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Abstract

Objective—Mechanical factors play a critical role in the physiology and pathology of articular 

cartilage, although the mechanisms of mechanical signal transduction are not fully understood. We 

examined the hypothesis that type VI collagen is necessary for mechanotransduction in articular 

cartilage, by determining the effects of type VI collagen knockout on the activation of the 

mechano-osmosensitive calcium-permeable channel, transient receptor potential vanilloid 4 

(TRPV4), osmotically-induced chondrocyte swelling, and pericellular matrix (PCM) mechanical 

properties.

Methods—Confocal laser scanning microscopy was used to image TRPV4-mediated calcium 

signaling and osmotically-induced cell swelling in intact femora from 2 and 9 month old wild type 

(WT) and type VI collagen deficient (Col6a1−/−) mice. Immunofluorescence-guided atomic force 

microscopy was used to map PCM mechanical properties based on the presence of perlecan.

Results—Hypo-osmotic stress induced TRPV4-mediated calcium signaling was increased in 

Col6a1−/− mice relative to WT controls at 2 months. Col6a1−/− mice exhibited significantly 

increased osmotically-induced cell swelling and decreased PCM moduli relative to WT controls at 

both ages.

Conclusion—In contrast to our original hypothesis, type VI collagen was not required for 

TRPV4-mediated Ca2+ signaling; however, knockout of type VI collagen altered the mechanical 

properties of the PCM, which in turn increased the extent of cell swelling and osmotically-induced 

TRPV4 signaling in an age-dependent manner. These findings emphasize the role of the PCM as a 

transducer of mechanical and physicochemical signals, and suggest that alterations in PCM 

properties, as may occur with aging or osteoarthritis, can influence mechanotransduction via 

TRPV4 or other ion channels.
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INTRODUCTION

Osteoarthritis (OA) is a painful and debilitating joint disease that affects over 27 million 

adults nationwide and over 60% of the population over the age of 70, with tremendous 

impact on the world economy (1). Indeed, OA is likely a family of diseases with 

multifactorial etiopathogenesis that involve genetic, molecular, and environmental 

influences. In particular, biomechanical factors play a critical role in joint health, as well as 

in the initiation and progression of OA (2). Altered joint loading is well-recognized as a risk 

factor for OA and has been shown to lead to deleterious changes in the composition, 

structure, metabolism, and mechanical properties of articular cartilage (3). For example, 

joint instability due to ligamentous or meniscal injury often results in progressive joint 

degeneration with a clinical risk of OA approaching 50% within 5-10 years (4). Joint 

immobilization, on the other hand, causes atrophic changes in cartilage composition and 

properties (5), which can be recovered with remobilization of the joint (6). Interestingly, 

however, joint immobilization at the time of a joint destabilizing injury is protective of the 

development of OA in mice due to reduced mechanical activation of metalloproteases (7). 

These findings indicate that there is an important balance of chondrocyte anabolic and 

catabolic activities that are mediated by the cartilage mechanical environment, and factors 

that alter chondrocyte mechanotransduction may contribute to the pathogenesis of OA (8).

Within the cartilage extracellular matrix (ECM), chondrocytes are surrounded by a unique 

matrix region termed the pericellular matrix (PCM) (9). Because the PCM surrounds each 

cell, any biochemical or biophysical signal the chondrocyte perceives is likely to be 

influenced, and potentially regulated, by the properties of the PCM (10). In addition to the 

constituents of the ECM, the PCM is rich in proteoglycans and is the exclusive location of 

type VI collagen in adult cartilage (9). Type VI collagen anchors the chondrocyte to the 

PCM through β-integrin receptors as well as through the transmembrane proteoglycan NG2 

(11, 12). In mice, knockout of type VI collagen decreases the mechanical properties of the 

PCM and leads to accelerated development of OA in the hip (13) but not the knee (14). 

Collagen VI-deficient mice also show dysfunctional tendon fibrillogenesis, which may be 

associated with site-specific joint laxity (15). Interestingly, mice lacking type VI collagen 

also exhibit a myopathic disorder that is characterized by mitochondrial dysfunction and 

Ca2+ dysregulation (16), which affects muscle cell metabolism and mechanotransduction 

(17). It is possible, therefore, that type VI collagen may also regulate Ca2+ signaling in cell 

types from other tissues, such as cartilage.

