypo-osmotic (180 mOsm) medium (p<0.001) (Fig.2D).
Then, we �tted the approximately linear part of cell diameter vs. time curves during the cell recovering

http://www.baidu.com/link?url=HywLjljb4BGUMHEITzJRAHK9b4-yosMxZ0ouaBw59cxkA_ky35NRPSoVDjtxuAf37l9vbpxWtdkqDVFYtK9udKhnzfYil7hx1492B6AGuxiSqE6UHZRgHTSwJVAJu-4B
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(Fig. 2E-G). However, stiff substrate signi�cantly increased the recovering cell diameter rate (p<0.001)
(Fig.2H). For the �rst time, our results indicated that hypo-osmotic (180 mOsm) challenge-induced
chondrocyte deformation is substrate stiffness-dependent.

3.2 Stiff substrate enhances the mechanical properties of
chondrocytes during the cell swelling
AFM experiments were used to measure the mechanical properties of chondrocytes on substrates of
varying stiffness in the iso-osmotic (320 mOsm) and hypo-osmotic (180 mOsm) medium (Fig. 3A). When
the constant indentation displacement 2 μm was held on chondrocytes, chondrocytes �rst exhibited
typical elastic response consistent with the Hertz model and then exhibited stress relaxation consistent
with the viscoelastic theoretical model (Fig.3B). Theoretical model �tting of all experimental data
exhibited excellent consistency for elastic and viscoelastic equations respectively (Fig. 3C). Our results
indicated that stiff substrate enhances the elastic (Eelastic) and viscoelastic parameters (ER, E0 and m) of
chondrocytes during the cell swelling in hypo-osmotic (180 mOsm) medium (p<0.001) (Table I and Fig.
3D-G).

Then we compared mechanical parameters of chondrocytes on variable stiffness substrates between the
iso-osmotic (Supplementary Table II) and hypo-osmotic (180 mOsm) medium. Our results showed
compared to iso-osmotic medium, chondrocytes on the stiff substrate during the cell swelling in the hypo-
osmotic (180 mOsm) showed higher elastic and viscoelastic parameters including Eelastic, ER, E0 and m
(p<0.001) (Fig. 3H-K). Moreover, the mean percentage increases in elastic modulus Eelastic of
chondrocytes were higher on the soft substrate than that on the stiff substrate during the cell swelling.
However, in response to the hypo-osmotic medium (180 mOsm), the mean percentage increases in
viscoelastic parameters (ER, E0 and μ) of chondrocytes were higher on the stiff substrate than those on
the soft substrate (Supplementary Table III). Our results suggested that substrate stiffness determines
regulates the dynamic elastic and viscoelastic mechanical properties of chondrocytes during the hypo-
osmotic (180 mOsm) challenge.

3.3 Stiff substrate enhances cytosolic Ca2+ oscillation of
chondrocytes in iso-osmotic medium
Chondrocytes on variable stiffness substrates showed cytosolic Ca2+ oscillations in the iso-osmotic
medium (320 mOsm) (Fig. 4A). Stiff substrate showed the greatest percentage of Ca2+ oscillations of
chondrocytes (p<0.001) (Fig. 4B). We recorded the amplitude and frequency of Ca2+ oscillation in
chondrocyte on variable stiffness substrates (Fig. 4C, D). Our results showed that stiff substrate markedly
enhanced both the amplitude and frequency of Ca2+ oscillations in chondrocytes (p<0.001) (Fig. 4E, I). To
test if TRPV4 channels are involved in substrate stiffness mediating Ca2+ signaling in chondrocytes, we

http://www.baidu.com/link?url=HywLjljb4BGUMHEITzJRAHK9b4-yosMxZ0ouaBw59cxkA_ky35NRPSoVDjtxuAf37l9vbpxWtdkqDVFYtK9udKhnzfYil7hx1492B6AGuxiSqE6UHZRgHTSwJVAJu-4B
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applied TRPV4 channel activator 4aPDD and inhibitor GSK205 when recording Ca2+ oscillations,
respectively. TRPV4 activator 4aPDD signi�cantly enhanced the calcium responsive rate, amplitude and
frequency of Ca2+ oscillations in chondrocytes on all substrates of varying stiffness while TRPV4
inhibitor GSK205 weakened those Ca2+ effects. (p<0.01) (Fig. 4F-H, J-L, Supplementary Table IV). In
addition, when treated with TRPV4 activator 4aPDD, chondrocytes on the stiff substrate showed the
highest amplitude and frequency of Ca2+ oscillations (p<0.001) (Fig. 4E, I). They also showed a bigger
percentage increase of amplitude and frequency of Ca2+ oscillations than chondrocytes on the soft
substrate (Supplementary Table V). On the other hand, when treated with the TRPV4 inhibitor GSK205,
chondrocytes on varying substrates showed no signi�cant difference in the amplitude of Ca2+

