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Abstract Collagen degradation is one of the early signs
of osteoarthritis. It is not known how collagen degrada-
tion affects chondrocyte volume and morphology. Thus, the
aim of this study was to investigate the effect of enzymati-
cally induced collagen degradation on cell volume and shape
changes in articular cartilage after a hypotonic challenge.
Confocal laser scanning microscopy was used for imaging
superficial zone chondrocytes in intact and degraded cartilage
exposed to a hypotonic challenge. Fourier transform infrared
microspectroscopy, polarized light microscopy, and mechan-
ical testing were used to quantify differences in proteoglycan
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and collagen content, collagen orientation, and biomechani-
cal properties, respectively, between the intact and degraded
cartilage. Collagen content decreased and collagen orienta-
tion angle increased significantly (p < 0.05) in the superfi-
cial zone cartilage after collagenase treatment, and the instan-
taneous modulus of the samples was reduced significantly
(p < 0.05). Normalized cell volume and height 20 min after
the osmotic challenge (with respect to the original volume
and height) were significantly (p < 0.001 and p < 0.01,
respectively) larger in the intact compared to the degraded
cartilage. These findings suggest that the mechanical envi-
ronment of chondrocytes, specifically collagen content and
orientation, affects cell volume and shape changes in the
superficial zone articular cartilage when exposed to osmotic
loading. This emphasizes the role of collagen in modulating
cartilage mechanobiology in diseased tissue.

Keywords Articular cartilage - Mechanobiology -
Microscopy - Enzymatic treatment - Collagen - Chondrocytes

1 Introduction

Articular cartilage is comprised of cells (chondrocytes,
~1-10% of the volume fraction) that are embedded in
an extracellular matrix (ECM) consisting of proteoglycans
(PGs, 4-7 % of the wet weight), collagen (10-20 % of the wet
weight), and interstitial fluid (65-80 % of the wet weight)
(e.g., Mankin et al. 1994; Stockwell and Meachim 1973;
Stockwell 1991). The structure of articular cartilage shows
a zonal variation throughout the tissue depth (Stockwell and
Meachim 1973; Mankin et al. 1994). Specifically, cells in the
superficial zone are oval, flattened, and surrounded by the
tangentially oriented collagen fibers, while the PG content is
in its lowest and fluid fraction in its highest level in this zone.
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The chondrocyte and the surrounding pericellular matrix
(PCM) form the chondron (Poole 1997). The PCM contains
more PGs than the ECM, and the primary connection from
the PCM to the ECM and chondrocyte is through type VI
collagen fibrils (Poole et al. 1992). Chondrocytes maintain
the integrity of the ECM and PCM by producing PGs and
collagen (Stockwell 1991), while the PCM has been sug-
gested to mechanically protect cells (Guilak et al. 2006; Poole
et al. 1988). Together with the ECM, the PCM has also been
suggested to modulate biomechanical and biophysical sig-
nals perceived by chondrocytes and, consequently, cartilage
mechanotransduction (Alexopoulos et al. 2005; Guilak et al.
2006; Guilak 2011; Millward-Sadler and Salter 2004).

The extracellular osmolarity in healthy articular cartilage
is around 350-480 mOsm, depending on the cartilage com-
position and zone (Urban et al. 1993). Osteoarthritis (OA) is
characterized by structural and compositional changes in the
collagen network, reduced PG content, and an increased fluid
fraction (Arokoski et al. 2000; Grushko et al. 1989; Maroudas
and Venn 1977; Stockwell 1991). These alterations in carti-
lage composition have been shown to lead to reduced extra-
cellular osmolarity and increased chondrocyte volume (Bush
and Hall 2003; Urban et al. 1993). Altered chondrocyte vol-
ume may result in altered cell biosynthesis (Buschmann et al.
1996; Newman and Watt 1988; Urban et al. 1993) and mech-
anotransduction (Buschmann et al. 1996), affecting also OA
progression.

Several previous studies have investigated the relation-
ships between ECM and PCM properties and chondrocyte
volume and morphology in osmotically challenged carti-
lage. Hing et al. (2002) showed that size and structure of
the PCM modulate chondrocyte response to osmotic chal-
lenge. Korhonen et al. (2010a,b) suggested that chondrocyte
shapes in hypo-osmotically challenged rabbit articular carti-
lage are modulated along the primary collagen fibril direc-
tions. A recent study (Korhonen et al. 2011) showed that
especially the progressive collagen loss of the PCM and
ECM in the superficial tissue of spontaneously degenerated
human articular cartilage modulates cell morphology during
the progression of OA. Furthermore, Turunen et al. (2012)
suggested that the integrity of the mechanical environment of
chondrocytes affects superficial zone cell volume and shape
changes following the hypotonic challenge of bovine carti-
lage. Although these aforementioned studies suggest that the
ECM and PCM, especially the collagen network, modulate
cell function, it has not been directly shown how different
constituents of the ECM affect cell volume and morphology
in osmotically challenged articular cartilage.