Deformation of cartilage during normal daily activities exposes the chondrocytes to varying 

stresses, strains, hydrostatic pressure, interstitial fluid flow, electrokinetic effects and, 

interestingly, osmotic pressure (18). Compression of the cartilage matrix causes water to be 

exuded from the tissue, while the negatively charged proteoglycans are retained and attract 
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positive counter-ions. This phenomenon results in fluctuations in the interstitial osmolarity 

of ECM (19) and the PCM (20). Chondrocytes respond to changes in osmolarity with 

transient increases in intracellular Ca2+ (21) that ultimately regulate the cells’ metabolic 

function and matrix synthesis (22). While the mechanisms regulating this response are 

complex, recent studies suggest that this mechano-osmotic transduction occurs via the ion 

channel TRPV4 (transient receptor potential vanilloid 4), a non-selective, Ca2+-preferring 

channel that is both osmotically (23) and mechanically activated (24). TRPV4 is highly 

expressed in chondrocytes and appears to be the primary regulator of Ca2+ signaling in 

response to osmotic change in chondrocytes (23). TRPV4 mediated Ca2+ influx can also 

activate Sox9 expression, a transcription factor that functions as a master regulator of 

chondrogenesis (25). Additionally, TRPV4 expression during development corresponds with 

the aggrecan and collagen II gene expression profiles (26), which are both components of 

the cartilage matrix. Importantly, TRPV4 appears to play a critical role in the transduction of 

mechanical loading into an intracellular signal that regulates chondrocyte matrix production 

(27), and genetic knockout of TRPV4 leads to a loss of osmotic Ca2+ signaling and 

subsequently, age-dependent OA (28), whereas mutations in TRPV4 can lead to skeletal 

dysplasias or arthropathies, depending on the site of the mutation within the gene (29).

Taken together, these previous studies suggest that alterations in the mechanotransduction 

process, either due to changes in the mechanical or physicochemical properties of the PCM 

or dysfunctional mechanosensation at the cellular level, may lead to a loss of chondrocyte 

homeostasis and potentially OA. Furthermore, growing evidence suggests that cellular and 

cytoskeletal interactions with the surrounding matrix may in fact regulate the activity of 

sensory ion channels such as TRPV4 (30). In the present study, we hypothesized that type 

VI collagen was necessary for TRPV4 channel activation, and that mice lacking type VI 

collagen would exhibit a loss of TRPV4-mediated Ca2+ signaling in an age-dependent 

manner. Using fluorescence confocal laser scanning microscopy, we measured the activation 

of TRPV4 in response to a hypo-osmotic stimulus in chondrocytes in situ within wild type 

(WT) and collagen VI deficient (Col6a1−/−) mouse cartilage. To further determine the 

mechanisms involved in the observed response, we examined the change in chondrocyte 

volume in response to osmotic swelling, and applied immunofluorescence-guided atomic 

force microscopy (AFM) to spatially map the properties of the PCM in Col6a1−/− mice.

MATERIALS & METHODS

All procedures were performed in accordance with an Institutional Animal Care and Use 

Committee–approved protocol. Male and female CD1 mice (Charles River Laboratories) 

were obtained at 6 weeks and grown to 2 and 9 months as wild type (WT) controls. Type VI 

collagen deficient mice were on a CD1 genetic background with the Col6a1 gene disrupted, 

which eliminates the α1(VI) chain and results in a lack of triple helical collagen VI (13). 

WT and Col6a1−/− mice (13) were sacrificed at 2 months or 9 months of age. Hind limbs 

were disarticulated from the body, and the femora were isolated and cleaned of muscle, 

ligament, and tendon under a dissection microscope. During dissection, the femora were 

frequently sprayed with PBS so that the cartilage remained moist. Care was taken 

throughout dissection to avoid direct contact with articular cartilage. In separate 

experiments, nearly 100% viability of the chondrocytes was confirmed after dissection of 
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test limbs using a fluorescence viability assay (Invitrogen). After harvest, femora were 

submerged in medium (phenol red-free Dulbecco’s modified Eagle’s medium, 15mM 

HEPES, 2mM L-Glutamine, 1mM Sodium Pyruvate, pH 7.4) at 37°C and 5% CO2 for use 

within 12 hours of sacrifice.