oscillations (p>0.25) (Fig. 4G), though chondrocytes on the stiff substrate exhibited a higher frequency of
Ca2+ oscillations (p<0.05) (Fig. 4J). Chondrocytes showed a bigger percentage decrease of amplitude
and frequency of Ca2+ oscillations on the stiff substrate than the soft substrate with the application of
GSK205 (Supplementary Table V). Taken together, these results suggested that mechanosensitive TRPV4
channel is involved in chondrocytes sensing substrate stiffness and mediating the calcium signaling.

3.4 Substrate stiffness affects the hypo-osmotic (180
mOsm) challenge-induced Ca2+ oscillations in
chondrocytes
Only chondrocytes that exhibited both RVD response and Ca2+ oscillations were used in this analysis. Our
results show that soft and medium substrates signi�cantly increased the percentage of chondrocytes
exhibited both RVD response and Ca2+ oscillations (42 ± 5% and 39 ± 4%, respectively) than the stiff
substrate (31 ± 5%) (p<0.01). We then quanti�ed the amplitude and frequency of Ca2+ oscillation in
chondrocytes cultured on variable stiffness substrates during the cell swelling and recovering (Fig. 5A, B).
The results showed that soft substrate induced a signi�cantly higher percentage of Ca2+ oscillations (58
± 7%) in chondrocytes than medium (77 ± 8%) and stiff substrates (79 ± 8%) during the hypo-osmotic
(180 mOsm) challenge (p<0.001). Application of TRPV4 activator 4aPDD or the TRPV4 inhibitor GSK205
signi�cantly enhanced or weakened the calcium responsive rate of Ca2+ oscillations in chondrocytes on
variable stiffness substrates, respectively (p<0.01) (Supplementary Table VI). During the cell swelling, the
soft substrate enhanced both the amplitude and frequency of Ca2+ oscillations (p<0.01) (Fig. 5C, F). With
the treatment of TRPV4 activator 4aPDD, both the amplitude and frequency of Ca2+ oscillations in
chondrocytes were signi�cantly higher on soft substrate (p<0.005) (Fig. 5D, G). With the treatment of
TRPV4 inhibitor GSK205, the amplitude and frequency of Ca2+ oscillations were signi�cantly higher on
the stiff substrate (p<0.05) (Fig. 5E, H). Moreover, the relative percentage increase of Ca2+ oscillations
(amplitude and frequency) in chondrocytes treated with TRPV4 activator 4αPDD was higher on the soft
substrate than the stiff substrate during the cell swelling. On the other hand, the decrease of Ca2+
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oscillations induced by GSK205 was also higher on the soft substrate than the stiff substrate.
(Supplementary Table VII).

During the cell recovering process, the stiff substrate enhanced both the amplitude and frequency of Ca2+

oscillations in chondrocytes (p<0.001) (Fig. 5I, L). With the treatment of TRPV4 activator 4αPDD, both the
amplitude and frequency of Ca2+ oscillations in chondrocytes were signi�cantly higher on the stiff
substrate (p<0.01) (Fig. 5J, M). With the treatment of TRPV4 inhibitor GSK205, the amplitude of Ca2+

oscillations in chondrocytes showed no signi�cant difference between varying substrates (p>0.05) (Fig.
5K), but the frequency of Ca2+ oscillations in chondrocytes was signi�cantly higher on the stiff substrate
(p<0.05) (Fig. 5N). Moreover, with the treatment of TRPV4 activator 4αPDD or the TRPV4 inhibitor
GSK205, stiff substrate induced a higher percentage increase or decrease in Ca2+ oscillation in
chondrocytes than the soft substrate (Supplementary Table VIII), respectively. Our results, therefore,
suggested that the TRPV4 channel is involved in chondrocyte RVD response, exhibiting a completely
different substrate stiffness-dependent mode of Ca2+ oscillations between the cell swelling and
recovering progress.