Cell volumes in the superficial zone of intact cartilage
(measurements taken through the intact cartilage surface)
have been found to be significantly larger at steady state after
a hypotonic challenge (from tens of minutes to several hours)
than before the challenge (Korhonen et al. 2010b; Turunen
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et al. 2012), while they have been found to recover to the
original volume in explant tissues (measurements conducted
through the cut surface) (Bush and Hall 2001a; Turunen et al.
2012). Isolated cells have been found to follow the behav-
ior of cells in explant tissues (Bush and Hall 2001a). These
differences in cell mechanics between intact and explant tis-
sues/isolated chondrocytes may be related to the integrity
of the collagen network and collagen content. However, this
relationship has yet to be explored.

Using OA cartilage, it is impossible to separate the effects
of different cartilage constituents on cell responses. In order
to study specifically the effect of collagen fibril degradation
on biomechanical, biochemical, and organizational changes
in articular cartilage, enzymatic treatment using collage-
nase has been used to selectively digest the collagen fib-
ril network (Kikuchi et al. 1998; Korhonen et al. 2003;
Langsjo et al. 2002; Lyyra et al. 1999; Nieminen et al. 2000;
Rieppo et al. 2003; Toyris et al. 1999). Previous studies have
shown that collagenase treatment reduces superficial colla-
gen fibril diameter and collagen network stiffness (Table 1),
and increases collagen content in the incubation medium
(Korhonen et al. 2003; Langsjo et al. 2002; Rieppo et al.
2003). Also birefringence, an estimate of the collagen fibril
organization and quantity (Arokoski et al. 1996) has been
shown to decrease significantly in the superficial zone of
cartilage after collagenase treatment (Table 1) (Rieppo et al.
2003), suggesting more isotropic collagen fibril orientation
(more random collagen orientation) in the degraded than the
intact cartilage. Several experimental techniques have been
used in these earlier studies to characterize the changes in the
properties of cartilage following collagen degradation, such
as transmission electron microscopy (TEM), polarized light
microscopy (PLM), biochemical methods, and biomechani-
cal tests (Korhonen et al. 2003; Langsjo et al. 2002; Rieppo
et al. 2003). However, there is no experimental data on how
degradation of the collagen network, as characterized with
the above-mentioned techniques, may affect cell volume and
morphology in articular cartilage exposed to hypotonic chal-
lenges.

As stated above, OA induces changes in the extracellu-
lar osmolarity, ECM structure, and cell volume, which may
alter cartilage biosynthesis. However, it is not known how
collagen composition and organization affect cell volume
in osmotically challenged cartilage. In order to determine
the specific role of collagen degradation on cell volume and
morphology, we investigated the intact and enzymatically
degraded (collagen degradation) bovine articular cartilage.
Superficial zone chondrocytes in intact and degraded carti-
lage were imaged before and at steady state after a hypo-
tonic challenge using confocal laser scanning microscopy
(CLSM). Changes in cartilage composition, collagen archi-
tecture, and biomechanical properties of intact and degraded
cartilage were quantified with Fourier transform infrared
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Table 1 Mean values of collagen fibril diameter, birefringence, and
initial and strain-dependent fibril network modulus in intact and colla-
genase-treated cartilage, as characterized in earlier studies (Korhonen
et al. 2003; Langsjo et al. 2002; Rieppo et al. 2003). All of the param-
eters decreased after collagenase treatment

Intact Collagenase
cartilage treated cartilage
Collagen fibril diameter* 38nm 13nm
Léngsjo et al. (2002)
Birefringence* 0.34 x 103 0.17 x 10°
Rieppo et al. (2003)
Initial fibril network modulus** 0.77 MPa 0.23MPa
Korhonen et al. (2003)
Strain-dependent fibril network
modulus** 144 MPa 46 MPa

Korhonen et al. (2003)

The fibril network modulus is expressed by the equation

E; = E? + E%ey, where EQ is the initial fibril network modulus, E%.
is the strain-dependent fibril network modulus, and ¢ s is tensile strain
of the fibrils (Li et al. 1999; Korhonen et al. 2003)

*p <0.05

** Statistics were not calculated

(FTIR) microspectroscopy, PLM, and biomechanical testing,
respectively. We hypothesized that normalized cell volumes
(cell volume after the challenge divided by cell volume before
the challenge) at steady state after a hypotonic challenge are
greater in the intact compared to the degraded cartilage. Since
there is no direct experimental evidence of the role of the col-
lagen network on changes in chondrocyte volume and mor-
phology, the knowledge gained from this study will improve
understanding of one specific mechanism that may modulate
cell mechanics and mechanobiological responses of cartilage
in OA.