Fluorescence imaging of Ca2+ in intact femora

Fluorescence imaging. All femora were imaged on the day of isolation. Prior to imaging, the 

chondrocytes in the intact femoral articular cartilage were loaded for 40 minutes at 37°C 

with two visible light fluorescent Ca2+ indicators, Fura-Red AM (30μM) and Fluo-4 AM (16 

μM) (Invitrogen-Molecular Probes). Femora were held on a custom-built apparatus inside 

heated perfusion chamber (Zeiss) that was mounted on an inverted confocal laser scanning 

microscope (LSM 510; Zeiss). Femora were submerged in 2.5 ml of isotonic (300mOsm) 

medium with the articular cartilage resting on a cover slip over the microscope objective 

(Figure 1A). The temperature of the medium within chamber was maintained at 37°C 

throughout experiment using a feedback controlled heated stage.

Transient changes in intracellular Ca2+ concentration ([Ca2+]i) were measured using an 

adaptation (28) of a previously described ratiometric imaging technique (31). The sample 

was excited using an argon ion laser (488 nm), and fluorescence emission was recorded 

using a 20x objective lens at 505-550 (Fluo-4) and at greater than 650 (Fura-Red) (Figure 
1B). Nine scans were performed with the femora submerged in 300 mOsm media or 300 

mOsm + 100 μM GSK205 before media was withdrawn and replaced by a vehicle control 

(1:100 DMSO), hypotonic (200 mOsm), isotonic (300 mOsm) or hypotonic/isotonic + 100 

μM GSK205 medium. In the experiments where GSK205 was used to inhibit TRPV4, a 40 

minute pre-incubation of 100μM GSK205 was also performed. Sequential images were 

recorded at a scan rate of 0.28Hz for 12 minutes to measure relative [Ca2+]i. Medium 

osmolarity was adjusted before experiment by adding distilled water and verified using a 

freezing point osmometer (Osmette A; Precision Systems).

Image Analysis. The ratiometric fluorescence was normalized to the average value over the 

first 9 scans for each individual cell. A positive [Ca2+]i response (a ‘signal’) was defined as 

an increase in normalized ratiometric fluorescence greater than 4 standard deviations over 

background noise, with both fluorescence indicators responding (Figure 1C). Background 

noise was calculated based on 60 non-signaling cells with no stimuli. Data was analyzed 

using a custom MATLAB program (MathWorks). Each experimental group included 50-134 

individual cells from at least 3 different animals. The percentage of cells responding with 

signal was calculated and chi-squared test were used to determine significant differences 

between groups.

Cellular swelling of chondrocytes in intact femora

Fluorescence imaging. Femora were isolated as described above. Prior to imaging, the 

chondrocytes in intact femoral articular cartilage were loaded for 30 minutes at room 

temperature with Calcein-AM (10μm) (Invitrogen). Femora were held and imaged on an 

inverted confocal laser scanning microscope as described above. The temperature of the 

medium within chamber was maintained at 37°C throughout the experiment. Volume 
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changes of chondrocytes in intact femora were measured before and after exposing the 

specimens to isotonic (300 mOsm) or hypotonic (200 mOsm) medium. Two sets of image 

stacks comprising typically 35×1μm Z increments using a 40x objective lens at a scan rate of 

0.06 Hz, once before and once after media exchange. Samples were left for 5 minutes after 

media exchange before second set was taken to allow for diffusion of the media through the 

intact cartilage.