4. Discussion
In this study, we only focused on the effects of the microenvironmental physical factor, substrate
stiffness, on the RVD and calcium signaling in chondrocytes. Our results showed that substrate stiffness
induced deformational discrepancies between the cell swelling and recovering under hypo-osmotic (180
mOsm) stimulus. Soft substrate induced robust swelling behaviors of chondrocytes while stiff substrate
contributed to a faster recovery behavior of chondrocytes during RVD response (Fig. 2D, H). This is not
surprising because chondrocytes on the stiff substrate have been shown to exhibit higher stiffness and
lower cell height before the RVD response [16], which might make chondrocytes more di�cult to swell in
response to the 180 mOsm osmolarity. In contrast, the lower mechanical properties of chondrocytes on
the soft substrate might make them easy to rapidly swell. But it is unclear yet why chondrocytes on the
stiff substrates recover faster than ones on soft substrates. It is well known that stiff substrate induces
cytoskeletal stiffening and hypo-osmotic (180 mOsm) challenge induces chromatin condensation, both
of which contribute to the cell stiffening [34, 37, 38]. Therefore, the higher increase in mechanical
properties of chondrocytes on the stiff substrate may make them store higher cytoskeletal tension and
more recovery energy. This would prevent chondrocytes from swelling but instead provide them with
greater motility to recover. It has been suggested that cell stiffness decreases with increasing volume as
cells are grown on a substrate with �xed stiffness [38], this is contrary to our �nding that the mechanical
parameters of chondrocytes on substrate of varying stiffness are all increased in varying degrees during
hydro-osmotic (180 mOsm) challenge.

Previous studies have been focused on the inactive mechanical response of chondrocytes to external
osmolarity or biochemical stimulus [34, 39-41]. Under the two-dimensional (2D) substrate test conditions,
the observed RVD response on substrates of varying stiffness is directly related to not only the substrate
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stiffness-induced adhesive force but also to applied hypo-osmotic (180 mOsm) challenge. Comparing
non-dimensional mechanical parameters, Eelastic, ER, E0 and m with cell diameter rate Vd, we found that
the Vd was negatively correlated with those substrate stiffness-dependent cell moduli during the cell

swelling (Fig. 6A). We also found that both the amplitude and frequency of Ca2+ oscillations were
negatively correlated with those parameters during the cell swelling (Fig. 6B).

Here, we show that stiff substrate enhanced Ca2+ oscillations of chondrocytes. Moreover, the Ca2+

oscillations of chondrocytes in the hypo-osmotic medium (180 mOsm) were more robust compared with
those in the iso-osmotic medium. The phenomena may be due to the large amounts of membrane area
are involved in membrane stretching during the hypo-osmotic (180 mOsm) challenge. However, this
explanation is only suitable for the cell swelling process but not for the cell recovering process.
Unfortunately, no mechanism underlying this phenomenon is available.

We found that the amplitude and frequency of Ca2+ oscillations were consistently correlated with the
change in Vd during the cell swelling process (Fig. 6C, D). During cell recovering process, the amplitude of

Ca2+ oscillations were not signi�cantly consistently correlated with the change in Vd (Fig. 6E), but the

frequency of Ca2+ oscillations were consistently correlated with the change in Vd (Fig. 6F). That suggests

the relation between cell diameter rate Vd and Ca2+ oscillations during the RVD response contributes to

elucidating the mechanism underlying the RVD response. The observed difference in Ca2+ oscillations of
chondrocytes on variable stiffness substrates may have important implications for regulating cell
function through the cell-instructive substrate or scaffold. For example, inappropriate increases in
chondrocyte volume lead to the progression of OA [18]. The robust Ca2+ oscillations can enhance
anabolic gene expression and matrix synthesis that are required to produce functional cartilage [27].

In vivo PCM may involve other mechanical and biochemical factors to co-regulate Ca2+ oscillations. Here,
we only focus on the effects of 2D substrate stiffness on hypo-osmotic challenge-induced Ca2+

oscillations of chondrocytes. However, our recent study indicated that the more physically-relevant 3D
matrix induces Ca2+ oscillations different from the 2D substrate [42]. Therefore, 3D cell-instructive
substrate is necessary to better understand the nature of mechanical microenvironment of chondrocytes
in the future studies [43]. Our study further con�rms the hypothesis that Ca2+ signaling is mediated by the
TRPV4 channel, in a stiffness-dependently manner, in chondrocytes sensing substrate stiffness in the iso-
osmotic (320 mOsm) and hypo-osmotic (180 mOsm) conditions. However, TRPV4-mediated Ca2+