2 Materials and methods
2.1 Preparation of isotonic and hypotonic solutions

Isotonic and hypotonic solutions were prepared using Dul-
becco’s modified eagle’s medium (DMEM with L-glutamine,
phenol red-free, low glucose, serum-free, Invitrogen, Paisley,
UK) supplemented with antibiotics (100U ml~! penicillin
and 100 ug ml~! streptomycin, EuroClone S.p.A., Italy), and
fungicide (Fungizone, Invitrogen, Paisley, UK, 2.5 ng ml_l).
Medium osmolarities of 285 mOsm (isotonic) and 170 mOsm
(hypotonic) were prepared and controlled with a freezing-
point osmometer (Halbmikro-osmometer, GWB, Knauer &
Co GmbH, Berlin, Germany). Similar medium osmolarities
have been used previously (Bush and Hall 2001a,b, 2005;
Korhonen et al. 2010a,b). The extracellular osmolarity is
affected by tissue composition (fixed charge density, water
fraction, and collagen content) and osmolarity of the bathing
media. Based on a study by Bush and Hall (2005), medium

osmolarities used in our study create extracellular osmolar-
ities of ~450 and ~280 mOsm. The pH was maintained at
7.4 for both solutions.

2.2 Sample preparation

Osteochondral samples from intact bovine knee joints were
prepared for the experiments on the day of slaughter (n = 7,
age 17-32months). The samples were collected from the
lateral trochlear facet using a drill bit (diameter = 21 mm)
and an autopsy saw (Stryker Autopsy Saw 868, Stryker
Europe BV, Uden, the Netherlands) (Fig. 1a). Two cylin-
drical osteochondral samples (diameter = 10 mm) were then
obtained using a metallic punch. Samples were incubated
for 24-48h in isotonic DMEM at 37°C (Turunen et al.
2012). One of the samples was used as a control (intact
cartilage, n = 7) and the other was digested with colla-
genase (degraded cartilage, n = 7, 30Uml™!, 24h, high-
purity collagenase type VII (C0773), Sigma-Aldrich, St.
Louis, MO, USA) to induce collagen degradation. The col-
lagenase concentration was the same as used previously
(Langsjo et al. 2002; Lyyra et al. 1999; Nieminen et al.
2000; Rieppo et al. 2003) (Fig. 1b). Intact and degraded
cartilages from the same joint were incubated for equal peri-
ods of time. The osteochondral samples were fully immersed
in the digestion medium, allowing the enzyme to penetrate
into the tissue from all sides. Prior to the CLSM imag-
ing, samples were placed in a Petri dish filled with iso-
tonic DMEM and labeled with 5puM calcein-AM (Invit-
rogen, Eugene, OR, USA) and 60puM propidium iodide
(Sigma-Aldrich) for 30 min at room temperature (Bush and
Hall 2001a,b, 2003, 2005; Korhonen et al. 2010a,b). After
CLSM imaging (see below), the samples were placed in
a Petri dish filled with isotonic DMEM (285 mOsm) for
one hour and thereafter cut in half. One half was used for
biomechanical testing while the other half was prepared
for the analysis of tissue composition (collagen and PG
contents) and collagen orientation using FTIR microspec-
troscopy and PLM, respectively (Fig. 1b). Cartilage sam-
ples without bone were prepared for biomechanical testing
using a razor blade and a steel punch of 3mm in diame-
ter (Fig. 1b). The samples were frozen immediately after
the preparation in PBS (—20°C). Prior to biomechanical
and microscopical measurements, the samples were thawed
slowly in a water bath (room temperature) and further
processed (Fig. 1b).

2.3 Confocal laser scanning microscopy (CLSM)
Chondrocytes were imaged through the cartilage surface
(Fig. 1b) using a Nikon Eclipse TE-300 microscope

(Nikon Co., Japan) with an UltraVIEW confocal laser scan-
ner (Perkin-Elmer, UK) (Turunen et al. 2012). The laser exci-
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Fig. 1 Sample preparation and measurement protocol: a Samples were
obtained from the lateral trochlear facet of bovine knee joints. b Adja-
cent samples were incubated either in DMEM or in DMEM with col-
lagenase enzyme. Then, cell volumes in the superficial zone of intact
and degraded cartilage samples were determined with confocal laser
scanning microscope (CLSM) before and after an osmotic challenge.
Calcein-AM-labeled chondrocytes were imaged with CLSM first in

tation wavelength was 488 nm and the emitted calcein-AM
fluorescence (515nm) was measured with a band-pass filter
of 500-550 nm. An objective of 60 x -magnification was used.

In order to determine the resting volume of the cells
before the hypotonic challenge, a reference image stack was
acquired in isotonic DMEM (285 mOsm). Then, the medium
was changed to hypotonic (170mOsm) by a rapid aspira-
tion (Korhonen et al. 2010b; Turunen et al. 2012) within
~30s, and thereafter, image stacks were captured at steady
state (20min and 2h). Results of some studies suggest that
steady state for in situ cells is reached within 20 min (Bush
and Hall 2001a), while others suggest that tissue swelling
contributes to cell volume changes for hours (Korhonen
et al. 2010b). Thus, 20 min and 2h were chosen for observa-
tion. Chondrocytes up to ~60 wm from the cartilage surface
were observed through the surface (Fig. 2a). Image stacks
(xy-plane 672 x 512 pixels, pixel size 0.2 x 0.2 pm) were
obtained with 0.26 um vertical z-axis increments. All mea-
surements were taken at room temperature (approximately
21°C) (Bush and Hall 2001a,b, 2003; Korhonen et al.
2010a,b; Turunen et al. 2012).