Image Analysis. Confocal laser scanning microscopy using this Z-stack method provides 

three-dimensional information, which can be reconstructed to provide quantitative volume 

measurements of imaged chondrocytes (32, 33). Three-dimensional reconstruction of the 

image stacks was performed using MATLAB to determine cell volume before and after the 

medium exchange. For defining the cell boundary, a 40% baseline threshold segmentation 

method was used to take into account variations in fluorescence intensity of individual 

chondrocytes (32). Both genotypes and age groups exhibited similar low levels of volume 

change in response to isotonic media exchange, which was attributed to a small amount of 

photobleaching. As such, percent volume change was calculated by normalization to 

isotonic exchange. Each treatment group included at least 16 cells from 2-3 different 

animals. A two-way ANOVA was used to examine the effects of genotype and age on cell 

swelling.

Atomic force microscopy (AFM) for measuring PCM mechanical properties

Specimen preparation. Femora from 2 or 9 month old WT or Col6a1−/− mice were 

embedded in water-soluble embedding medium and condyles were sectioned in 5 μm-thick 

slices using a cryostat microtome. Only a thin cartilage layer was included with no 

underlying subchondral bone. Samples were collected on glass slides and rinsed with PBS to 

remove the embedding medium.

Elastic moduli were quantified using an AFM system integrated with an optical microscope 

to allow for phase contrast imaging of cartilage samples as described previously (34). A 5 

μm diameter glass sphere was attached to a 4.5 N/m AFM cantilever for microscale 

mechanical measurements. Indentations were applied with a force trigger of 300 nN and an 

indentation velocity of 15μm/s, based on previous work in this lab showing little or no rate-

dependence of moduli collected at velocities ranging from 5 μm/s to 25 μm/s. Previous 

studies have used type VI collagen to define the edges of the PCM (34), but because the 

present study used Col6a1−/− mice, perlecan, which is also specific to the PCM (35), was 

used to define the PCM. Thus, perlecan was labeled using immunohistochemical techniques 

as described previously (35). Labeling of type VI collagen on adjacent sections was 

performed to confirm presence in WT, and absence in Col6a1−/− samples. Scan regions 

(10×10 μm) were selected based on presence (PCM) or absence (ECM) of perlecan and 

AFM force maps were taken in a 20×20 grid (PCM) or 4×4 grid (ECM).

Data Analysis. Raw data for cantilever deflection and z-piezo movement were analyzed 

using a custom MATLAB script. A modified Hertz contact mechanics model was used to 

calculate tissue modulus (36). The Poisson's ratio was assumed to be 0.04 for all tissue 

regions (37). Probe–surface contact was identified using a contact point extrapolation 

method described previously (38). The mean moduli of perlecan-labeled (PCM) or perlecan 
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free (ECM) regions were calculated. Groups contained measurements from 24-43 separate 

sites across at least 3 different animals. The effects of genotype and age on PCM and ECM 

moduli were determined using a 2-way ANOVA on log-transformed data (p < 0.05).

RESULTS

Immunohistochemistry

Articular cartilage of WT mice showed extensive pericellular labeling for type VI collagen, 

whereas type VI collagen was absent in Col6a1−/− mice (Figure 2a). Both wild-type and 

Col6a1−/− mice stained positively for perlecan in a region immediately around the cell of 

approximately 1-2 μm, consistent with the demarcation of the PCM (34) (Figure 2b). 
Neither type VI collagen nor perlecan labeling were found in the ECM.

Ca2+ signaling in intact femoral cartilage

In mice of all genotypes and ages, exposure to hypotonic media (-100 mOsm) induced 

significant Ca2+ signaling in chondrocytes that was blocked with TRPV4 specific antagonist 

GSK205, indicating that the signaling was mediated by TRPV4 (Figure 3). Both 2 month 

old Col6a1−/− and WT mice had similar levels of Ca2+ signaling at baseline (with iso-

osmotic media exchange), however the percent of cells signaling when under hypotonic 

stress was significantly greater in Col6a1−/− mice than in their WT counterparts (Figure 3). 
Nine month old Col6a1−/− mice trended towards increased signaling at baseline, however 

they responded to the same level of signaling as the WT mice with hypotonic stress (Figure 
3). This finding indicates that lack of collagen VI does alter mechano/osmo-responsiveness 

in chondrocytes.