oscillations of chondrocytes exhibited a more complex form during the RVD responding induced by hypo-
osmotic challenge. For example, soft substrate signi�cantly improved TRPV4-mediated Ca2+ oscillations
during the cell swelling, which is consistent with a previous study that soft PCM increases the TRPV4-
mediated Ca2+ response to hypo-osmotic (180 mOsm) challenge [15]. On the other hand, stiff substrate
greatly enhanced the TRPV4-mediated Ca2+ oscillations during the cell recovering.
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Note that substrate stiffness-induced cell stiffness may determine the capacity for cell volume regulation
and TRPV4-mediated Ca2+ oscillation. TRPV4 functions as a volume sensor and is activated by increased
cell volume irrespective of the molecular mechanism underlying the cell swelling [44]. However, the
detailed regulatory mechanisms remain unknown. Therefore, it is needed to further examine the
relationship between the rate of membrane deformation and calcium signaling during the cell swelling
and recovering progress. Additionally, the Ca2+ oscillation characteristics in native tissue remain to be
determined in that it is quite di�cult to determine whether the impact of substrate stiffness on Ca2+

signaling is chondroprotective or disease-promoting.

Our work shows that the substrate stiffness plays a critical role in regulating the RVD of chondrocyte and
TRPV4-mediated mechanotransduction, though here we do not prove that substrate stiffness directly
regulates the TRPV4 function. TRPV4 can be activated by a variety of other stimuli [45]. For example, the
cell swelling increases the membrane stretch and leads to increases in contacts between the adhesive
molecular and TRPV4, which could activate TRPV4 channels by conformational change-associated ‘‘gate’’
opening through actin reorganization [46]. But it has been proven challenging to demonstrate, in vitro,
that the TRPV4 channel is directly gated by mechanical inputs [47].

5. Conclusions
In summary, our work highlights the importance of substrate stiffness as a physical cue of the
microenvironment in modulating the RVD behavior and TRPV4-mediated Ca2+ signaling of chondrocyte
during the hypo-osmotic challenge. Thus, RVD response and TRPV4-mediated Ca2+ signaling, which are
critical features of chondrocytes, may change in pathological conditions such as matrix stiffness
variance in OA, therefore signi�cantly affecting many cellular functions. For future directions, it is
necessary to explore the relationship between calcium signaling and deformation rate in the cell swelling
and recovering by direct membrane stretching experiments with different frequency and magnitude. It is
well known that a three-dimensional (3D) cell matrix that mimics key factors of tissue is much more
representative of the in vivo microenvironment than two-dimensional (2D) substrate. Thus, with an
increasing list of available three-dimensional cell-supporting biomaterials, investigating the roles of
TRPV4 in regulating chondrocyte RVD and calcium signal based on in vivo animal models would be
clinically signi�cant. Our study coupled with a recent progress of ion channels mechanism of cell sensing
matrix stiffness is bene�cial for the design of cell-instructive scaffolds, which would be crucial for
chondrocytes to obtain appropriate mechanobiological behavior. Furthermore, modulation of substrate
stiffness-related mechanotransduction pathways, possibly by altering the TRPV4 function, could provide
a basis for therapeutic interventions for OA.
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Figure 1

Substrate stiffness affects the hypo-osmotic challenge (180 mOsm)-induced RVD response of
chondrocytes. (A) The percentage of RVD response in chondrocytes on stiff substrate (55 ± 6%) was
signi�cantly lower than that on medium (68 ± 6%) and softy substrate (72 ± 8%), re-spectively. The
analysis of RVD responsive rate in 82 chondrocytes on the stiff substrate, 76 chondrocytes on the
medium substrate and 74 chondrocytes on soft substrate. Each group is from 10 different experiments.
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(B) Representative time elapse recording of the RVD response in three chondrocytes from the stiff,
medium and soft substrate, respectively. (C) The diameter (d) changes of chondrocytes on variable
stiffness substrates during the complete RVD response. (D) The non-dimensional diameter (d/d0) change
of chondrocytes on variable stiffness substrates during the RVD response. The trend of d/d0 change with
time is consistent with Fig.1C. (E) The stiff substrate signi�cantly increased the mean swelling time (TS)
of chondrocytes during the cell swelling. (F) The percentage increase of chondrocyte diameter was
increased signi�cantly with substrate stiffness decreasing during the cell swelling. (G) The mean recovery
time (TR) of chondrocyte on the softer substrate was dramatically prolonged during the cell recovering.
(H) The percentage of chondrocyte recovery diameter was increased with substrate stiffness increas-ing.
(I) The mean RVD responding time (TRes) of chondrocyte on the soft substrate was signi�-cantly longer
than that on stiff substrate. The swelling and recovering processes of chondrocytes signi�cantly depend
on the substrate stiffness during RVD response. Bars represent mean with S.D. n value for panels A,C-F
denote the numbers of chondrocytes analyzed from six different experiments per substrate stiffness.
Statistical signi�cance was tested with one-way ANOVA and post hoc Tukey’s test. N.S., not signi�cant
(p>0.05). *, p< 0.05; **, p<0.01; ***, p<0.001.
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Figure 1