The analysis of cell volumes has been described earlier
(Han et al. 2009, 2010; Korhonen et al. 2010a,b; Turunen
et al. 2012); thus, only a brief account is given here. First,
image stacks were imported into ImageJ (National Institute
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isotonic medium (285 mOsm). After this, the medium was changed to
hypotonic (170 mOsm) and image stacks were captured at steady state
(20 and 120 min after the osmotic challenge). Collagen and PG content,
collagen orientation, and biomechanical properties of the same samples
were determined with Fourier transform infrared (FTIR) microspectros-
copy, polarized light microscopy (PLM), and mechanical testing

of Health, USA) and 8-10 living cells (confirmed with bright
fluorescence and the absence of propidium iodide staining
that was used to reveal dead cells) from each sample at each
time point were chosen for analysis. The analyzed cells were
located at a depth of approximately 20—40 pum from the car-
tilage surface (Fig. 2a). To detect the edges of cells and
to determine cell volumes, a threshold was determined by
imaging polystyrene fluorescent microspheres (Polyscience
Europe GmbH, Eppelhelm) of 7.32 pum in diameter (volume
205.4pm?). A threshold of 40% of the maximum fluores-
cence intensity gave correct volumes for the microspheres
(volume 206.4 um?) and thus was chosen as the threshold
for cell volume analysis. The same threshold and a similar
calibration technique have been used previously (Bush and
Hall 2001a,b, 2003, 2005; Turunen et al. 2012). The Visu-
alization Toolkit 5.2.0 (Kitware, Inc.) was used for recon-
structing 3D images of the cells (Fig. 2a), and a code pro-
grammed with Python was used for calculating cell volumes
(for more details, see Alyassin et al. (1994)). For the analy-
sis of width, depth, and height of cells, x- and y-directions in
the horizontal plane were defined along the minor and major
axes of the cell cross-sections that were perpendicular to the
z-direction (height of cells). Width, depth, and height were
then determined by analyzing maximum distances between
cell edges in x-, y-, and z-directions, respectively, using MAT-
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Fig. 2 a Alight microscopy image illustrating the location of analyzed
cells (zone thicknesses were approximated from PLM, S.Z = superfi-
cial zone, M.Z = middle zone, and D.Z = deep zone) (i) and a typical
confocal microscopy image of the calcein-AM-stained cells with a 3D

LAB R2007b (MathWorks Inc., USA) (Han et al. 2009, 2010;
Turunen et al. 2012).

2.4 Polarized light microscopy (PLM)

In order to reveal changes in the collagen orientation of the
samples as a result of collagenase treatment, PLM was used
(Fig. 2b) (Arokoski et al. 1996; Bennett 1950; Rieppo et al.
2003). Processing of the samples, measurements, and anal-
ysis has been described earlier in detail, thus, only a brief
description is given here (for specific details, see Kiraly et al.
(1997) and Rieppo et al. (2008) and Rieppo et al. (2009)).
First, the frozen samples were thawed. Then, the spec-
imens were fixed in phosphate-buffered 10% formalin,
decalcified, dehydrated, and treated with xylene before
embedding in paraffin (Paraplast Plus, Lancer Division of
Sherwood Medical, Kildare, Ireland). Three microscopic
sections of 5 wm in thickness were prepared from each sam-
ple using a microtome (LKB 2218 HistoRange microtome,
LKB produkter Ab, Bromma, Sweden) and thereafter depa-
raffinized and treated with hyaluronidase to remove PGs
(1,000U ml—! hyaluronidase, Sigma-Aldrich). The measure-
ments for unstained microscopic sections were taken using
a Leitz Ortholux II POL polarized light microscope (Leitz,
Wetzlar, Germany), and a Peltier-cooled, high-performance
CCD camera (Photometrics SenSys, Roper Scientific, Tuc-
son, AZ, USA) was used for signal detection. The width of
the measurement region was ~400 pwm and the length of the
region extended from the cartilage surface to the cartilage—

Collagen orientation
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presentation of a chondrocyte, including definition of cell dimensions
(ii). Typical PLM (b) and FTIR images (c, d) for the determination of
collagen orientation and collagen and PG content, respectively, are also
shown

bone interface. Analysis of collagen orientation, which has
been described in detail in earlier studies (Rieppo et al. 2008,
2009), was based on the Stokes parameters.