The increase in Ca2+ signaling relative to isotonic exchange was also different in Col6a1−/− 

mice as compared to controls. In WT mice, the relative increase in signaling with hypotonic 

stress was much greater for 9 month old mice compared to 2 month old mice (2 months: 

Hypo:Iso 69%:54% =29% increase, 9 months: Hypo:Iso75%:32% =132% increase). In 

Col6a1−/− mice, however, both 2 month old and 9 month old groups exhibited the same 

relative increase in signaling in response to hypotonic stress (2 months: Hypo:Iso 88%:57% 

=53% increase, 9 months: Hypo:Iso 67%:44% =52% increase).

Cellular Swelling of chondrocytes in intact femora

The baseline volume of the chondrocytes from 2 month old mice was not significantly 

different between WT and Col6a1−/− mice (2 months WT: 289±16μm3, Col6a1−/−: 

266±14μm3) ; however, at 9 months the WT chondrocytes were significantly smaller than 

the Col6a1−/− (9 months WT: 237±7μm3, Col6a1−/−: 262±8μm3) and significantly smaller 

than their 2 month counterparts (ANOVA on log transformed data, age*genotype p=0.01). 

All chondrocytes swelled in response to hypotonic (-100 mOsm) media exchange (Figure 
4). Chondrocytes from Col6a1−/− mice, however, swelled significantly more than their WT 

counterparts. There was no effect of age on chondrocyte swelling (Figure 4).
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Mechanical properties of PCM

In WT and Col6a1−/− mice, AFM-generated stiffness maps revealed clear regions of lower 

compressive modulus around the cells that matched perlecan labeling of the PCM (Figure 
5a). The ECM elastic modulus decreased significantly with age and there was a trend 

towards a lower ECM modulus of Col6a1−/− mice (Figure 5b). The PCM of Col6a1−/− 

mice was significantly less stiff than that of the WT mice, indicating loss of mechanical 

properties of the PCM with knockout of collagen VI (Figure 5c). There was no significant 

effect of aging on the PCM modulus.

DISCUSSION

Our findings suggest that chondrocyte mechano-osmotic signaling through TRPV4 is 

mediated by the mechanical properties of the PCM in an age-related manner, based on the 

presence of type VI collagen. In contrast to our original hypothesis that type VI collagen is 

necessary for TRPV4 activity, both WT and Col6a1−/− mice showed spontaneous and 

osmotically-induced TRPV4-mediated Ca2+ signaling. At 2 months of age, mice lacking 

collagen VI exhibited an increased TRPV4-mediated response to hypo-osmotic stress as 

compared to WT controls. The increased signaling in Col6a1−/− mice corresponded with 

increased cell swelling in response to hypo-osmotic stress, which was associated with a loss 

of mechanical properties in the Col6a1−/− PCM as compared to WT controls. Taken 

together, these findings show that type VI collagen regulates the mechanical properties of 

the PCM, cell swelling, and therefore osmotically-induced TRPV4 signaling in an age-

dependent manner. Additionally, these findings further support the role of the PCM as a 

transducer of mechanical and physicochemical signals in cartilage, and suggest that 

alterations in PCM properties can influence the mechanotransduction processes necessary 

for maintaining cartilage homeostasis.

TRPV4 is a polymodally-activated channel that can respond to a variety of physical signals 

including changes in osmolarity, deformation, or temperature, and may serve as an 

“integrator” of various signals at the cell surface. In this regard, previous studies have 

provided evidence to suggest that TRPV4 activation may occur through interactions between 

cell surface receptors and the surrounding matrix (39). For example, the presence of a PCM 

has been shown to enhance the chondrogenic biosynthetic response to mechanical load (40), 

and recent studies have shown that this effect is mediated by TRPV4 (27) as well as 

collagen VI (41). Type VI collagen anchors the chondrocyte to the PCM through various 

integrin receptors (9) as well as through the transmembrane proteoglycan NG2 (11, 12). 