Substrate stiffness affects the hypo-osmotic challenge (180 mOsm)-induced RVD response of
chondrocytes. (A) The percentage of RVD response in chondrocytes on stiff substrate (55 ± 6%) was
signi�cantly lower than that on medium (68 ± 6%) and softy substrate (72 ± 8%), re-spectively. The
analysis of RVD responsive rate in 82 chondrocytes on the stiff substrate, 76 chondrocytes on the
medium substrate and 74 chondrocytes on soft substrate. Each group is from 10 different experiments.
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(B) Representative time elapse recording of the RVD response in three chondrocytes from the stiff,
medium and soft substrate, respectively. (C) The diameter (d) changes of chondrocytes on variable
stiffness substrates during the complete RVD response. (D) The non-dimensional diameter (d/d0) change
of chondrocytes on variable stiffness substrates during the RVD response. The trend of d/d0 change with
time is consistent with Fig.1C. (E) The stiff substrate signi�cantly increased the mean swelling time (TS)
of chondrocytes during the cell swelling. (F) The percentage increase of chondrocyte diameter was
increased signi�cantly with substrate stiffness decreasing during the cell swelling. (G) The mean recovery
time (TR) of chondrocyte on the softer substrate was dramatically prolonged during the cell recovering.
(H) The percentage of chondrocyte recovery diameter was increased with substrate stiffness increas-ing.
(I) The mean RVD responding time (TRes) of chondrocyte on the soft substrate was signi�-cantly longer
than that on stiff substrate. The swelling and recovering processes of chondrocytes signi�cantly depend
on the substrate stiffness during RVD response. Bars represent mean with S.D. n value for panels A,C-F
denote the numbers of chondrocytes analyzed from six different experiments per substrate stiffness.
Statistical signi�cance was tested with one-way ANOVA and post hoc Tukey’s test. N.S., not signi�cant
(p>0.05). *, p< 0.05; **, p<0.01; ***, p<0.001.

Figure 2
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Quanti�cation of chondrocyte diameter rate during the hypo-osmotic challenge (180 mOsm)-induced RVD
response. (A), (B) and (C) are the linearly �tting of cell diameter vs time curves on variable stiffness
substrates during the cell swelling. The diameter rate, Vd is the slope of a line. The cell diameter rate in
stiff, medium and soft substrate are Vd=0.26 ± 0.02 µm/min, Vd=0.38 ± 0.03 µm/min and Vd=0.72 ± 0.04
µm/min, respectively. (D) Soft substrate signi�cant-ly increased the cell diameter rate during the cell
swelling. (E), (F) and (G) are the linearly �tting of cell diameter vs time curves on substrates of varying
stiffness during the cell recovering. The diameter change curve from the maximum diameter to the state
of equilibrium was used to line-arly �t. The cell diameter change rate in stiff, medium and soft substrate
are Vd= 0.13 ± 0.02 µm/min, Vd= 0.09 ± 0.01µm/min and Vd= 0.08 ± 0.01µm/min, respectively. (H) Stiff
substrate enhanced the diameter rate of chondrocytes during the cell recovering process. A higher coe�-
cient of determination (R2) indicates a better linear match. n value for panels D and H denote the
numbers of chondrocytes analyzed from six different experiments per substrate stiffness. Bars represent
mean with S.D. Statistical signi�cance was tested with one-way ANOVA and post hoc Tukey’s test. N.S.,
not signi�cant (p>0.05). **, p< 0.01; ***, p<0.001.