2.5 Fourier transform infrared (FTIR) microspectroscopy

To determine collagen and PG contents of intact and degraded
cartilage, FTIR microspectroscopy was used (Fig. 2c, d). In
FTIR microspectroscopy, absorption of infrared light is mea-
sured pixel-by-pixel within a microscopic tissue section, and
subsequently, an infrared absorption spectrum is obtained for
each pixel. As different molecules in biological samples show
different absorption characteristics, itis possible to determine
the amount of molecules of interest, that is, PG and collagen
in articular cartilage (Bi et al. 2006; Boskey and Camacho
2007; Camacho et al. 2001).

Three unstained, 5-pm-thick sections from each sample
were prepared from the frozen samples (after initial thaw-
ing, the samples were frozen with liquid nitrogen) with a
cryomicrotome (Reichert-Jung Cryostat 2800 Frigocut-E,
Nussloch, Germany) and placed on Zinc Selenide (ZnSe)
windows for FTIR microspectroscopy. Measurements were
taken using a PerkinElmer Spectrum Spotlight 300 FTIR-
imaging system (PerkinElmer, Shelton, CO, USA) in trans-
mission mode using the following measurement parameters:
spectral resolution = 4em—1, pixel size = 6.25pm, scans
per pixel = 2. During the FTIR measurements, the sample
box was purged with CO,-free dried air to standard-
ize the measurement conditions (Parker Balston, Haver-
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hill, MA, USA). The width of the measurement region
was ~400pm and the length of the region extended from
the surface of the cartilage to the cartilage—bone inter-
face.

Spectra were first corrected for the offset by subtracting
the minimum value of the spectra. Subsequently, PG and col-
lagen contents were determined from the integrated absor-
bance of the carbon region (1,140-985 cm’l) and amide
I peak (1,585-1,720 cm™! ), respectively (Bi et al. 2006;
Boskey and Camacho 2007; Camacho et al. 2001; Saarakkala
et al. 2010). Finally, the depth-wise profiles of PG and colla-
gen contents were calculated for each sample by averaging
the integrated absorbance values parallel to the surface.

2.6 Biomechanical testing

In order to quantify the biomechanical changes of the samples
due to the collagenase treatment, stepwise stress-relaxation
tests were conducted for the samples in an unconfined com-
pression geometry using a high-resolution mechanical testing
instrument (Toyrés et al. 1999). Prior to the biomechanical
measurements, the samples were thawed. The measurement
chamber was filled with phosphate-buffered saline (PBS, iso-
tonic osmolarity) and the metallic compression plate was
driven to the bottom of the testing chamber. This was set as
the offset position. The compression plate was then elevated
and the sample was set under the plate. An initial contact
between the sample surface and metallic plate was sensitively
observed from a change in the force sensor reading. Then,
the compression plate was further driven slowly to obtain a
full contact between the cartilage surface and metallic plate.
The full contact was confirmed visually by ensuring that no
light could be seen through the sample surface—metallic plate
interface. Thickness of the samples (1.1 £0.3mm and 1.2 +
0.3 mm for intact and degraded cartilage, respectively) was
defined at full contact.

Stepwise stress-relaxation tests were conducted for the
samples (2 x 5% strain, 30 min relaxation after each step,
2mms~! loading velocity, thatis, 189£52 % s~ strain rate)
(Fig. 3). Two steps were applied to characterize the nonlinear-
ity of the samples. Based on earlier studies, 30 min relaxation
was assumed to be enough to reach equilibrium conditions
(Jurvelin et al. 1997; Korhonen et al. 2003). As changes in the
collagen fibril network, caused by the collagenase treatment,
change the peak forces in the stress-relaxation experiments
(Korhonen et al. 2003), the loading velocity was the max-
imum velocity possible with the equipment. Instantaneous
and equilibrium moduli of the samples were calculated as a
stress—strain ratio from the peak and equilibrium forces of the
stress-relaxation curves (Fig. 3), respectively, both at 5 and
10 % strains for the intact and degraded cartilage samples.
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Fig. 3 A schematic presentation of the stress-relaxation protocol:
a displacement and b reaction force as a function of time

2.7 Statistical analysis

All results are presented as means =+ standard deviations
(SD). From each joint (7 joints in total), two samples were
prepared; one was degraded with collagenase (n = 7) and
the intact sample served as a control sample (n = 7) (Fig. 1).
The number of samples for both groups (intact and degraded
cartilage) is given as n and the number of cells analyzed as
N. A mixed linear model with Sidak correction was used for
comparing cell volume and shape between the control and
digested samples (Brown and Prescott 2006). In the model,
the time of measurement, type of sample, and their inter-
action were set as fixed variables, while the sample number
was taken as the random variable. The same statistical test has
been applied earlier for similar comparisons (Korhonen et al.
2011; Saarakkala et al. 2010; Turunen et al. 2012). In order
to compare collagen content, PG content, collagen orienta-
tion, and biomechanical properties (equilibrium and instan-
taneous modulus) between the control and digested samples,
the nonparametric Wilcoxon signed rank test was used.
A nonparametric test was chosen because the number of sam-
ples was small and the data were not normally distributed
(Shapiro—Wilk test). All statistical analyses were performed
with SPSS 17.0 (Chicago, IL, USA).