TRPV4 expressed on endothelial cells can be rapidly activated by pulling on magnetic beads 

attached to β-integrins (24), and co-immunoprecipitates with α2 integrin (42). Furthermore, 

intracellular Ca2+ signaling in response to hypo-osmotic stimuli or the TRV4 agonist 

GSK1016790A is lost in mice lacking the collagen binding receptor α1 integrin subunit 

(30). While this data together suggests a potential linkage between TRPV4, α2β1 integrins 

and collagen VI in chondrocytes, our findings suggest that collagen VI is not required for 

TRPV4-mediated signaling in these cells, but rather that changes in chondrocytes’ volume 

secondary to the hypotonic stimulus are responsible for activating the channel. This finding 

is also consistent with studies that show that hypo-osmotic stress or specific agonists can 
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activate TRPV4 in isolated chondrocytes that do not have a PCM (23) and furthermore, 

TRPV4 signaling is more closely correlated to the change in cell volume rather than the 

change in osmolarity (43). Nonetheless, it is unlikely that TRPV4 is directly gated by 

mechanical stretch of the chondrocytic cell membrane during cell swelling, as the channel 

does not respond to membrane distortion when isolated (44) and neither negative patch-

clamp pressure nor micropipette aspiration activate chondrocyte Ca2+ signaling at 

physiologic levels of membrane stretch (45). One potential explanation for this lack of 

responsiveness to stretch is the fact that chondrocytes possess large amounts of excess 

membrane area, such that under physiologic conditions the membrane is more likely to 

unfold than to stretch (46).

Under physiologic conditions, chondrocytes undergo dynamic changes in osmolarity due to 

loading-induced consolidation and recovery of the cartilage ECM. In this study, we used 

osmotic stress as a physiologically-relevant means of activating TRPV4. The downstream 

effect of chondrocyte swelling are multifocal and include increases in intracellular Ca2+, 

cytoskeletal rearrangement (21), gene activation (47) and activation of regulatory volume 

decrease (48). As the chondrocyte is fully surrounded by the PCM, this region plays a 

critical role in the transduction of ECM compression into local physicochemical (i.e., 

osmotic) changes [reviewed in (10)]. Furthermore, the PCM can regulate cellular swelling 

by physically preventing the enlargement of the cell. Several computational and 

experimental studies have shown that alterations in composition and mechanical properties 

of the PCM can influence the swelling behavior of chondrocytes (49, 50). Our data showed 

that mice lacking type VI collagen exhibited significantly greater chondrocyte swelling in 

response to osmotic stress. Under these test conditions, the chondrocyte is expected to 

behave as an “ideal” osmometer such that the swelling pressure will be directly related to the 

applied osmotic changes (46). Thus, the differences in chondrocyte swelling in situ are 

likely due to differences in the mechanical properties of the PCM, rather than any active 

chondrocyte responses or differences in cellular biophysical properties.

Thus, to directly test the hypothesis that collagen VI regulates PCM mechanical properties, 

immunofluorescence-guided AFM was used to spatially map the in situ modulus of the 

PCM. Col6a1−/− mice showed significantly lower PCM moduli as compared to WT 

controls, consistent with a previous study that used micropipette aspiration to determine 

PCM properties in extracted chondrons (13). Based on previous theoretical models of cell-

PCM-ECM interactions, such changes in PCM properties would be expected to significantly 

influence the transmission and transduction of both mechanical and osmotic stresses from 

the ECM to the PCM (10). Similarly, the PCM has been shown to soften and expand with 

the development of osteoarthritis (37 , 51). As such, it is likely that the mechanical signals 

transmitted to the chondrocyte are altered in OA cartilage, and may contribute to the loss of 

homeostasis in matrix production (10).

In summary, our findings indicate that type VI collagen can play an important role in 

regulating chondrocyte mechanotransduction via TRPV4. However, our findings do not 

support a direct role of collagen VI in the function of the channel, as chondrocytes from 

Col6a1−/− mice were functionally responsive to osmotic stimuli via TRPV4 activation. 