Figure 2
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Quanti�cation of chondrocyte diameter rate during the hypo-osmotic challenge (180 mOsm)-induced RVD
response. (A), (B) and (C) are the linearly �tting of cell diameter vs time curves on variable stiffness
substrates during the cell swelling. The diameter rate, Vd is the slope of a line. The cell diameter rate in
stiff, medium and soft substrate are Vd=0.26 ± 0.02 µm/min, Vd=0.38 ± 0.03 µm/min and Vd=0.72 ± 0.04
µm/min, respectively. (D) Soft substrate signi�cant-ly increased the cell diameter rate during the cell
swelling. (E), (F) and (G) are the linearly �tting of cell diameter vs time curves on substrates of varying
stiffness during the cell recovering. The diameter change curve from the maximum diameter to the state
of equilibrium was used to line-arly �t. The cell diameter change rate in stiff, medium and soft substrate
are Vd= 0.13 ± 0.02 µm/min, Vd= 0.09 ± 0.01µm/min and Vd= 0.08 ± 0.01µm/min, respectively. (H) Stiff
substrate enhanced the diameter rate of chondrocytes during the cell recovering process. A higher coe�-
cient of determination (R2) indicates a better linear match. n value for panels D and H denote the
numbers of chondrocytes analyzed from six different experiments per substrate stiffness. Bars represent
mean with S.D. Statistical signi�cance was tested with one-way ANOVA and post hoc Tukey’s test. N.S.,
not signi�cant (p>0.05). **, p< 0.01; ***, p<0.001.
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Figure 3

AFM indentation and the analysis of mechanical properties of chondrocyte on variable stiffness
substrates during the cell swelling in 180 mOsm medium. All cells were seeded at density of 2 X 104
cells/cm2 in the AFM experiment. (A) Schematic illustration of the AFM measurement. Chondrocytes
maintained a spherical shape after 24 hours of cell seeding onto variable stiffness substrates. The AFM
probe was positioned over the perinuclear region of single chondrocyte in AFM experiments. Only
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chondrocytes with the RVD response were chosen for mechanical anal-ysis. AFM experiments were
performed 3 min after exposure to the hypo-osmotic challenge (180 mOsm). (B) Representative elastic
and time-dependent stress relaxation response of single chondrocyte in AFM experiments. Chondrocyte
usually exhibits the typical elastic response and subsequently stress-relaxation process. The Eelastic of a
chondrocyte was extracted from the initial indentation according to the Hertz model. The viscoelastic
properties were extracted by �tting the stress-relaxation curve. (C) Representative stress-relaxation curves
and theoretical �tting of chondrocytes from variable stiffness substrates during the cell swelling,
respectively. A higher coe�cient of determination (R2) indicates a better match between the stress
relaxation model and experimental data. (D-G) Comparison of mechanical parameters of chondrocytes
on varia-ble stiffness substrates during the cell swelling. Stiff substrate markedly increased the mechani-
cal parameters (Eelastic, ER, E0 and µ ) of chondrocytes. (H-K) Comparison of mechanical pa-rameters of
chondrocytes on variable stiffness substrates in the iso-osmotic (320 mOsm) (control group) and hypo-
osmotic (180 mOsm) medium. N.S., not signi�cant (p>0.05). *, p<0.05; **, p<0.01; ***, p<0.001; one-way
ANOVA and post hoc Tukey’s test. In each panel, bar height denotes the mean of the data points, error
bars denote standard error of the mean; the number of cells analyzed from variable stiffness substrates
is speci�ed above each bar.
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Figure 3

AFM indentation and the analysis of mechanical properties of chondrocyte on variable stiffness
substrates during the cell swelling in 180 mOsm medium. All cells were seeded at density of 2 X 104
cells/cm2 in the AFM experiment. (A) Schematic illustration of the AFM measurement. Chondrocytes
maintained a spherical shape after 24 hours of cell seeding onto variable stiffness substrates. The AFM
probe was positioned over the perinuclear region of single chondrocyte in AFM experiments. Only



Page 25/36

chondrocytes with the RVD response were chosen for mechanical anal-ysis. AFM experiments were
performed 3 min after exposure to the hypo-osmotic challenge (180 mOsm). (B) Representative elastic
and time-dependent stress relaxation response of single chondrocyte in AFM experiments. Chondrocyte
usually exhibits the typical elastic response and subsequently stress-relaxation process. The Eelastic of a
chondrocyte was extracted from the initial indentation according to the Hertz model. The viscoelastic
properties were extracted by �tting the stress-relaxation curve. (C) Representative stress-relaxation curves
and theoretical �tting of chondrocytes from variable stiffness substrates during the cell swelling,
respectively. A higher coe�cient of determination (R2) indicates a better match between the stress
relaxation model and experimental data. (D-G) Comparison of mechanical parameters of chondrocytes
on varia-ble stiffness substrates during the cell swelling. Stiff substrate markedly increased the mechani-
cal parameters (Eelastic, ER, E0 and µ ) of chondrocytes. (H-K) Comparison of mechanical pa-rameters of
chondrocytes on variable stiffness substrates in the iso-osmotic (320 mOsm) (control group) and hypo-
osmotic (180 mOsm) medium. N.S., not signi�cant (p>0.05). *, p<0.05; **, p<0.01; ***, p<0.001; one-way
ANOVA and post hoc Tukey’s test. In each panel, bar height denotes the mean of the data points, error
bars denote standard error of the mean; the number of cells analyzed from variable stiffness substrates
is speci�ed above each bar.
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Figure 4