3 Results
3.1 Confocal laser scanning microscopy (CLSM)

In the intact cartilage samples, volume and height of the cells
at 20min following the hypotonic challenge were signifi-
cantly greater than those before the challenge (Table 2). After
this time point, volume and height of the cells decreased
significantly, but volume did not regain its original value
(Table 2). In contrast, volume and height of cells in the
degraded cartilage samples had recovered back to the origi-
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Table 2 Cell volume, height, Cell morphological parameter (N = 55-64/time point) Intact cartilage Degraded
width, depth, and aspect ratios Mean <+ SD cartilage Mean =+
before the hypotonic loading n="71 SD(n = 7)
(resting values) and 20 and
.l 20min after the loading in Volume (um?) Resting value 265 + 83 289 + 88
‘;;fgl::dEiea’ir;;liﬁeczﬁﬁills 20 min after loading 338 + 113+ 287 + 104
were not analyzed at each time 120 min after loading 294 £ 65%*** 283 £ 65
point Height (um) Resting value 43+1.1 4.7+12
20 min after loading 5.2+ 1.2% 45+14
120 min after loading 4.6 £ 1.0%* 46+1.0
Width (pum) Resting value 122425 11.8£1.5
20min after loading 121£1.9 124£2.0
120 min after loading 124£19 11.5 £ 1.8%
Depth (um) Resting value 9.1+1.7 9.1+1.3
20 min after loading 93+£14 8.9+1.2
120 min after loading 94+£13 92+13
Aspect ratio (height/width) Resting value 0.37+0.14 0.41+0.13
20 min after loading 0.44+0.13 0.38+0.13
120 min after loading 0.38 £0.11 0.42+0.13
*p < 0.05and ** p < 0.01, as Aspect ratio (height/depth) Resting value 0.49 £0.16 0.53+£0.16
i?k:lzaie% tgspr;viczl;z ;;2:1 I;?,im 20 min after loading 0.57 £0.14 0.52+0.17
e 120 min after loading 0.49+0.12 0.51 +0.14

the resting value

nal values and were the same before and at 20 and 120 min
after the osmotic challenge (Table 2). From 20 to 120 min
after the hypotonic challenge, cell width changed signifi-
cantly in the degraded cartilage samples, while it remained
the same in the intact group (Table 2). In both groups, cell
depth and aspect ratios were unaltered relative to the original
values at the steady-state time points following the osmotic
challenge (Table 2).

Normalized cell volume and height at 20 min following the
hypotonic loading were significantly smaller in the degraded
compared to the intact cartilage (Figs. 4a, b). Normalized cell
volume remained significantly smaller in the degraded car-
tilage also at 120 min following the hypotonic loading. Nor-
malized cell width was significantly greater in the degraded
compared to the intact cartilage samples at the 20 min time
point. Normalized cell depth was similar in both groups.

3.2 Polarized light microscopy (PLM)

Twenty-four hours of collagenase treatment increased the ori-
entation angle of the collagen fibrils in the top ~10 % of the
cartilage significantly (n = 7 per group, p < 0.05, Fig. 5),
that is, the orientation angle was more perpendicular to the
surface in the degraded (42° 4= 15°, mean within the top 10 %
of the cartilage) than the intact cartilage (32° &£ 10°). Deeper
zones did not experience changes in the collagen orientation
as a result of the collagenase treatment.

3.3 Fourier transform infrared (FTIR) microspectroscopy

Collagenase treatment for 24 h reduced the collagen content
in the top ~10% of the cartilage significantly (n = 7 per
group, p < 0.05, Fig. 6). The PG content remained unaf-
fected by the collagenase treatment in the same zone (n = 7
per group, p > 0.05, Fig. 7). In the deeper zones, neither col-
lagen nor PG content was different between the intact and
enzymatically degraded cartilage (n = 7 per group, p >
0.05).

3.4 Biomechanical testing

The instantaneous modulus, as calculated from the peak
forces of the stress-relaxation curves (Fig. 3b), was signifi-
cantly lower for the degraded compared to the intact cartilage
samples at 5 and 10 % strains (n = 7 per group, p < 0.05,
Table 3). The collagenase treatment did not change the equi-
librium modulus of the samples (p > 0.05, Table 3).

4 Discussion
Confocal laser scanning microscopy was used to study the

effects of long-term hypotonic challenges on cell volume
changes in the superficial zone of intact and enzymatically
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degraded bovine articular cartilage. Changes in cartilage
composition (collagen and PG contents) and collagen ori-
entation due to collagen degradation were quantified with
FTIR microspectroscopy and PLM, and biomechanical tests
were used to characterize the instantaneous and equilibrium
modulus of the samples. As hypothesized, cell volumes
20 and 120min after the hypotonic challenge relative to
those before the challenge (i.e., normalized cell volumes)
were significantly greater for the intact cartilage than the
degraded cartilage samples. Collagen content decreased sig-
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Collagen orientation [°]

to surface

and 1 = cartilage-bone interface). Significant difference (p < 0.05)
between the groups was found in the superficial zone

nificantly in the superficial zone due to the enzymatic treat-
ment, while PG content did not change. The instantaneous
modulus was reduced and the collagen fibril orientation angle
was increased in the superficial zone as a result of the col-
lagenase treatment. These findings suggest that the collagen
network contributes to modulating chondrocyte volume and
morphology.