Rather, our findings suggest that type VI collagen plays a critical role in the mechanical 
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properties of the PCM, and therefore regulates the transduction and transmission of 

mechanical and osmotic stresses from the ECM to the PCM, and thus to the chondrocyte 

(10). Future studies may wish to examine the effects of direct mechanical loading in this 

context (52), as well as the potential roles of other pericellular components, such as type IX 

collagen (53) or other mechanosensitive channels (54). These findings also emphasize the 

importance of in situ measurements of cell behavior and matrix properties to allow for a 

more physiologic context for studies of mechanotransduction (28, 35). Finally, these 

findings indicate that changes in matrix properties, such as those occurring with OA, could 

thus affect mechanotransduction in chondrocytes and matrix metabolism. In this regard, 

modulation of mechanotransduction pathways, possibly by altering TRPV4 function, could 

provide a basis for therapeutic interventions for OA. A more thorough understanding of the 

mechanotransduction cascade in chondrocytes and stem/progenitor cells will also have 

important implications for enhancing chondrogenesis in engineered cartilage replacement 

(27, 40 , 41).
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Figure 1. Schematic of in situ Ca2+ imaging configuration
A. Experimental system for fluorescence imaging of Ca2+ in chondrocytes within intact 

murine femoral condyle on a confocal laser scanning microscope. Media was exchanged 

with a peristaltic pump while fluorescence ratio imaging was performed. B. Representative 

frame of fluorescence imaging with Fura Red (red) and Fluo-4 (green). C. Representative 

fluorescence recording of single signaling cell over time. Red and green lines show Fura 

Red and Fluo-4 intensity (respectively), and black shows ratio of green to red. Stars mark 

significant increases in intracellular Ca2+ concentration.
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Figure 2. Immunohistochemistry for type VI collagen and perlecan in mouse cartilage
A. Immunohistochemistry shows the localized pericellular presence of type VI collagen in 

WT but not Col6a1−/− mice at both 2 and 9 month ages. B. Immunolabeling shows clear 

presence of perlecan in the pericellular region of WT as well as Col6a1−/− mice at both 2 

and 9 month time points.

Zelenski et al. Page 14

Arthritis Rheumatol. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Osmotically-induced Ca2+ signaling in chondrocytes in situ
The percentage of cells responding with a Ca2+ signal was significantly higher in response 

to −100mOsm change in osmolarity than to iso-osmotic control, and this hypo-osmotic 

signaling was significantly greater in Col6a1−/− mice than in WT for 2 month old mice. All 

signaling was significantly inhibited with the TRPV4 antagonist GSK205, indicating that the 

response was mediated by TRPV4. *: Significantly greater than iso-osmotic control, #: 

Significantly less than −100mOsm treatment, %: Significant difference between WT and 

Col6a1−/−, & Significantly greater than 9 month group. All analyses performed with a chi-

squared test (p<0.05).
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Figure 4. In situ measurements of chondrocyte volume and osmotically-induced swelling
A. Representative images of one z-stack slice for volume reconstructions obtained with 

Calcein-AM intracellular label before (300mOsm) and after hypotonic fluid exchange 

(200mOsm). B. Rendering of 3-D reconstruction of a representative cell before (left) and 

after (right) hypotonic fluid exchange. C. Percent increase in chondrocyte volume in intact 

femoral condyle in response to hypotonic media change. WT chondrocytes showed a 

significantly smaller volume increase with hypo-osmotic stress than Col6a1−/− 

chondrocytes, regardless of age (2-way ANOVA, genotype p<0.0085, age p=0.12, 

interaction p=0.93). Bars show mean±SEM.
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Figure 5. Immunofluorescence-guided AFM for mapping ECM and PCM moduli
A. Sample AFM force maps show matrix stiffness around cells in cartilage from 2 month 

and 9 month old mice. Perlecan labeling was used to define the boundaries of the PCM 

around each cell. B. ECM elastic moduli were greater in 2 month mice than 9 month mice. 

There was a trend towards WT having a greater ECM modulus than Col6a1−/− (2-way 

ANOVA on log transformed data, age p=0.016, genotype p=0.087, interaction p=0.23). C. 

PCM moduli of Col6a1−/− mice were significantly lower than those of WT mice regardless 

of age (2-way ANOVA on log transformed data, genotype p=0.0013, age p=0.67, interaction 

p=0.21). Bars show mean±SEM.
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