The effects of substrate stiffness on cytosolic Ca2+ oscillations in chondrocytes in iso-osmotic medium
(320 mOsm). (A) Representative cell images showing Ca2+ �uorescence in chondro-cytes on variable
stiffness substrates, as marked with square and white arrow in �gures. Time elapse recordings of Ca2+
oscillations of three chondrocytes on the stiff, medium and soft sub-strates, respectively, as denoted by
the square in corresponding �gure 4A (right). (B) The per-centage of Ca2+ oscillation in chondrocyte was
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signi�cantly increased on the stiff substrates. The calcium responsive rate of chondrocytes on stiff,
medium and soft substrate in iso-osmotic me-dium (320 mOsm) was 56 ± 8%, 43 ± 6% and 42 ± 4%,
respectively. (C) Representative three chondrocyte showing cytosolic Ca2+ oscillations from the stiff,
medium and soft substrate, re-spectively, as marked with white arrows in �gure 4A. (D) Representative
time elapse recordings of Ca2+ oscillations of chondrocytes on the stiff, medium and soft substrates
treated by TRPV4 agonist 4αPDD and TRPV4 antagonist GSK205. (E) The amplitude of Ca2+ oscillations
in chon-drocytes was signi�cantly higher on stiff substrate than soft substrates. (F) Comparison of the
amplitude of Ca2+ oscillations in chondrocytes on variable stiffness substrates with or without
pharmacologically treatment. (G) The amplitude of Ca2+ oscillations in chondrocytes activated by
TRPV4 agonist 4αPDD was signi�cantly higher on the stiff substrate than soft substrate. (H) The
amplitude of Ca2+ oscillations in chondrocytes on varying substrate stiffness inhibited by TRPV4
antagonist GSK205 has no signi�cant difference. (I) The frequency of Ca2+ oscillations in chondrocytes
was signi�cantly higher on the stiff substrate than soft substrate. (J) Comparison of the frequency of
Ca2+ oscillations in chondrocytes on substrates of varying stiffness with or without pharmacologically
treatment. (K) The frequency of Ca2+ oscillations in chondrocytes activated by 4αPDD was signi�cantly
higher on the stiff substrate than the soft substrate. (L) The frequency of Ca2+ oscillations in
chondrocytes inhibited by GSK205 was signi�cantly higher on the stiff substrate than soft substrate. The
cytosolic Ca2+ oscillations in chondrocytes were medi-ated by TRPV4 in substrate stiffness-dependent
manner. N.S., not signi�cant (p>0.05). *, p< 0.05; **, p<0.01; ***, p<0.001; one-way ANOVA and post hoc
Tukey’s test.
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Figure 4

The effects of substrate stiffness on cytosolic Ca2+ oscillations in chondrocytes in iso-osmotic medium
(320 mOsm). (A) Representative cell images showing Ca2+ �uorescence in chondro-cytes on variable
stiffness substrates, as marked with square and white arrow in �gures. Time elapse recordings of Ca2+
oscillations of three chondrocytes on the stiff, medium and soft sub-strates, respectively, as denoted by
the square in corresponding �gure 4A (right). (B) The per-centage of Ca2+ oscillation in chondrocyte was
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signi�cantly increased on the stiff substrates. The calcium responsive rate of chondrocytes on stiff,
medium and soft substrate in iso-osmotic me-dium (320 mOsm) was 56 ± 8%, 43 ± 6% and 42 ± 4%,
respectively. (C) Representative three chondrocyte showing cytosolic Ca2+ oscillations from the stiff,
medium and soft substrate, re-spectively, as marked with white arrows in �gure 4A. (D) Representative
time elapse recordings of Ca2+ oscillations of chondrocytes on the stiff, medium and soft substrates
treated by TRPV4 agonist 4αPDD and TRPV4 antagonist GSK205. (E) The amplitude of Ca2+ oscillations
in chon-drocytes was signi�cantly higher on stiff substrate than soft substrates. (F) Comparison of the
amplitude of Ca2+ oscillations in chondrocytes on variable stiffness substrates with or without
pharmacologically treatment. (G) The amplitude of Ca2+ oscillations in chondrocytes activated by
TRPV4 agonist 4αPDD was signi�cantly higher on the stiff substrate than soft substrate. (H) The
amplitude of Ca2+ oscillations in chondrocytes on varying substrate stiffness inhibited by TRPV4
antagonist GSK205 has no signi�cant difference. (I) The frequency of Ca2+ oscillations in chondrocytes
was signi�cantly higher on the stiff substrate than soft substrate. (J) Comparison of the frequency of
Ca2+ oscillations in chondrocytes on substrates of varying stiffness with or without pharmacologically
treatment. (K) The frequency of Ca2+ oscillations in chondrocytes activated by 4αPDD was signi�cantly
higher on the stiff substrate than the soft substrate. (L) The frequency of Ca2+ oscillations in
chondrocytes inhibited by GSK205 was signi�cantly higher on the stiff substrate than soft substrate. The
cytosolic Ca2+ oscillations in chondrocytes were medi-ated by TRPV4 in substrate stiffness-dependent
manner. N.S., not signi�cant (p>0.05). *, p< 0.05; **, p<0.01; ***, p<0.001; one-way ANOVA and post hoc
Tukey’s test.
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Figure 5