Several previous studies using either intact cartilage, car-
tilage explants, or isolated cells have shown that cell vol-
umes increase at early (minutes) time points after applying
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hypotonic loading (Bush and Hall 2001a; Korhonen et al.
2010b; Turunen et al. 2012). However, differences in the
cell volumetric behavior between the aforementioned groups
have been suggested to occur after the initial volume increase
and, thus, cell volume recovery and long-term cell swelling
have been suggested to depend on the surrounding matrix
(Korhonen et al. 2010b; Turunen et al. 2012). More specif-
ically, it has been shown that volumes of isolated chondro-
cytes and chondrocytes in cartilage explants (measurements
taken through the cut surface with the ECM compromised)
return closely to their initial, pre-intervention values at steady
state following a hypotonic challenge (Bush and Hall 2001a;
Turunen et al. 2012). In the present study, the behavior of
superficial zone cells in degraded cartilage samples (ECM
not fully intact) was similar to these former observations. In
contrast, superficial zone cells in the intact samples (mea-
surements conducted through the intact cartilage surface,
ECM fully intact) did not recover to the original volume,

but remained approximately 20 % larger at 20 and 120 min
following the hypotonic challenge. This result is consistent
with earlier studies conducted on intact cartilage where sim-
ilar osmotic challenges were used (Korhonen et al. 2010b;
Turunen et al. 2012). Cell morphology analysis revealed that
cell height was the most dominant factor accounting for the
difference between the groups, similarly as in Turunen et al.
(2012), while cell width and depth had negligible roles. Due
to the continuous swelling of the ECM (Flahiff et al. 2002;
Korhonen et al. 2010b; Narmoneva et al. 1999), especially
in the axial direction, and physical links between the ECM
and the cell membrane (Loeser 2000), cell height and volume
recovery may have been partially prevented/delayed in the
intact tissue. Also, tissue swelling may have allowed cells to
expand to a state in which they did not have a need to regu-
late their height and volume. This is supported by the similar
final absolute cell volume (volume at 120 min time point) in
both groups (Table 2).
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Table 3 Instantaneous and equilibrium moduli of intact (n = 7) and
collagenase-treated (n = 7) cartilage samples (mean £ SD) at different
compressive strains. The instantaneous modulus decreased significantly
after collagenase treatment, while no significant change in the equilib-
rium modulus was noticed

Intact cartilage Collagenase treated

cartilage
Instantaneous modulus (MPa)
5 % strain 7.0 + 6.3MPa 3.6 & 3.7MPa*
10 % strain 10.6 & 9.3 MPa 5.4 £ 4.6 MPa*
Equilibrium modulus (MPa)
5 % strain 0.3 £0.3MPa 0.2 £ 0.3MPa
10 % strain 0.5+ 0.3MPa 0.3 +0.3MPa

*p < 0.05, as compared to intact cartilage

Resting volumes (i.e., volumes in the isotonic medium of
285mOsm) of superficial zone chondrocytes found in this
study were similar to those found recently in intact artic-
ular cartilage; 265 versus 327 mn3 (Han et al. 2009, rab-
bit patella), 250 pm> (Han et al. 2010, rabbit patella), and
260 wm? (Turunen et al. 2012, bovine lateral patellar groove).
Other studies reported slightly greater cell volumes (Bush
and Hall 2001a,b, bovine metacarpal phalangeal; Bush and
Hall 2003, human knee joint; Korhonen et al. 2010a,b, rab-
bit patella). These differences might be explained by the
difference in species (bovine, human, and rabbit), different
locations in the joints (lateral patellar groove, metacarpal
phalangeal, tibial plateau, and patellae), measurement depths
(superficial zone vs. superficial zone + mid zone + deep
zone), degeneration of the sample, age differences, exact
medium osmolarity (280-300mOsm), sample preparation
(tissue explant vs. intact tissue), and individual differences.

All samples were frozen following the CLSM measure-
ments in PBS (—20°C) and thawed slowly in a water bath
(room temperature) prior to structural and mechanical mea-
surements. Based on earlier studies (Szarko et al. 2010; Chan-
goor et al. 2010), the freezing—thawing method has been
suggested to produce no significant effect on the dynamic
mechanical properties of cartilage. Based on the studies of
Zheng et al. (2009) and Laouar et al. (2007), there might be
some loss of GAGs due to freezing. In any case, all of our
samples (intact and degraded samples) underwent the same
freezing—thawing protocol; therefore, we expected the proto-
col to have a similar effect on all samples from both groups.