Quantitative analysis of Ca2+ oscillations in chondrocytes on variable stiffness substrates in hy-po-
osmotic medium (180 mOsm). (A) Representative single-cell images showing Ca2+ �uores-cence in
chondrocyte on the stiff substrate during the RVD response. (B) Representative time-elapse recordings of
Ca2+ oscillations in chondrocyte on the stiff, medium and soft substrates in the cell RVD response,
respectively. The green lines represent the cell swelling process and the red lines represent the cell
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recovering process. (C-H) Summary of the amplitude and frequency of cytosolic Ca2+ oscillations in
chondrocytes on varying substrate stiffness with or without TRPV4 agonist 4αPDD or TRPV4 antagonist
GSK205 during cell swelling. The amplitude and frequency of cytosolic Ca2+ oscillations in chondrocytes
were signi�cantly higher on the soft substrate than stiff substrate during the cell swelling. (I-N) Summary
of the amplitude and fre-quency of cytosolic Ca2+ oscillations in chondrocytes on varying substrate
stiffness with or without TRPV4 agonist 4αPDD or TRPV4 antagonist GSK205 during the cell recovering.
The amplitude and frequency of cytosolic Ca2+ oscillations in chondrocytes were signi�cantly higher on
the stiff substrate than softer substrate. The spontaneous cytosolic Ca2+ oscillations in chon-drocytes
were mediated by TRPV4 in substrate stiffness-dependent manner during cell RVD re-sponse. The
numbers shown in parenthesis indicate the number of cells analyzed per substrate stiffness. N.S., not
signi�cant (p>0.05). *, p< 0.05; **, p<0.01; ***, p<0.001; one-way ANOVA and post hoc Tukey’s test.
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Figure 5
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osmotic medium (180 mOsm). (A) Representative single-cell images showing Ca2+ �uores-cence in
chondrocyte on the stiff substrate during the RVD response. (B) Representative time-elapse recordings of
Ca2+ oscillations in chondrocyte on the stiff, medium and soft substrates in the cell RVD response,
respectively. The green lines represent the cell swelling process and the red lines represent the cell
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recovering process. (C-H) Summary of the amplitude and frequency of cytosolic Ca2+ oscillations in
chondrocytes on varying substrate stiffness with or without TRPV4 agonist 4αPDD or TRPV4 antagonist
GSK205 during cell swelling. The amplitude and frequency of cytosolic Ca2+ oscillations in chondrocytes
were signi�cantly higher on the soft substrate than stiff substrate during the cell swelling. (I-N) Summary
of the amplitude and fre-quency of cytosolic Ca2+ oscillations in chondrocytes on varying substrate
stiffness with or without TRPV4 agonist 4αPDD or TRPV4 antagonist GSK205 during the cell recovering.
The amplitude and frequency of cytosolic Ca2+ oscillations in chondrocytes were signi�cantly higher on
the stiff substrate than softer substrate. The spontaneous cytosolic Ca2+ oscillations in chon-drocytes
were mediated by TRPV4 in substrate stiffness-dependent manner during cell RVD re-sponse. The
numbers shown in parenthesis indicate the number of cells analyzed per substrate stiffness. N.S., not
signi�cant (p>0.05). *, p< 0.05; **, p<0.01; ***, p<0.001; one-way ANOVA and post hoc Tukey’s test.



Page 34/36

Figure 6

The relationship between non-dimensional mechanical parameters, RVD response parameters and
cytosolic Ca2+ oscillations parameters in chondrocytes on variable stiffness substrates during the cell
swelling and recovering.
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