It has been shown previously that collagenase treatment
reduces collagen fibril diameter, collagen fibril network stift-
ness, and collagen fibril organization and quantity in the
superficial zone of cartilage (Table 1) (Korhonen et al. 2003;
Langsjo et al. 2002; Rieppo et al. 2003). These results are in
line with the present findings: collagen content and instanta-
neous modulus of the cartilage samples were reduced after
the collagenase treatment. Consistent with an earlier study
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(Rieppo et al. 2003), the mean collagen orientation angle
was increased as a result of the enzymatic treatment, indi-
cating fibrillation of the superficial collagen fibril network.
It is also possible that the mean collagen fibril diameter
(Langsjo et al. 2002) and the collagen fibril network stiff-
ness (Korhonen et al. 2003) were reduced following colla-
genase treatment, as suggested by the reduced collagen con-
tent and reduced instantaneous modulus, and these factors
may have contributed to the swelling of the superficial zone
cartilage. This swelling may have caused a re-organization
and re-orientation of the collagen fibrils. Since the normal-
ized steady-state cell volumes following the osmotic loading
were altered, and collagen orientation and content, as well as
biomechanical properties of the cartilage were altered after
the collagenase treatment, the present results, together with
earlier studies (Korhonen et al. 2003; Langsjo et al. 2002;
Rieppo et al. 2003), suggest that cell volume changes in car-
tilage are strongly modulated by the collagen fibril network.

The instantaneous cartilage modulus and the collagen fib-
ril network modulus have been shown to be strongly related
to collagen content and organization in articular cartilage
(Julkunen et al. 2007; Korhonen et al. 2002, 2003). Our
results agree with these earlier findings, that is, the instanta-
neous modulus was reduced significantly as a consequence of
the collagenase treatment and was associated with a decrease
in the collagen content. Furthermore, there was a strain
dependence of the instantaneous modulus, in agreement with
earlier findings of strain-dependent increases in peak stiffness
and collagen fibril network modulus (Julkunen et al. 2007,
Langelier and Buschmann 2003; Li et al. 1999). The equi-
librium modulus depends strongly on PG content (Julkunen
et al. 2007; Korhonen et al. 2003) and thus was not affected
by collagenase treatment, as expected, as FTIR microspec-
troscopy analysis revealed no change in PG content in the
degraded cartilage samples. In this study, we did not use
a fibril reinforced biphasic model for the analysis of the
stress-relaxation measurements. However, we believe that we
arrived at the same conclusions as we would have with the
fibril reinforced biphasic model, that is, collagen degrada-
tion reduces primarily the dynamic (and the fibril network)
modulus, while the equilibrium (and the nonfibrillar matrix)
modulus is affected less by collagen degradation (Korhonen
et al. 2003; Laasanen et al. 2003).

In the biomechanical measurements, the full contact was
ensured visually and the pre-force value in the full con-
tact was not exactly the same for all of the samples. This
method was used instead of using a pre-defined force method,
because the degraded cartilage samples might have been
compressed substantially more than the intact tissue sam-
ples for the same pre-stress value. Subsequently, use of the
pre-defined force could have led to different actual strains
between the groups.
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In previous studies, chondrocyte volumes were found to
increase in degenerated human cartilage and in experimental
osteoarthritis (anterior cruciate ligament (ACL) transection)
of New Zealand white rabbits (Bush and Hall 2003, 2005;
Han et al. 2010), and cells were shown to become more
rounded in advanced stages of OA (Korhonen et al. 2011).
Results of the present study agree with these previous find-
ings: cell resting volumes were 10 =+ 0.6 % greater and cells
were ~10 % rounder in the degraded compared to the intact
cartilage samples. However, these differences were not sta-
tistically significant. This suggests that minor collagen deg-
radation alone may not contribute significantly to cell resting
volume and shape. This result is supported by an earlier study
(Korhonen et al. 2011), which showed that the cell aspect
ratio in human cartilage was similar in healthy tissue and in
the early stages of OA.

Our results suggest that collagen content and orientation,
as well as subsequent tissue softening, modulate cell volume
and morphology following an osmotic challenge of artic-
ular cartilage. This is consistent with earlier experimental
and computational studies, where the collagen network and
tissue integrity affected chondrocyte morphology and vol-
ume changes (Korhonen et al. 2010a,b, 2008; Turunen et al.
2012). However, we showed here for the first time the direct
influence of mild collagen degradation on cell volume and
morphology. The results obtained here could point to impor-
tant mechanisms regulating cartilage mechanotransduction
in degraded and diseased tissue. Interestingly, in a previous
study, PG content was correlated significantly with changes
in cell volume after a hypotonic challenge (Turunen et al.
2012). These results, together with earlier findings (e.g.,
Bader et al. 1981; Korhonen and Jurvelin 2010; Mow et al.
1992; Schmidt et al. 1990; Wilson et al. 2005) highlight the
interplay between collagen and PGs in articular cartilage and
suggest that the different constituents of the complex ECM
and PCM may have combined effects in regulating cell vol-
ume and mechanotransduction in articular cartilage.
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